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ABSTRACT

This study aims to compare the corrosion and tribological performance of TiN/CrN and CrN/TiN nanostructured multi-layer coatings deposited through cathodic arc evaporation PVD on 410-grade stainless steel. Both coating configurations were available in smooth (polished) and rough states. For the deposition of multi-layer coatings, a middle layer containing Cr and CrN was deposited to the substrate, followed by alternating nanolayers of TiN and CrN. finally, an upper layer of either CrN or TiN was applied. The nanoindentation test revealed that the hardness, Young’s modulus, H/E, and H3/E2 ratios of the coating with a TiN upper layer were 5.57, 1.42, 3.86, and 85.39 times of the substrate, respectively. At the coating with CrN upper layer, these values were 4.04, 1.13, 3.53, and 51.68 times of the substrate, respectively. Results showed that increasing the H/E and H3/E2 ratios increased wear resistance. Wear rates of smooth and rough TiN coatings and smooth and rough CrN coatings were reduced by 86%, 99%, 53%, and 26%, respectively, compared to the substrate. Results of the corrosion test showed that the rough CrN coating had greater corrosion resistance than the coating with a TiN upper layer and the substrate due to its higher hydrophobicity.
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1. Introduction

Stainless steels are an important group of steels, the main alloying elements of which are nickel and chromium [1]. Among these alloys are 410 stainless steels, which exhibit beneficial in-service properties such as quench-ability, high strength and toughness, and strong resistance to wear and corrosion [2,3]. One of the important applications of 410 stainless steel is in producing turbine blades [4]. A significant issue for turbine blades is their exposure to the destructive phenomena of wear and corrosion, which greatly affect the performance and service life of the parts [5,6]. In order to solve this challenge, various coatings can be used to prevent surface damage to 410 stainless steels [7]. By using coating techniques, it is possible to deposit a wide range of single-layer and multi-layer coatings, such as nitride coatings, on the surface of the parts [8,9]. Physical vapour deposition (PVD) using cathodic arc evaporation is a superior coating deposition method due to its low deposition temperature, high deposition speed, ability to create coatings with various structures and architectures, creating coatings with good adhesion to the substrate, providing coatings with high density, and the ability to control the thickness of the coatings and is commercially used for the deposition of hard nitride coatings [10].

TiN and CrN single-layer nitride coatings are widely used in industries such as machining and cutting tools [11,12] due to high hardness, good wear and corrosion resistance and their properties have been studied by researchers [13,14]. It has been shown that although TiN coating has relatively good mechanical properties and thermal stability, it is easily oxidised to TiO2 when exposed to temperatures above 500°C, leading to the formation of cracks in the coating layer. Meanwhile, CrN coating is softer and tougher than TiN coating, and due to the formation of a dense protective layer of Cr2O3 on its surface, it has better oxidation resistance than TiN coating. However, when CrN coating is exposed to temperatures above 800° C, its mechanical strength decreases due to the loss of nitrogen [15]. In other words, the CrN coating undergoes thermal decomposition, and the decomposition pathway includes two main reactions: CrN converting to Cr2N and subsequently, Cr2N converting to Cr through the simultaneous loss of nitrogen [16]. To improve mechanical properties and resistance to erosion, corrosion, and wear, researchers are working on coatings with greater performance. It has been shown that the multi-layer architecture of the coating can significantly improve mechanical, chemical, and tribological properties [17,18]. In a multi-layer coating, each layer exhibits its specific properties, such as thermal blocking, adhesion to the substrate, load-bearing, lubrication, or wear resistance [15].

Lotfi-Khojasteh et al. [19] applied a TiN/CrN nanolayer coating to a H13 carburised hot-deformed substrate using PVD with cathodic arc evaporation and studied the corrosion and tribological performance of the coating. Results showed that the coated sample had the lowest friction factor and wear loss compared to the uncoated substrate, which was attributed to the high hardness of the coated sample, the strong bonding of the coating to the substrate, and the different nature of the coating and rubbing pin. Pogrebnjak et al. [20] investigated the structure and properties of binary nitride coatings and found that as the H/E* and H3/E*2 ratios increased, the friction coefficient and wear rate of the TiN/CrN coated sample decreased. Kolaklieva et al. [21] investigated the physical and wear characteristics of a CrN/TiN multi-layer coating applied by sputtering on an HSS substrate. Results showed that the presence of a large number of phase interfaces in the CrN/TiN coating led to an increase in hardness, crack deflection, and dissipation of defects and crack energy, which improved the tribological behaviour.

Olia et al. [22] investigated the corrosion and wear performance of TiN and CrN coatings applied to UNS S17400 stainless steel. Results showed that, in general, the use of nitride coatings improved the chemical stability of stainless steel. Additionally, the corrodibility of the CrN coating was greater than that of the TiN coating. Faghani et al. [23] studied the corrosion behaviour of a steel substrate, TiN and CrN coatings, and a TiN/CrN nanos-cale multi-layer coating in Ringer’s solution. Results showed that the coated samples had better corrosion resistance against chloride ions, meaning that the coatings shifted the corrosion potential to more positive values and provided greater protection for the substrate against corrosion. The corrosion resistance of the CrN monolayer coating was also better, due to its dense structure with fewer cracks, which prevented the corrosion solution from penetrating the substrate. Forouzanmehr et al. [24] investigated the corrosion behaviour of TiN and CrN coatings deposited by the CAE-PVD method on 410 stainless steel in Ringer’s solution. Their results showed that the CrN coating had the lowest corrosion rate and the greatest corrosion resistance. The higher corrosion performance of the CrN coating is due to surface activities and the formation of layers in contact with the electrolyte solution, which slows down electrochemical reactions. Therefore, according to the studies conducted to investigate the corrosion and wear properties of single-layer or multi-layer TiN and CrN coatings, it was observed that these coatings have significantly higher resistance to wear and corrosion. Despite the studies conducted on the properties of these coatings, little information is available regarding the effect of the chemical composition and surface roughness of the coating on corrosion [25,26] and wear properties [27]. Research has shown that surface roughness can have different effects on the surface properties of a material, in some situations, smooth surfaces perform better while in others, rough surfaces work better. Additionally, the properties of a multi-layer coating are greatly influenced by the composition of the upper layer, which is in contact with the service environment [28,29].

Therefore, considering the lack of knowledge about the effect of surface roughness and chemical composition on the surface properties of TiN and CrN coatings, the aim of the current research is to compare the tribological and corrosion performance of two TiN/CrN nanostructured multi-layer coatings deposited by CAE-PVD on a 410 stainless steel substrate, which have different surface roughness and TiN or CrN upper layers.




2. Experimental methods


2.1. Sample preparation and coating process

The 410 stainless steel was used as the coating substrate. The composition of these pieces is presented in Table 1. Figure 1 shows a schematic of the research process. To evaluate the wear and corrosion behaviour of the steel, disc-shaped samples with an approximate diameter of 33 mm and a thickness of 4 mm were prepared. The samples were wet ground using SiC papers with grits ranging from 60 to 2000. After preparing the samples, TiN/CrN nanostructured multi-layer coatings were applied using the cathodic arc evaporation method in two types: with TiN as the upper layer and with CrN as the upper layer. In the deposition of multi-layer coatings, a middle layer containing Cr and CrN was applied to the substrate, followed by alternating nanolayers of TiN and CrN, and finally, an upper layer of either CrN or TiN was applied. Table 2 shows the deposition conditions of the coatings. After the deposition of the coatings, half of the coated specimens were polished to study the effect of roughness. Figure 1 shows a schematic of TiN/CrN nanostructured coatings with TiN and CrN upper layers, with smooth and rough surfaces. To present the test results for the samples, the abbreviations introduced in Figure 1 have been used. In cases where the test result does not depend on surface roughness, only the TiN or CrN symbol is used. In this sense, the TiN symbol refers to the TiN/CrN bilayer coating with a TiN upper layer, and the CrN symbol refers to the TiN/CrN bilayer coating with a CrN upper layer.



2.2. Characterisation of the coatings

To distinguish different compounds in the coatings, an XRD instrument (Bruker D8 advance) was used in the angular range of 30-90 degrees at a scan speed of 0.05°/sec. Cu-Ka radiation (\ = 0.154 nm) was used as the incident beam. A JEOL JSM-840A SEM and a FESEM MIRA3 were used to examine the morphology of the coating surface and cross-section, respectively. The adhesion of the coatings to the substrate was evaluated using a Rockwell tester in accordance with the VDI 3198 standard, with an applied force of 588 N (equivalent to 60 kgf) and a test duration of 35 s. To measure the roughness of the substrate and coatings, a PCE RT2200-Roughness tester was used. To measure the wettability of the surfaces, a CAG-20 wettability device equipped with a camera and a syringe with an external diameter of 700 [xm  was used to inject distilled water. During the test, the ambient temperature was 25 °C, the pressure was 88 kPa, the humidity was 33%, and the fluid injection speed was 0.2 μm/s. To ensure the repeatability of the test, it was performed three times on each sample. The images were analyzed using ImageJ software.



Table 1. Chemical composition of 410 stainless steel used in the research.


	Element
	Fe
	Cr
	Ni
	Si
	Mn
	C
	Cu
	W
	P
	Mo
	V
	Co





	wt. %
	85.7
	12.4
	0.5
	0.437
	0.433
	0.112
	0.09
	0.05
	0.04
	0.03
	0.02
	0.02








[image: Starting from the 410 stainless steel preparation at the top, the process flows through a coating chamber to produce multilayer samples for nanoindentation, wear, and electrochemical characterization.]
Figure 1. Schematic diagram of the experimental process: (a) sample preparation process, (b) deposition process, and (c) characterization, nanoindentation, wear and corrosion tests.



Table 2. Deposition conditions of the deposited TiN/CrN bilayer coatings.


	Coating parameters
	Upper layer CrN, Upper layer TiN





	Target material
	Cr (99.6%), Ti (99.7%)



	Samples rotating rate (rpm)
	5



	Distance target-substrate (cm)
	15



	Working pressure (Pa)
	0.67



	Deposition temperature (°C)
	300



	Target evaporation current (A)
	130



	Deposition time (min)
	120



	Substrate bias voltage (V)
	-100



	Duty cycle (%)
	50







2.3. Mechanical and tribological evaluation

A nanoindentation instrument (Hysitron Inc. Triboscope) was used to determine the hardness and Young’s modulus of the substrate and polished coatings. To achieve accurate results, the measurement was performed on specimens with smooth surfaces. The applied force was 10 mN and the creep time was 10 s. The loading and unloading times were 30 s, and for each specimen, the measurement was repeated 5 times. A ball-on-disk sliding wear tester was used to perform wear tests in dry mode. A normal load of 5 N was applied to a 6 mm diameter alumina ball to rub over the surface of the specimens at a linear speed of 0.1 m/s. The sliding distance was 300 m and the resulting wear scars had a radius of 13 mm. The weight loss was measured with a digital scale with an accuracy of 1 × 10-4 g.



2.4. Electrochemical test

The corrosion behaviour of the substrate and coatings was investigated through potentiodynamic polarisation and EIS tests in a 3.5 wt.% NaCl solution. Before performing the corrosion tests, the samples were immersed in a sodium chloride solution for 2 hours to measure the open circuit potential. The specimens were tested in a standard three-electrode flat cell, with the examined specimens serving as working electrodes, silver/silver chloride serving as reference electrodes, and platinum electrodes serving as auxiliary electrodes. NOVA 2.1 software was used to analyze the corrosion test results. Potentiodynamic polarisation experiments were carried out at a rate of 1 mm/s, while EIS testing was carried out at a frequency range of 10 mHz to 10 kHz and a wavelength range of 10 mV (in open circuit potential).





3. Results and discussion


3.1. Microstructure and phases

Figure 2 represents the X-ray diffraction (XRD) patterns of the coated specimens. Both coatings with FCC crystal structures have (111), (200), and (311) diffraction peaks. The TiN and CrN phases shown in the XRD patterns correspond to the reference pattern numbers 00-019-0323, 00-038-1420, and 01-076-2494, respectively. The peak related to the substrate is also observed and the reason for this is that the thickness of the coating is a few micrometers (TiN and CrN coatings thickness are 6.1 and 5.56 μm, respectively) and due to the small thickness of the coating, the incident beam penetrated the substrate and therefore, the diffracted beam by the substrate was observed in the XRD pattern. From the higher magnification of the diffraction pattern, it is observed that the diffraction peaks of the (200) plane corresponding to the two phases of TiN and CrN, instead of appearing separate from each other, have overlaps, which indicates the nanolayer structure of the coatings. It is also observed that the diffraction peaks in the TiN coating are shifted to smaller angles compared to the CrN coating, and this could be attributed to the smaller lattice parameter of the phases in the CrN coating compared to the TiN coating. The smaller lattice parameter in the CrN coating indicates a higher density of this coating compared to the TiN coating and the difference in the density could result in different properties of the coatings. In other words, the chemical composition of the top layer of the coating has an influence on the lattice parameters and thus on the properties [22,30].


[image: Starting from the 2 theta axis at the base, stacked intensity plots show peak patterns for Substrate, Ti N, and Cr N, with highest intensity at two hundred planes.]
Figure 2. XRD plots of TiN S and CrN S coated samples.




3.2. Surface morphology and adhesion of the coatings

Figure 3 (a-d) displays the SEM images of the surface of TiN S, TiN R, CrN S, and CrN R specimens. The black dots represent voids on the coating surface (thin yellow arrows in Figure 3) and the white dots on rough samples represent macroparticles on the coating surface (thick red arrows in Figure 3). The white colour of the macroparticles in the SEM images describes that they are in the shape of protrusions and bulges. The presence of macroparticles and holes is a well-known characteristic of cathodic arc evaporation method [31,32]. As can be seen, in general, the amount of fine and coarse macroparticles in CrN R coating is more than that of TiN R. According to Figure 3, it can be seen that in the smooth specimens (TiN S and CrN S), the macroparticles have been largely removed from the surface of the coating as the result of polishing. The SEM image of the surface defect of the CrN specimen after being polished (CrN S) at the magnification of 3000x is shown in Figure 3(e). As can be seen, the macroparticles have been rubbed off and the debris has filled the holes.


[image: Five S E M micrographs labeled a through e showing varying densities of white particles and dark circular pits across gray textured surfaces at different magnifications.]
Figure 3. SEM images from the surface of the coating: (a) TiN R, (b) TiN S, (c) CrN R, (d) CrN S (×500) Thin arrows indicate voids and thick arrows indicate macroparticles, and (e) the effect left by removal of macroparticles from the surface of CrN coating (×3000).



[image: Starting from the dark layered material at the top of panels a through d, F E S E M cross-sections show horizontal laminations meeting a lighter base.]
Figure 4. FESEM cross-section images of the coatings in two different magnifications: (a,b) TiN and (c,d) CrN.



[image: Micrographs A and B on the left show vertical scan lines. Corresponding line graphs on the right plot weight percent fluctuations for multiple elements across the depth.]
Figure 5. Linear elemental analysis and FESEM micrographs of (a) TiN coating and (b) CrN coating.

The FESEM images obtained from the cross-section of the coatings and the line scan analysis are presented in Figures 4 and 5. As can be seen, both coatings are composed of several layers. The total thickness of the TiN coating specimen is 6.1 μm and for the CrN coating specimen, it is 5.56 μm. As can be demonstrated, there is no disbonding between the substrate and the coating which implies an excellent adhesion of the coating layer to the substrate. It can also be seen that both coatings consist of three different sections. The first section is the upper layer of each coating. For the TiN coating, the upper layer is rich of Ti and for the CrN coating, the upper layer is enriched by Cr. The second section is the multi-layer section which is composed of sequential TiN and CrN nanolayers. The third section is the middle layer which contains Cr and CrN. Therefore, it is safe to say that the main difference between the two coatings is only in their upper layers.




Table 3. Surface roughness parameters values of substrate, TiN S, TiN R, CrN S and CrN R coatings.


	
	Substrate
	TiN S
	TiN R
	CrN S
	CrN R





	Ra (µm)
	0.05 ± 0.02
	0.09 ± 0.01
	0.37 ± 0.02
	0.13 ±0.03
	0.47 ± 0.04



	Rz (µm)
	0.45 ± 0.06
	1.2 ± 0.3
	4.86 ± 1.15
	1.83 ± 0.5
	3.89 ± 0.3



	Rq (µm)
	0.07 ± 0.03
	0.14 ±0.02
	0.53 ± 0.06
	0.23 ± 0.08
	0.59 ± 0.04






The measured roughness parameters of the substrate and the coatings are reported in Table 3. In addition, the Rockwell adhesion test results for TiN and CrN coatings are shown in Figure 6. According to the VDI 3198 standard, the adhesion of both coatings is in the HF1 class, which is acceptable [10,31].



3.3. Mechanical properties

Figure 7 (a,b) shows the force-displacement diagram obtained from the nanoin-dentation test and AFM images after the indentation for the TiN coating, the CrN coating, and the substrate. As can be seen, the highest displacement (the highest indentation depth) is for the substrate and then the CrN coating and the lowest indentation depth is for the TiN coating. A low indentation depth indicates that the material is harder and as a result, it has more resistance against external force. Figure 7(c) presents the values of hardness (H), Young’s modulus (E), H/E, and H3⁄E2 of the substrate and the coatings.

As can be seen, the highest hardness is related to the TiN coating and the lowest hardness is related to the substrate. Also, the highest Young’s modulus, H/E ratio and H3⁄E2 ratio belong to the TiN coating. These parameters can efficiently predict the tribological behaviour of a coating [33].


[image: Two side by side microscopic views of circular laser drilled holes. Both frames feature a one hundred micrometer scale bar at the bottom right corner.]
Figure 6. Optical microscopy images from Rockwell indentation effect (×100 and ×200): (a,b) TiN and (c,d) CrN coatings.



[image: Graph A plots Force versus Displacement for T i N, C r N, and Substrate. Bar charts B and C compare mechanical properties like Hardness and Young's modulus.]
Figure 7. Nanoindentation results of TiN and CrN coatings and substrate: (a) Force-displacement plots, (b) AFM images from the indentation effect, (c) Mechanical properties.




3.4. Wear behaviour

The wear test was performed on the substrate, CrN, and TiN coatings by a ballon-disk tester. SEM images of the wear surface of the samples are presented in Figure 8. As can be seen, the width of the wear grooves in Figure 8 is in the following order: TiN R, TiN S, CrN S, CrN R and finally, the substrate. In addition, it can be seen from the SEM images that the wear mechanism could be a mixture of adhesion and abrasion. The wear profile plots are also given in Figure 9(a). By comparing the width of the wear grooves, it is clear that the width of the wear groove in TiN coating is smaller than that of CrN. As can be seen, the width of the wear grooves in Figure 9 is consistent with the width measured by SEM images (Figure 8).

By calculating the side area of the wear grooves (Figure 9(a)) and using Equation 1, the wear rates (W) were calculated [34,35]. In this equation, V is the lost volume, which is equal to the product of the area under the plot and the wear track diameter, which was 13 mm. Fn is the applied force in newtons, and S is the sliding distance in metres. W is calculated in terms of 10-6 mm3/N.m.
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The friction constant and wear loss rate of the substrate and TiN S, TiN R, CrN S, and CrN R coatings are presented in Figure 9 (b, c). As can be seen, the calculated wear rates and the measured friction coefficients of the samples are consistent with each other and the largest wear rate and friction constant are for the substrate. The wear rate of TiN coating is lower than that of CrN coating, and this is consistent with the wear groove results. Therefore, TiN coating has higher wear resistance [19].

An important influencing factor in determining the wear rate of a material is its hardness. According to Figure 10(a), the hardness of the TiN coating is larger than the CrN coating and therefore it is expected to get a lower wear rate for TiN coating. In addition, the surface roughness of the TiN coating is lower than that of the CrN coating which may result in less interaction between the abrasive ball and the surface and therefore a decreased wear rate [36,37].

In addition to the mentioned reasons, other parameters affect the wear behaviour of coatings. These parameters are H/E and H3⁄E2, the ratios of hardness and Young’s modulus, which are a measure of the material’s resistance to permanent deformation. As can be seen in Figure 10(b), because the ratio of H/E and H3⁄E2 in TiN coating is higher than CrN, the wear rate in TiN is lower than CrN. When the ratios of H/E and H3⁄E2 are greater for a coating, the contact pressure is reduced and the applied load is distributed over a larger area. This makes the coating have a higher load-bearing capacity and when the wear ball slides over the surface, the coating can withstand the external load without exceeding its elastic limit, and therefore its wear resistance increases [35,38]. Figure 10(b) shows the relationship between H/E and H3/E2 values with the wear rate values of the substrate and TiN and CrN coatings.



[image: Starting from the grid of eight labeled panels, S E M micrographs show vertical wear tracks in panels a, c, e, g and magnified surface abrasions in b, d, f, h.]
Figure 8. SEM images of the worn surfaces (×30, ×500): (a,b) TiN S, (c,d) TiN R, (e,f) CrN S, (g,h) CrN R.



[image: Starting from the depth profiles in panel a, wear increases from T i N to Substrate. Panels b and c show corresponding increases in friction and wear rate.]
Figure 9. Results of wear test for substrate, TiN R, TiN S, CrN R, and CrN S coatings: (a) Wear profile, (b) Friction coefficient, and (c) wear rate.


[image: Graphs showing wear rate increasing while hardness and ratios H over E and H cubed over E squared decrease from T i N and C r N to substrate.]
Figure 10. (a) Wear rate and hardness plots and (b) Wear rate and H/E and H3/E2 ratios for CrN and TiN coatings.

One interesting observation (Figure 9(c)) is that with the increase of surface roughness, the wear rate in TiN coating decreased and increased in CrN coating. As mentioned before, the surface of the coatings after the deposition (before polishing) is covered with macroparticles: the CrN coating has a larger amount of fine macroparticles, while the coarsest macroparticles belong to the latter. During the wear process, coarse macroparticles act as a bumper and reduce the wear rate. On the other hand, fine macroparticles are also crushed during the wear process and produce abrasive particles, which cause severe wear.

On the other hand, in the CrN S coating, because the fine macroparticles had little adhesion to the surface, it was easy to separate them from the surface and they were removed by polishing the surface, and therefore the abrasive role was reduced. However, the coarse macroparticles had a stronger bond with the surface and they remained on the surface after polishing and played the positive role as bumper. Therefore, the wear rate of CrN S coating is lower than CrN R. In the TiN coating, the macroparticles act as a bumper and reduce the wear rate of the TiN R coating [39]. However, these macroparticles had a weak bond with the coating and therefore after polishing the surface, they were detached from the surface and therefore the surface lost the bumper. As a result, the wear rate of TiN S coating is higher than TiN R. Also, the surface roughness of the CrN S coating is 0.13 μm and is larger than the roughness of the TiN S coating, which is 0.092 μm, and this confirms the presence of more macroparticles over the CrN coating than the TiN coating after polishing the as-coated surfaces.



3.5. Wettability behaviour

The figures of wettability of the coatings right after the wetting (t = 0) are presented in Figure 11. It is observed that the contact angle of the CrN coating is larger than that of TiN. As can be seen, with the increase of surface roughness, the contact angle of TiN has decreased. This result is consistent with Wenzel’s model, which states that if the surface is hydrophilic, increasing the roughness of the surface increases its hydrophilicity, and as a result, its wettability angle decreases [40]. The reason for this is that in the case where the surface is rougher, the contact area is larger and because the surface is hydrophilic, the water droplet tends to follow all the depressions and elevations of the surface and therefore the contact angle is reduced. In the case of CrN coating, the results are reversed and the contact angle increased with the increase of roughness. Regarding the hydrophobic surface, Wenzel or Cassie–Baxter models could express the wettability of the surface. In both models, as the surface roughness increases, the contact angle increases and the hydrophobic surface becomes more hydrophobic. By further investigating and comparing the wett-ability angle of the CrN S coating and the related diagrams for the effect of roughness on wettability [41], it is concluded that the CrN coating also follows the Wenzel model.



[image: A bar chart at the top compares wettability angle values for T i N and C r N samples. Below, four droplet images confirm these measured contact angles.]
Figure 11. Wetting angles of TiN S, TiN R, CrN S, CrN R at t=0.



3.6. Corrosion behaviour

Figure 12 shows the potentiodynamic polarisation curve of TiN S, TiN R, CrN S, and CrN R coatings. Corrosion potential values and corrosion current density are shown in Table 4.

As can be seen, the lowest corrosion potential and current density were related to the CrN R coating and then belonged to the CrN S coating. This shows that the resistance of the CrN sample is higher than the TiN sample and the substrate to corrosion. In addition, the passive area formed in CrN coatings is more than TiN and has improved its corrosion resistance. Also, the graphs of Nyquist spectroscopy and electrochemical impedance of TiN S, TiN R, CrN S, and CrN R coatings are shown in Figure 13(a-c).



[image: Starting from the base, lines for TiN S, TiN R, CrN S, CrN R, and Substrate plot potential E against current density Log i, trending upward and right.]
Figure 12. Potentiodynamic polarization curves for substrate and TiN S, TiN R, CrN S, and CrN R coatings tested in 3.5 wt.% NaCl solution.

The mechanism of electrochemical reactions could be simulated by an equivalent circuit model of the coatings (Figure 14(a)) and an equivalent circuit for the substrate (Figure 14(b)) [42]. In Figure 14(a), R1 is the solution or electrolyte resistance, R2 is the coating resistance, and R3 is the resistance to charge transfer induced by the doubl-layer formation at the interface of the substrate/electrolyte. Also, CPE1 and CPE2 are the constant phase elements of the coating and the double-layer. In Figure 14(b), R1 is the solution or electrolyte resistance, R2 is the resistance to charge transfer induced by the double-layer formation at the interface of the substrate/electrolyte, and CPE1 is the stationary phase element of the double-layer.

The results of simulating the corrosion behaviour of samples with equivalent circuits are summarised in Table 5. According to the Nyquist diagram, it can be seen that the largest diameter of the capacitor ring is related to the CrN R and then the CrN S coating. It can also be seen in Table 5 that the maximum capacitance resistance is related to the CrN R coating. Increasing the diameter of the capacitive ring and increasing the capacitive resistance means increasing the corrosion resistance of CrN coatings compared to the substrate and TiN coating. Therefore, according to the impedance and polarisation diagrams, the corrosion resistance of the samples increases as follows: TiN R, Substrate, TiN S, CrN S, and CrN R.



Table 4. Corrosion test data for the substrate and TiN S, TiN R, CrN S and CrN R coatings.


	Sample
	Ecorr (mV)
	icorr (A/cm2)
	ba (mV/dec)
	bc (mV/dec)





	Substrate
	-147
	1.12 × 10-7
	134
	87



	TiN S
	-225
	1.08 × 10-7
	252
	12



	TiN R
	-28
	1.26 × 10-7
	134
	102



	CrN S
	-215
	0.64 × 10-7
	125
	82



	CrN R
	-257
	0.38 × 10-7
	177
	115








[image: Starting from the Nyquist plot at top left, three graphs compare impedance and phase shift against frequency for T i N, Cr N, and substrate samples using fitted curves.]
Figure 13. EIS plots for the samples immersed in 3.5 wt.% NaCl solution for 2 h: (a) Nyquist, (b) Bode/module, and (c) Bode/phase.

Many parameters influence the corrosion behaviour of a material, including surface roughness and morphology, the amount of surface defects, the number of surface wettability, and the architecture and chemical composition of the coatings. In CrN and TiN coatings, due to their nanolayer structure, the number of interfaces increases, and if a crack occurs, the crack path is blocked, and the corrosive media needs more time to reach the surface of the substrate and cause corrosion [22].


[image: Starting from R 1 at the left, circuit a shows a parallel split into C P E 1 and a series containing R 2 and parallel C P E 2 R 3.]
Figure 14. Equivalent electrical circuit to simulate corrosion behavior of (a) Coatings and (b) substrate.




Table 5. Electrochemical parameters data (in 3.5 wt.% of NaCl solution).


	Sample
	R1 (Ω.cm2)
	R2(×105) (n.cm2)
	R3 (×105) (D.cm2)
	R2+R3 (×105) (D.cm2)





	Substrate
	48.59
	4.6
	..............
	4.6



	TiN S
	36
	0.18
	4.9
	5.08



	TiN R
	31.27
	0.15
	4.3
	4.45



	CrN S
	31.19
	0.24
	13.47
	13.71



	CrN R
	33.93
	0.82
	127.54
	128.36






In other words, the deposition of alternating nanolayers of different materials prevents the formation of crystallites with continuous boundaries and therefore the possibility of creating holes in the coating is reduced. As a result of reducing the structural defects and blocking the defects of each layer by the next layer, the corrosion resistance of the coating increases [43].

Therefore, the nanolayer architecture of the coatings increases the corrosion resistance. One of the reasons for the difference in the corrosion behaviour of CrN coating compared to TiN coating is the formation of the passive layer by CrN coating, which improves corrosion resistance. Another difference is that the CrN coating has a dense structure and does not provide any direct pathway for the diffusion of the corrosive media into the substrate, but the TiN coating has a columnar structure, which causes the corrosive media to reach the surface of the substrate faster and reduces its corrosion resistance [22].

Also, when the TiN coating dissolves, nitrogen releases and reacts with H+ ions in the electrolyte, and H+ ions are neutralised and turn into NH+4 , but in an electrolyte that is rich in Cl-, TiN cannot prevent the complete penetration of Cl- into the coating, and due to defects on the surface, corrosive ions penetrate the coating through these channels and create a galvanic effect at the interface of the coating and the substrate, which due to the difference in composition, increase the rate of corrosion [44].

Another influencing factor in the corrosion behaviour of coatings is the level of surface roughness and wettability. In the CrN R coating, it is observed that despite having the highest level of surface roughness, it is observed that it has the highest corrosion resistance and this is due to the effect of roughness on the wettability. In fact, the increase in roughness has increased the hydrophobicity of the CrN R coating surface, and the increase in hydrophobicity has also affected the corrosion behaviour and increased its corrosion resistance. On the other hand, in TiN coating, it can be seen that with the increase of surface roughness, the corrosion resistance has decreased and it has shown the weakest corrosion resistance. In the TiN coating, the increase in surface roughness has caused more hydrophilicity in the TiN R coating, and the increase in hydrophilicity has also caused a greater penetration of the corrosive solution and a decrease in the corrosion resistance.





4. Conclusions

In this research, two types of TiN/CrN multi-layer coatings were investigated: TiN upper layer and CrN upper layer. Each type of coating has two different surface conditions: smooth (polished) and rough. The following results were obtained:


	The results of the nanoindentation test showed that in the case where the upper layer is TiN, the hardness, Young’s modulus, H/E, and H3/E2 were 5.57, 1.42, 3.86, and 85.39 times against substrate, respectively. For the coating with a CrN upper layer, these values were 4.04, 1.13, 3.53, and 51.68 times against substrate, respectively.

	The values of hardness and Young’s modulus and the combined ratios between these two parameters affect the wear behaviour of coatings. Thus, the wear resistance of TiN coating is higher than that of CrN coating. In the rough condition, the wear rate in TiN coating is reduced by about 99% compared to CrN, while in the smooth state, it is reduced by about 72%.

	The increase in surface roughness in TiN coating has increased wear resistance, whereas in CrN coating it has decreased wear resistance. TiN and CrN have performed better in the rough and smooth states, respectively. This is ascribed to the presence of macroparticles on the surface. Polishing the surface in the TiN coating has reduced the positive role of macroparticles as a bumper, and the wear rate has increased in the smooth state, due to the higher friction. While in the CrN coating, polishing has increased the amount of macroparticles on the surface, and they have played the role of the bumper and reduced the wear rate, due to the lower friction. In the TiN coating, increasing the roughness has reduced the wear rate by 97%, and in the CrN coating, increasing the roughness has increased the wear rate by 58%.

	The increase in surface roughness in CrN coating has increased the hydro-phobicity of the surface and the increase in roughness in TiN coating has increased its hydrophilicity. Changing the wettability behaviour of coatings has changed their corrosion resistance. CrN R coating has shown the highest corrosion resistance due to the formation of a passive layer and high hydrophobicity, whereas TiN R coating has shown the lowest corrosion resistance due to its high hydrophilicity.
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ABSTRACT We conducted a numerical study of hysteresis effects in graphene and pentagraphene by Monte Carlo simulations, based on the Blume-Emery-Griffiths model. The analysis focused on the coercive 0 and saturation 0 fields under the influence of exchange couplings (,), temperature 0, and crystal field (). The results revealed that the honeycomb structure of graphene exhibited higher and due to its more ordered lattice, improving spin alignment. These results highlight the crucial role of the lattice structure in magnetic behaviour and offer insights into the tunability of these nanostructures for applications in spintronics and magnetic storage.
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1. Introduction

Two-dimensional (2D) materials are of central importance for the progress of nanotechnology due to their unique mechanical, electronic and magnetic properties [1, 2, 3, 4 and 5]. Their reduced dimensionality and surface-dominated behaviour offer promising opportunities for applications in flexible electronics, energy harvesting, catalysis and sensing [5, 6, 7, 8, 9 and 10]. Graphene is characterised by a single sheet of atomic carbon, forming a hexagonal lattice has revolutionised materials science with its exceptional electrical conductivity, high mechanical strength and thermal stability [11, 12]. In parallel, pentagraphene, a theoretically predicted carbon allotrope composed entirely of pentagons, has attracted growing interest due to its negative Poisson’s ratio, structural stability and tunable electronic and magnetic properties [13, 14]. While much attention has been paid to the transport and mechanical properties of these materials, understanding their magnetic behaviour is critical to harnessing their potential in spintronic devices and magnetic data storage technologies [15, 16 and 17]. In such systems, the ability to control and manipulate spin degrees of freedom opens the way to high-speed, energy-efficient memory and logic components [18]. Central to this functionality is the phenomenon of magnetic hysteresis, characterised by the material’s coercive field (HC) and saturation field (HS), which determine magnetic storage and switching behaviour [19, 20]. To explore these properties at the atomic level, Monte Carlo simulations provide a robust computational approach for modelling spin interactions under different thermal and magnetic field conditions [21, 22]. In conjunction with the Blume-Emery-Griffiths (BEG) model, which takes into account bilinear and biquadratic exchange interactions and the anisotropy of individual ions, these simulations enable accurate and flexible description of magnetic ordering in complex nanostructures [23, 24 and 25]. This framework is widely used in the study of low- dimensional magnetic systems. Previous research has used Monte Carlo methods in the BEG model to analyze hysteresis behaviour, phase transitions, and critical phenomena in different geometries. For example, critical behaviour and hysteresis have been studied in hexagonal core—shell nanowires [26], and magnetisation plateaus have been observed in fullerene-like systems [27], and the combined Monte Carlo and mean-field approach has revealed rich magnetic behaviour in hexagonal Ising nanowires with core—shell structures [28]. Mixed-spin models have been investigated in honeycomb lattices [29] and under rarefaction effects [30], emphasising the role of lattice topology and disorder. Further studies have extended these methods to exotic geometries, including bilayer Kekulene [31], Blume—Capel nanowires [32] and antiperovskite Mn3A1N compounds [33]. Further work has investigated the effects of long-range RKKY interactions in naphthalene-like nanostructures [34] and the thermal and magnetic behaviour in rubrene-like [35] and coronene-like monolayer nanostructures [36]. These studies highlight the power of Monte Carlo methods and the BEG model in capturing the intricate interplay between spin interactions, temperature and geometry and pave the way for the design of nanoscale materials in spintronics and magnetic storage applications. Moreover, the trend toward downsizing electronic components has sparked interest in 2D materials with tailored magnetism. Although graphene exhibits outstanding characteristics, its non-magnetic nature limits spintronic applications [11, 12, 15, 16 and 17], which has prompted researchers to investigate pentagraphene with tunable magnetic behaviour [13, 14]. A well-defined hysteresis loop with coercive (Hc) and saturation (Hs) fields is essential for these applications [19, 20]. We use Monte Carlo simulations within the framework of the Blume-Emery-Griffiths model [23, 24 and 25, 37] to examine the hysteresis properties of graphene and pentagraphene nanostructures, with a focus on the impact of exchange couplings (J, K), anisotropy (D), and temperature (T) on their magnetic response for nanoscale design.

The paper follows a systematic structure: Sect. 2 outlines the theoretical model and computational approach, Sect. 3 presents the numerical results obtained through Monte Carlo simulations, and Sect. 4 concludes with the study’s key findings.


2. Model and method

To analyze the magnetic hysteresis of Graphene honeycomb (NT= 54 atoms) and Pentagraphene (NT= 49 atoms), this study employs Monte Carlo simulations using the Blume-Emery-Griffiths model [23, 24 and 25, 37]. Carbon atoms were replaced with spin-1 analogs, and the first 10 of 10 steps per spin were discarded for thermal stabilisation (Figure 1). The spin-1 model is commonly used to study graphene-based systems, including carbon atoms [38, 39, 40], which allows the study of complex magnetic phenomena without the need for detailed ab initio calculations. The use of integer spins, such as 1 in the Ising framework, is particularly suitable for the analysis of phase transitions and critical behaviour. Although the spin-1 model does not reflect the actual spin of graphene carbon atoms, it provides an effective approach to capture the essential features of their magnetic behaviour. Moreover, simulations on 49- and 54-atom nanostructures, confirmed by doubling the system size, show consistent magnetic behaviour, indicating negligible finite size effects. The chosen size reflects our interest in small nanostructures, where the coercive field is while will be considered in future work.

Hamiltonian governing the Graphene honeycomb and pentagraphene nanostructures:
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The interactions between neighbouring spins S, and Sj in each nanostructure are determined by linear (J) and biquadratic (K) coupling terms, where 〈i, j〉 represents summation over nearest neighbours. The system is also influenced by both the intrinsic crystal field (D) and an applied external magnetic field (H).

Site energy in Graphene honeycomb (Eq. 2) and pentagraphene (Eq. 3) nanostructures:
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Magnetisation equations for Graphene honeycomb (Eq. 4) and pentagraphene (Eq. 5)
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Figure 1. Graphene honeycomb (a) and pentagraphene (b) nanostructures are displayed, with all atoms carrying a spin value of 1.
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3. Numerical findings via monte carlo

A Monte Carlo-based analysis of the magnetic hysteresis in Graphene honeycomb and pentagraphene nanostructures is conducted, emphasising coercive (Hc) and saturation (Hs) fields and the roles of exchange couplings (J, K), temperature (T), and crystal field (D).

Figure 2 presents a comparison of the hysteresis cycles of graphene honeycomb nanostructures and pentagraphene, calculated with J= 0.1, K = 0.1, D = -0.1 and T= 0.1. The results show that graphene honeycomb nanostructures possess significantly higher coercive (Hc) and saturation (Hs) fields than pentagraphene. Graphene honeycomb nanos-tructures, with their ordered lattice, promote spin alignment, leading to stronger magnetic responses and high coercive and saturation fields. In contrast, pentagraphene nanostructures have a more complex lattice, resulting in a weaker spin arrangement and lower coercive and saturation fields.

Figure 3 compares the hysteresis loops of graphene honeycomb (a) and pentagraphene (b) nanostructures, calculated with K= 0.1, D = -0.1 and T= 0.1. With increasing linear exchange coupling J, the magnetic hysteresis loop of graphene honeycomb and pentagraphene nanostructures widens, increasing both the coercive field (Hc) and saturation field (Hs), more significantly for graphene honeycomb. Increasing J strengthens spin interactions, widens the magnetic hysteresis loop, and increases both coercive and saturation fields. Graphene honeycomb nanostructures exhibit a larger variation due to their more stable and ordered structure.



[image: A line graph of M versus H showing two rectangular hysteresis loops. The red graphene honeycomb loop is wider than the green pentagraphene loop with labeled saturation and coercive points.]
Figure 2. Hysteresis loops for Graphene honeycomb and pentagraphene nanostructures, computed with J = 1, K = 0.1, D = −0.1 and T = 0.1.

[image: Two line graphs show magnetization M versus magnetic field H for graphene honeycomb and pentagraphene. Hysteresis loops widen symmetrically as value J increases from one to three.]
Figure 3 Hysteresis loops for Graphene honeycomb (a) and pentagraphene (b), with K = 0.1, D = -0.1 and T = 0.1.

Figure 4 compares the hysteresis loops corresponding to the graphene honeycomb (a) and pentagraphene (b) nanostructures, calculated using J= 0.1, D = -0.1, and T= 0.1. As the biquadratic exchange coupling K increases, the magnetic hysteresis loop in the graphene honeycomb and pentagraphene nanostructures expands, leading to higher coercive (HC) and saturation (Hs) fields, with a more pronounced effect in the graphene honeycomb. Increasing K strengthens the spin interactions, widening the hysteresis loop and enhancing the coercivity and saturation fields. The graphene honeycomb nanostructure exhibits a better response due to its more stable and ordered structure. Additionally, parameter K has a stronger impact on the magnetic hysteresis loop compared to parameter J. Parameter K has a stronger impact on the magnetic hysteresis loop than J due to its influence on nonlinear spin interactions, which widens the loop and increases the coercive and saturation fields.


[image: Two plots show magnetic hysteresis loops for graphene honeycomb and pentagraphene. Increasing the K value from one to three results in wider rectangular loops along the horizontal H axis.]
Figure 4 Hysteresis loops for Graphene honeycomb (a) and pentagraphene (b), with J= 0.1, D= -0.1 and T=0.1.

Figure 5 compares the hysteresis loops corresponding to Graphene honeycomb (a) and pentagraphene (b) nanostructures, computed using J= 0.1, D = -0.1 and K= 0.1. As T increases, the hysteresis loop area decreases in both nanostructures, leading to a reduction in Hc and an increase in Hs, except at T= 0.1, where strong exchange interactions and anisotropy maintain a high Hc, deviating from the typical trend.

The hysteresis loops of both nanostructures disappear at T = 4.0. This indicates that the system has already reached or exceeded the transition temperature, i.e. the temperature at which it loses its ferromagnetic state and enters the paramagnetic phase. The narrower hysteresis loops at T = 1.0 suggest that this transition likely began well before T = 4.0. Thermal fluctuations become sufficient to disrupt spin alignment well before the complete disappearance of the loop, which explains the gradual decrease in coercive force (HC) with increasing temperature. We will correct the sentence to better reflect this physical reality. The description will be reworded to indicate that the transition to the paramagnetic phase begins at lower temperatures and ends at T ≥ 4.0.


[image: Starting from the H axis, hysteresis loops for Graphene honeycomb and Pentagraphene show M values narrowing toward the center as temperature T increases from zero point one to four.]
Figure 5 Hysteresis loops for Graphene honeycomb (a) and pentagraphene (b), with J = 0.1, K = 0.1 and D = -0.1.

Figure 6 compares the hysteresis loops corresponding to Graphene honeycomb (a) and pentagraphene (b) nanostructures, computed using J= 0.1, K= 0.1 and T = 0.1. As the crystal field D decreases, the magnetic hysteresis loop expands in both nanostructures, resulting in higher coercive and saturation fields (Hc and H). This effect of D is consistent in both Hc and Hs fields for both nanostructures. As D decreases, the magnetic hysteresis loop widens, increasing the coercive and saturation fields (Hc and Hs) similarly in both nanostructures. Moreover, that decreasing of D widens the hysteresis loops and significantly increases He and H, reflecting a strong dependence of the magnetic anisotropy on D. A high D favours the alignment of spins in a single direction and leads to narrow loops. In contrast, for low values of D, especially in the honeycomb nanostructure, the presence of multiple loops reflects the coexistence of distinct metastable states. These required the crossing of different magnetic fields, generating multiple loops. This behaviour highlights the complexity of magnetisation dynamics and confirms the determining role of the crystal field in modulating magnetic transitions at the nanoscale.


[image: Starting from the H axis, stepped hysteresis loops for Graphene honeycomb and Pentagraphene show widening M curves as D decreases from negative 1 to negative 3.]
Figure 6 Hysteresis loops for Graphene honeycomb (a) and pentagraphene (b), with J = 0.1, K = 0.1 and T = 0.1.

Figure 7 displays the coercive field (1-1c) for Graphene honeycomb and pentagraphene nanostructures, computed using K= 0.1, D = -0.1 and T = 0.1 with varying J (a); J= 0.1,


[image: Two line graphs show H sub C increasing linearly. In plot A, Graphene honeycomb has a steeper slope than Pentagraphene versus J. In plot B, Pentagraphene is steeper versus K.]
Figure 7  Hc for Graphene honeycomb and pentagraphene nanostructures, computed using K=0.1, D= -0.1 and T=0.1 with varying J(a);J=0.1,D= -0.1 and T= 0.1 with varying K(b);J=0.1,K= 0.1 and D=-0.1 with varying T(c);J= 0.1, K=0.1 and T=0.1 with varying D (d).
D = -0.1 and T = 0.1 with varying K (b); J= 0.1, K= 0.1 and D = -0.1 with varying T(c); = 0.1, K= 0.1 and T = 0.1 with varying D (d). As the exchange couplings (I, K) increase and the crystal field (D) decreases, the coercive field (Hc) increases in both nanostructures almost linearly, with a stronger effect in the graphene honeycomb than in the pentagraphene. The effect of D is consistent in HC field for both nanostructures. Conversely, HC decreases with temperature (T) until reaching zero, marking the transition to the superparamagnetic phase. This transition occurs at T ≥ 2 for graphene honeycomb and T ≥ 3 for pentagraphene, indicating a higher thermal stability in pentagraphene due to differences in exchange interactions, anisotropy, or lattice effects.


[image: Starting from H sub C on the y axis, graph c shows Graphene honeycomb and Pentagraphene decaying toward zero as T increases. Graph d shows both materials rising linearly with D.]
Figure 7 Continued
In summary, the coercive field is strongly influenced by the exchange couplings (J and K), the crystal field (D) and the temperature (T). Increasing J promotes parallel spin alignment and raises the energy barrier required for magnetisation reversal, which increases Hc. The biquadratic coupling (K), by strengthening nonlinear interactions, widens the loop even more and has a more pronounced impact on Hc than J. Regarding D, lower values lead to higher HC, because the low anisotropy allows several metastable states to coexist, requiring different external fields to overcome them. Finally, increasing T reduces HC: thermal fluctuations facilitate spin reorientation, and beyond the transition temperature, hysteresis disappears completely.

Figure 8 displays the saturation field (Hs) for Graphene honeycomb and pentagraphene nanostructures, computed using K= 0.1, D = -0.1 and T= 0.1 with varying (a); J = 0.1, D = -0.1 and T= 0.1 with varying K (b); J = 0.1, K= 0.1 and D = -0.1 with


[image: Two line graphs show H sub S increasing with J and K. Graphene honeycomb has a steeper slope in graph a, while Pentagraphene rises faster in graph b.]
Figure 8  Hs for Graphene honeycomb and pentagraphene nanostructures, computed using K = 0.1, D = -0.1 and T = 0.1 with varying J(a); J = 0.1,D= -0.1 and T = 0.1 with varying K(b);J = 0.1, K = 0.1 and D = -0.1 with varying T(c); J = 0.1, K = 0.1 and T = 0.1 with varying D (d).
varying T(c); J= 0.1, K = 0.1 and T = 0.1 with varying D (d). As the exchange couplings (J, K), temperature (T) increase and the crystal field (D) decreases, the saturation field (H) rises in both nanostructures almost linearly, with a stronger effect in graphene honeycomb than in pentagraphene. In particular, as T increases, Hs generally increases, except at T= 0.1, where strong exchange interactions and anisotropy maintain a low Hs, deviating from the typical trend. Additionally, the effect of D on Hs is consistent for both nanostructures. In summary, the saturation field depends on J, K and D. Higher values of J and especially K increase the stability of the magnetic order and necessarily require a higher external field to reach saturation, which increases Hs. The influence of D is inverse: a strong anisotropy (high D) orients the spins in a preferential direction and reduces Hs, while a decrease in D widens the loop and increases Hs. As for temperature, its increase tends to reduce Hs due to the increasing role of thermal fluctuations that limit the complete alignment of the spins. These results confirm that Hs, like Hc, is modulated by the competition between exchange interactions, anisotropy and thermal agitation.



Figure 8 Continued


4. Conclusions

This study compared the hysteresis properties of graphene honeycomb and pentagraphene nanostructures using Monte Carlo simulations, based on the Blume-Emery-Griffiths model, focusing on the coercive (Hc) and saturation (Hs) fields. The results showed that the graphene honeycomb exhibited higher He and Hs due to its more ordered lattice structure, which promoted stronger spin alignment. Both the exchange couplings (J, K) and the crystal field (D) enhanced the hysteresis loop, with K having a stronger impact than J. The temperature dependence revealed a typical decrease in Ho leading to a transition to the superparamagnetic phase at T ≥ 2 for graphene honeycomb and T ≥ 3 for pentagraphene, indicating greater thermal stability in the latter. Interestingly, Hs generally increased with temperature, except at T= 0.1, where strong exchange interactions and anisotropy maintained a lower Hs. These results highlighted the crucial role of the lattice structure in magnetic behaviour and provided insights into the tunability of these nanostructures for potential applications in spintronics and magnetic storage technologies.


Acknowledgements

The authors extend their appreciation to Taif University, Saudi Arabia, for supporting this work through project number (TU-DSPP-2024 -51).


Disclosure statement

No potential conflict of interest was reported by the author(s).


Funding

This research was funded by Taif University, Saudi Arabia, Project No. (TU-DSPP-2024-51). Also, this research was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (RS-2025-22222973) and with the support of the ‘2024 System Semiconductor Technology Development Support Project’ of Chungbuk Technopark.


Data availability statement

All data that support the findings of this study are included within the article.


References


	A. Armano and S. Agnello, Two-dimensional carbon: A review of synthesis methods, and electronic, optical, and vibrational properties of single-layer graphene. C 5 (2019), pp. 67.

	G.R. Bhimanapati, Z. Lin, V. Meunier, Y. Jung, J. Cha, S. Das, D. Xiao, Y. Son, M.S. Strano, V.R. Cooper, and L. Liang,  Recent advances in two-dimensional materials beyond graphene. ACS Nano 9 (2015), pp. 11509-11539.

	T. Das and J.H. Ahn,  Development of electronic devices based on two-dimensional materials. FlatChem 3 (2017), pp. 43-63.

	E.C. Ahn,  2D materials for spintronic devices. npj 2D Mater Appl 4 (2020), pp. 17.

	F.R. Fan, R. Wang, H. Zhang, and W. Wu,  Emerging beyond-graphene elemental 2D materials for energy and catalysis applications. Chem. Soc. Rev 50 (2021), pp. 10983-11031.

	G. Fiori, F. Bonaccorso, G. Iannaccone, T. Palacios, D. Neumaier, A. Seabaugh, S.K. Banerjee, and L. Colombo,  Electronics based on two-dimensional materials. Nature Nanotech 9 (2014), pp. 768-779.

	N. Ashraf, M. Isa khan, A. Majid, M. Rafique, and M.B. Tahir, A  review of the interfacial properties of 2-D materials for energy storage and sensor applications. Chin. J. Phys. 66 (2020), pp. 246-257.

	M.K. Aslam, T.S. AlGarni, M.S. laved, S.S.A. Shah, S. Hussain, and M. Xu,  2D MXene materials for sodium Ion batteries: A review on energy storage. Journal of Energy Storage 37 102478.

	V. Babar, S. Sharma, and U. Schwingenschlogl,  New paradigm for gas sensing by two-dimensional materials. Chem. C 123 13104-13109.

	A. Bolotsky, D. Butler, C. Dong, K. Gerace, N.R. Glavin, C. Muratore, J.A. Robinson, and A. Ebrahimi,  Two-dimensional materials in biosensing and healthcare: from In vitro diagnostics to optogenetics and beyond. ACS Nano 13 (2019), pp. 9781-9810.

	M.J. Allen, V.C. Tung, and R.B. Kaner,  Honeycomb carbon: A review of graphene. Chem. Rev 110 (2010), pp. 132-145.

	A.K. Geim and K.S. Novoselov, The rise of graphene. Nanoscience and Technology 6 (2009), pp. 183-191.

	M. Balvasi, A. Avazpour, J. Jalilian, and M.Z. Bidsardare,  Tuning the electronic and transport properties of three configurations of penta-graphene nanoribbons. Acta Phys Pol A 144 (2023), pp. 214-225.

	M.A. Nazir, A. Hassan, Y. Shen, and Q. Wang,  Research progress on penta-graphene and its related materials: properties and applications. Nano Today. 44 (2022), pp. 101501.

	R.L. Comstock,  Review modern magnetic materials in data storage. J Mater Sci: Mater Electron. 13 (2002), pp. 509-523.

	D.A. Thompson and J.S. Best,  The future of magnetic data storage techology. IBM J Res Dev. 44 (2000), pp. 311-322.

	S.P. Gubin, Y.I. Spichkin, G.Y. Yurkov, and A.M. Tishin, Nanomaterial for high-density magnetic data storage. Russian Journal of Inorganic Chemistry C/C of Zhurnal Neorganicheskoi Khimii 47 (2002), pp. S32-S67.

	D. Joksas, A. AlMutairi, 0. Lee, M. Cubukcu, A. Lombardo, H. Kurebayashi, A.J. Kenyon, and A. Mehonic,  Memristive, spintronic, and 2D-materials-based devices to improve and hardware. Adv Intell 4 (2022), 2200068.

	B.K. Chakrabarti and M. Acharyya,  Dynamic transitions and hysteresis. Rev Mod Phys 71 (1999), pp. 847-859.

	F. Fiorillo, C. Appino, and M. Pasquale, Hysteresis in magnetic materials, in  The science of hysteresis, G. Bertotti, I.D. Mayergoyz, eds., Elsevier, Amsterdam, 2006. pp. 1-190. doi:10. 1016/B978-012480874-4/50019-1.

	N. Metropolis and S. Ulam,  The monte carlo method. J. Am. Stat. Assoc. 44 (1949), pp. 335-341

	S. Cho,  Metropolis-hastings algorithm for ising model, in Monte Carlo Simulations Using Microsoft EXCEL®, Cho S., ed., Springer International Publishing, Cham, 2023. pp. 93-121.

	Y.L. Wang, F. Lee, and J.D. Kimel,  Phase diagrams of the spin-1 Ising Blume-Emery-Griffiths model: Monte Carlo simulations. Phys. Rev. B 36 (1987), pp. 8945-8947.

	A.N. Berker and M. Wortis,  Blume-Emery-Griffiths-Potts model in two dimensions: phase diagram and critical properties from a position-space renormalization group. Phys. Rev. B 14 (1976), pp. 4946-4963.

	W. Hoston and A.N. Berker,  Multicritical phase diagrams of the blume-emery-griffiths model with repulsive biquadratic coupling. Phys. Rev. Lett 67 (1991), pp. 1027-1030.

	G.B.A. Goguin, T.D. Oke, R.A.A. Yessoufou, and E. Albayrak,  Critical and hysteresis behaviors for a hexagonal core-shell structure nanowire in the blume-emery-griffiths model. Physica A 624 (2023), pp. 128927.

	R. El Fdil, H. Sabbah, A.A. Alsayyari, Z. Fadil, C.J. Raorane, S.C. Kim, S. Saadaoui, E. Salmani, and H. and Ez-Zahraouy,  Monte carlo investigation of hysteresis cycles and magnetization plateau in C60 fullerene-like system using the blume—emery—gritths model. Int. J. Theor. Phys. 64 (2025), pp. 109.

	G.B. Aziza Goguin, R.A.A. Yessoufou, T.D. Oke, and E. Albayrak,  Monte Carlo and mean-field studies on the magnetic properties of a hexagonal ising nanowire with core-shell structure in the Blume-Emery-Griffiths model. J. Magn. Magn. Mater. 598 (2024), pp. 172071.

	S.S. Ahmed, L. Bahmad, A. El Yousfi, A. Benyoussef, A. El Kenz, and A.G. El Hachimi,  Mixed spin-1 and spin-3/2 Blume-Emery-Griffiths model with external field on a honeycomb lattice. Microstruct. 123 1-11.

	H.P. Dong and S.L. Yan,  Magnetic properties of the bond and crystal field dilution Blume— Emery—Griffiths model in the presence of magnetic field. Solid State Commun. 139 (2006), pp. 406-411.

	A. Jabar and R. Masrour,  Magnetic properties of magnetic Bilayer Kekulene structure: A Monte Carlo B 539 (2018), 21-28.

	H. Magoussi, A. Zaim, and M. Kerouad,  Monte carlo simulation of the magnetic properties of a spin-1 blume-capel nanowire. Solid State Commun. 200 (2014), pp. 32-41.

	H. Kerrai, A. Zaim, and M. Kerouad, Magnetic energy product and hysteresis behavior of anti- Mn3AlN: Monte Carlo simulation. Scr. 99 (2024), 065986.

	Z. Fadil, A. Mhirech, B. Kabouchi, L. Bahmad, and W. Ousi Benomar,  Magnetic properties of naphthalene-like nano-structure with RKKY interactions: Monte Carlo simulations. Chin. J. Phys. 64 (2020), pp. 295-304.

	N. Saber, Z. Fadil, A. Mhirech, B. Kabouchi, and L. Bahmad,  Magnetic properties and thermal behavior of the monolayer rubrene-like nano-island: Monte Carlo simulations. Solid State Commun. 362 (2023), pp. 115084.

	Z. Fadil, N. Saber, H. Eraki, A. Mhirech, B. Kabouchi, and L. Bahmad,  Magnetic properties and compensation temperature of a mixed monolayer coronene-like nanostructure: Monte Carlo SPIN 12 2250020.

	W. Selke and J. Yeomans,  Interface properties of the two-dimensional blume-emery-griffiths model. J. Phys. A: Math. Gen. 16 (1983), pp. 2789.

	R. Masrour, A. Jabar, A. Benyoussef, and M. Hamedoun,  Monte carlo simulation of magnetic properties of a mixed spin-1 and spin-3/2 ferrimagnetic ising system. Chem. Phys. Lett. 631 (2015), pp. 92-96.

	Z.Y. Liu, W. Wang, and B.C. Li,  Monte Carlo study of the magnetic and magnetocaloric prop- erties of an edge-decorated graphene-like nanoparticle. J. Mater. Sci. 59 (2024), pp. 13908- 13930.

	M. Yang, W. Wang, B.C. Li, H.J. Wu, S.Q. Yang, and J. Yang,  Magnetic properties of an ising ladder-like graphene nanoribbon by using monte carlo method. Physica A 539 (2020), pp. 122932.








	[image: Philosophical Magazine Structure and Properties of Condensed Matter by various authors. Volume one hundred three Number twenty four. Taylor and Francis.]
	Philosophical Magazine
	[image: A blue circular icon containing an oil lamp on the left of the large text Taylor and Francis above the smaller text Taylor and Francis Group.]



	ISSN: 1478-6435 (Print) 1478-6443 (Online) Journal homepage: www.tandfonline.com/journals/tphm20





Understanding the effect of grain boundary solute segregation on the creep behaviour of thermally stable nanocrystalline materials: a theoretical approach

I. Wani, N. Rai, K. L. Murty & S. Gollapudi

To cite this article: I. Wani, N. Rai, K. L. Murty & S. Gollapudi (2024) Understanding the effect of grain boundary solute segregation on the creep behaviour of thermally stable nanocrystalline materials: a theoretical approach, Philosophical Magazine, 104:24, 1191-1206, DOI: 10.1080/14786435.2024.2383252

To link to this article: https://doi.org/10.1080/14786435.2024.2383252


[image: A vertical list provides links for supplementary material, submission, related articles, and Crossmark data, alongside article views totaling 275 and one citing article.]

Full Terms & Conditions of access and use can be found at

https://www.tandfonline.com/action/journalInformation?journalCode=tphm20








	PHILOSOPHICAL MAGAZINE

2024, VOL. 104, NO. 24, 1191-1206

https://doi.org/10.1080/14786435.2024.2383252

	[image: Starting from the Taylor and Francis Group logo with an oil lamp icon at the top left]



	
	[image: A Check for updates button at the bottom right.]





Understanding the effect of grain boundary solute segregation on the creep behaviour of thermally stable nanocrystalline materials: a theoretical approach

I. Wani iDa, N. Rai iDa,b, K. L. Murtyc and S. Gollapudia

a School of Minerals, Metallurgical and Materials Engineering, Indian Institute of Technology Bhubaneswar, Bhubaneswar, India
b Department of Mechanical and Industrial Engineering, University of Illinois, Chicago, IL, USA
c Department of Nuclear Engineering, North Carolina State University, Raleigh, NC, USA

ABSTRACT

In this work, we provide a theoretical framework to evaluate the beneficial effect of solute segregation on the creep behaviour of nanocrystalline materials. We choose copper as the model system and employ the Murdoch and Schuh model to identify Cu-3Zr as a binary system with high thermal stability in its nanocrystalline state. The effect of the segregation of Zr on the grain boundary diffusivity was evaluated using the Hondros and Henderson model. The effect of solute segregation on threshold stress for vacancy emission and absorption at the grain boundaries was evaluated using the Mohamed model. Using these in conjunction with the Bird Mukherjee Dorn equation for creep allowed us to compare the diffusional creep behaviour of nc copper and nc Cu-3Zr. The nc Cu-3Zr system with a grain size of 49 nm demonstrated a higher creep resistance compared to nc Cu bearing a similar grain size. However, the creep resistance of both systems was found to be significantly inferior when compared to the conventional coarse-grained Cu bearing a grain size of 1 μm.
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1. Introduction

For a long time nanocrystalline materials, despite their high hardness and wear resistance, had not garnered widespread commercial applications. This was because of their poor thermal stability [1, 2 and 3]. Recent works by Murdoch and Schuh [4] and Darling et al. [5,6] have demonstrated the efficacy of thermodynamics guided design of stable nanostructured materials. A key premise herein is the segregation of the chosen solute at the grain boundaries of the solvent or the parent element [7,8]. This in turn is expected to reduce the overall free energy of the system leading to a high degree of thermal stability in the nanocrystalline state [9].

Creep behaviour of thermally stable nanocrystalline materials is a relatively unexplored area [10], both experimentally and theoretically. The solute segregated at the grain boundary, by way of its effect on vacancy emission and absorption at the grain boundary, is expected to influence the creep behaviour of the material. A related point is the effect the solute atom has on the grain boundary diffusivity, the diffusivity being a key contributor to the kinetics of creep deformation [11].

In this work, we address these aspects by developing a theoretical framework to understand the effect of solute segregation on creep behaviour of nanocrystalline materials. This framework relies on the nanostructure stability criterion proposed by Murdoch and Schuh [4], employs model for grain boundary diffusivity under segregated state proposed by Hondros and Henderson [11] and utilises the constitutive equation for creep deformation proposed by Bird-Mukherjee-Dorn [12].



2. Approach

The approach taken is as follows: (i) first we identify a thermally stable nanocrystalline system using the Murdoch-Schuh equations, (ii) We then evaluate the effect of solute addition on grain boundary and lattice diffusivity. (iii) Finally, we employ creep constitutive equations for evaluating the creep behaviour of nanocrystalline materials and compare the same against the creep behaviour of its conventional counterpart.

Murdoch and Schuh [4] proposed the following equation to evaluate the free energy of a binary nanocrystalline system
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where z is the coordination number of solvent, v is the transitional bond fractions, ΩA and ΩB are the atomic volumes of A and B respectively, γA and γB are the respective grain boundary energies of the solute and solvent, fgb is the grain boundary fraction, t is the grain boundary thickness, ωc and ωgb, are the crystal and grain boundary interaction factors respectively, and Xgb and Xc are the solute concentration at the grain boundary and inside the crystal respectively. For a given solute concentration X, the solute will partition between the grain boundary and crystal in such a way that the overall free energy of the system is minimised. The relation between X, Xgb and Xc is given by
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The grain boundary fraction, fgb, is dependent on grain size (d) and this makes ΔGmix in Equation (1), dependent on grain size. To determine the grain size, d,  and grain boundary solute concentration Xgb at which ΔGmix will attain its minimum value, we vary the value of d from 1 to 100 nm and the value of Xgb, is varied from 0.01 to 0.99 with a step size of 0.01. The values of fgb, ΔGc, ΔGgb, Xc, ωc, ωgb in Equation (1) are determined from the procedure suggested in [4,13]. Following this, ΔGmix is plotted against Xgb & d in a three-dimensional plot and minima in the free energy profile indicates a thermally stable nanocrystalline system [4]. Herein, we would like to mention that although other factors such as grain size distribution [14] and crystallographic texture [15] are known to influence the thermal stability of the nanocrystalline materials, we are ignoring the effects of the same in this particular study.

In our work, we choose copper as the model system and used the above-mentioned approach to identify zirconium as the solute atom capable of stabilising the nanostructure of copper. Figure 1(a) provides the (ΔGmix) of a Cu-3Zr system which reveals the free energy profile has a minimum corresponding to d value of 49 nm for a Xgb of 0.96 indicating the possibility of high thermal stability. The values of the different parameters used for developing Figure 1(a) are shown in Tables 1 and 2. This approach was employed to evaluate the free energy profile for other compositions of Cu-Zr too. Figure 1(b) reveals the effect of the solute concentration on the stable grain size which can be achieved in the Cu-Zr system and predicts that when the solute concentration is increased, the stable grain size that can be achieved in the Cu-Zr system is smaller. Hence finer grain sizes can be expected to be stabilised at higher solute concentrations.
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Figure 1. (a) The variation of Gibbs free energy of the alloy (ΔGmix) as a function of Xgb and grain size d for the Cu-3Zr system, (b) The amount of solute X required for achieving a stable grain size in the Cu-Zr system.
 
It is important to mention herein that the Cu-3Zr system, predicted by Murdoch and Schuh, has been reported to be thermally stable by Khalajhe-dayati and Rupert [16]. Despite annealing for long durations at temperatures as high as 850°C, Khalajhedayati and Rupert [16] found that the material retained its initial nanostructure. Hence it can be concluded that the thermodynamic calculation for Cu-Zr system reported in this work captured its stability tendencies correctly.

We next focus on evaluating the effect of the Zr addition on the grain boundary diffusivity and lattice diffusivity of Cu. For this we employ the equations proposed by Hondros and Henderson [11] that described the effect of the solute segregation on the grain boundary diffusivity,
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where D*gb is the diffusivity of the grain boundary in the presence of the solute element, Dgb is the grain boundary diffusivity of the parent element, asv is the atomic size of the parent element, asu is the atomic size of the solute element, m relates to the number of effective atom layers in the grain boundary and βb is the enrichment factor given by Xgb/Xc. The diffusivity of the lattice or crystal in the presence of the solute is given by


Table  1. Parameters for copper and zirconium used for constructing Figure 1(a) using Equation (1).


	Parameter
	Copper (Cu)
	Zirconium (Zr)





	Atomic Volume (Ω)
	7.1 × 10-6 m3/mol 
	1.40 × 10-5m3/mol



	Grain Boundary Energy (γ)
	0.6 J/m2
	0.65 J/m2



	Atomic Size (a)
	1.28 Å
	1.60 Å






Table  2. Parameters employed for constructing Figure 1(a) using Equation (1).


	Parameter
	Value





	Grain Boundary Interaction Parameter (ωgb)
	-3450 J



	Bulk Interaction Parameter (ωc)
	167 J



	Transitional bond fraction (v)
	0.5



	Grain Boundary Thickness (f)
	0.5 nm



	Burgers Vector Magnitude of Copper (b)
	2.56 Å
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where D*L is the bulk/lattice diffusivity of the alloy and DL is the bulk/lattice diffusivity of the parent element, bL is a constant taken as 100 for binary alloys and Xc is the concentration of the solute element within the lattice. This equation is applicable to normal solute diffusion for the dilute case. With Equations (3) and (4) in place, the effect of 3 at.% Zr addition on the grain boundary and lattice diffusivity of Cu was determined. The values of the different parameters used for these calculations are shown in Tables 3 and 4.

Following this, we direct our efforts to understand the effect of Zr addition on the creep deformation of nanocrystalline Cu. We made the following assumptions to evaluate the creep deformation rates. (1) Diffusion creep mechanisms such as Coble and Nabarro-Herring are the rate controlling mechanisms of creep deformation. In support of this assumption, we provide a review of literature on creep of nanocrystalline materials. Table 5 provides a summary of the experimental investigations and computer simulations studies on nanocrystalline materials. From Table 5, it is evident that several studies have reported Coble creep as the rate controlling mechanism of creep deformation in nanocrystalline materials. A few studies have also reported Nabarro-Herring creep as a possible mechanism of creep in these materials. A couple of studies have reported Interface controlled Coble creep as rate controlling mechanism in these materials. Interface controlled creep is believed to arise when the grain boundaries are no longer perfect sources and sinks of vacancies. Such a situation may arise when impurity atoms segregate at the grain boundaries.


Table  3. Value of parameters used for evaluating the effect of Zr segregation on diffusivity.


	Parameter
	Value





	Grain Boundary Diffusion Coefficient (D0gb)
	1 × 10-5m2/s



	Lattice Diffusion Coefficient (D0t)
	2 ×10-5m2/s



	Grain Boundary Activation Energy (Qgh)
	104 kJ/mol



	Lattice Activation Energy (QL)
	197 kJ/mol



	M
	2



	Enrichment Factor (βb) (for 49 nm grain size)
	1.57 × 103






Table  4. Values of Xgb and Xc for different grain sizes.


	Solute Concentration(X)
	Grain Boundary Solute Concentration (Xgb)
	Grain Size (nm)
	Lattice Solute Concentration (Xc)





	0.03
	0.96
	49
	0.612 × 10-3



	0.05
	0.95
	29
	0.667 × 10-3



	0.07
	0.95
	20
	0.701 × 10-3







Table  5. Summary of experimental investigations and molecular dynamics simulations studies on creep of nanocrystalline materials.


	Study type
	Material
	Initial grain size (nm)
	n (stress exponent)
	Q (kJ/mol)
	Qgb
	QL
	Mechanism (creep)
	Reference





	Exp.
	Ni-P
	28
	1.2
	69
	✓
	X
	Coble
	[17]



	Exp.
	Ni
	6,20,40
	1.1,2,5.5
	—
	—
	—
	Coble, GBS,DC
	[18]



	Exp.
	Fe-B-Si
	27
	1.2
	144
	✓
	X
	Coble
	[19]



	Exp.
	Y-SZP
	40
	1.4
	660
	X
	✓
	NH
	[20]



	Exp.
	Cu
	30
	—
	69
	✓
	X
	ICCC
	[21]



	Exp.
	Ni
	30
	1,6.5
	—
	—
	—
	Coble, DC
	[22]



	Exp.
	Cu
	26
	1,4.12
	—
	—
	—
	Coble, DC
	[23]



	Exp.
	ZrO2-Y
	65-350
	3
	—
	—
	—
	ICCC
	[24]



	Exp.
	Cu
	35
	—
	—
	—
	—
	Coble
	[25]



	Exp.
	CoCrFeMnNi
	33
	1
	84
	✓
	X
	Coble
	[26]



	MD
	UO2
	12
	—
	372
	✓
	X
	Coble
	[27]



	MD
	Cu
	8-16
	1.08, 2.01
	—
	—
	—
	Coble, GBS
	[28]



	MD
	Ni
	2.8-5.6
	1-3
	—
	—
	—
	Coble, NH, GBS, DC
	[29]



	MD
	W
	2.38-2.86, 3.57-4.76
	3.43-4.22, 2.24-3.36
	—
	—
	—
	Coble, NH, GBS, DC
	[30]



	MD
	TiAl
	3.8-6.6
	—
	—
	—
	—
	Coble, NH, DC
	[31]



	MD
	FeCrAI
	3.7-17.8
	1.16-7.15
	—
	—
	—
	Coble, GBS, DC
	[32]





GBS: Grain boundary sliding; DC: Dislocation creep; NH: Nabarro-Herring creep; ICCC: Interface controlled Coble creep.

Table 5 thus validates our assumption regarding diffusion creep as the dominant mechanism of creep in nanocrystalline materials; diffusion creep in nano-crystalline materials was first invoked by Chokshi et al. [33] to rationalise the inverse Hall-Petch phenomenon. The other assumptions made in our work are as follows. (2) All the grain boundaries decorating the nanostructure are low angle grain boundaries. By assuming all grain boundaries to be low angle grain boundaries, we can understand the effect of solute segregation on the threshold stress for vacancy emission/dislocation climb within the grain boundaries. (3) For the purpose of our creep calculations, nanocrystalline copper is assumed to be thermally stable. This assumption was made to allow comparison of the creep deformation rates of the stable systems, i.e. nc Cu-3Zr with that of the nc Cu system for a given grain size. (4) The applied stress does not cause any stress-assisted grain growth [34,35,36,37 and 38]. It has been reported in certain nanocrystalline systems that creep deformation could cause a change in the starting grain size of the material. However, for the purpose of our analysis, we have assumed that applied stress does not cause any changes in grain size of the material during creep deformation. With these assumptions in place, we evaluate the creep deformation rates of nc Cu, nc Cu-3Zr, both bearing a grain size of 49 nm and microcrystalline copper bearing a grain size of 1 μm.

The constitutive equation for creep deformation is given by the Bird-Mukherjee-Dorn [12] equation which is as follows:
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where ε̇ is the strain rate of creep deformation, A is a constant corresponding to the specific mechanism of creep, D0 is the diffusion coefficient, G is the shear modulus of the material at the test temperature, T is temperature, k is Boltz-mann’s constant (1.38 × 10-23) J/K, b is the Burgers vector, d is the grain size, σ is the applied stress, p is the grain size exponent, n is the stress exponent, R is the universal gas constant and Q is the activation energy for the particular rate controlling mechanism.

From Table 5, it is clear that Coble creep is generally the rate controlling mechanism in these materials. However, for the purpose of our calculations we have considered both Coble and N-H creep as possible rate controlling mechanisms considering that both have a strong grain size dependence; Coble has a p value of 3 and N-H creep has a p value of 2. Also, for Coble creep grain boundary diffusivity (Q = Qgb) is applicable and for N-H creep lattice diffusivity (Q = QL) is applicable and n - 1 for both mechanisms. Here Qgb is the grain boundary diffusion activation energy and QL is the lattice diffusion activation energy.

Considering the fact that Coble and NH creep are parallel mechanisms, the total creep rate of deformation of the nanocrystalline material can then be  described by
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which expands to
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Generally during the evaluation of diffusion creep, the grain boundaries are assumed to be perfect sources and sinks for vacancies. This assumption is valid for pure systems such as elemental nc Cu. However, with solute atoms segregated at the grain boundaries, this assumption may not be valid anymore and hence a threshold stress term will have to be introduced in Equation (7). The threshold stress σ0 basically indicates that for applied stresses lower than o0, creep deformation will not ensue. Hence Equation (7) can be modified to account for creep in nc Cu-3Zr alloy.
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All the terms, except for σ0, mentioned in Equations (7) and (8) are known quantities. The values of these quantities are mentioned in the supplementary section. However, σ0 has to be evaluated and the same can be determined from the equations proposed by Mohamed [39]
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where B is a constant and W is the binding energy. The threshold stress term was developed by Mohamed [39] for the segregation of solute atoms at low angle grain boundaries wherein B is found to be
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Here c0 is the solute concentration corresponding to W = 0 and bb is the Burgers vector of dislocations within the grain boundary taken as 1.56b [40]. The binding energy W can be obtained from the chemical, elastic and electrical interactions between the solute and the solvent atoms as noted in the work of Fiore and Bauer [41]
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However, when a screw dislocation occurs, the elastic interaction is about 1/5 of that of an edge dislocation.
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Here, r0 is the radius of solvent, e misfit parameter, r is the radial distance from the centre of the dislocation core to the solute atom, ϑ is the Poisson’s ratio, θ is the angle (measured clockwise) between the slip plane of the dislocation and the radial vector, Z is the valency of solute in solvent. The values of these are as follows: r0 = 1.28 Å, e = 0.25, r = 2.7 Å, θ = 90°, Z = 4.



3. Results and discussion

Using Equations (9) and (10), the variations of the binding energy W and normalised threshold stress σ0 IG are plotted against temperature T in Figures 2(a) and (b) respectively. We note that the binding energy, W, as well as the normalised threshold stress σ0 IG decrease in magnitude with increasing temperature. This is indicative of the weakening of the bond between the solute and the solvent atom at higher temperatures as expected. With the knowledge of the normalised threshold stress at different temperatures, it is now possible to evaluate the creep deformation rates of the Cu-3Zr alloy for different applied stresses and temperatures. The calculated creep rate of the nc Cu-3Zr is then plotted against nc Cu and mc Cu in Figure 3(a) for a temperature of 823 K. For the purpose of these calculations, the Burgers vector of Cu was taken as 2.56 A, the Coble creep constant Ac was taken as 150 and NH creep constant ANH was taken as 10 [12].

Figure 3(a) compares the creep rates obtained for nc Cu, nc Cu-3Zr and mc Cu. Please note that for Figure 3, the creep rates were calculated by using the diffusion coefficients (Dob and DoL) and activation energy (Qgb and QL) values belonging to conventional microcrystalline copper. This is because of the dearth of complete experimental data on these parameters for nc Cu. It is evident from Figure 3(a) that the nc Cu-3Zr is more creep resistant compared to the nc Cu. The higher creep resistance of the Cu-3Zr alloy can be attributed to the role of Zr in reducing the grain boundary diffusivity and also to the role of the threshold stress. However, despite the beneficial role of Zr, the nc Cu-3Zr is significantly less creep resistant when compared to the mc Cu. This implies that the smaller diffusion paths in the nanograin structure of Cu-3Zr have a greater bearing on the creep rates than the barriers to diffusion creep created by the presence of the Zr atoms at the grain boundaries. Figure 3(b) is the Arrhenius plot (a semi-log plot of creep rates against the inverse of temperature) indicating that the activation energies for creep in nc Cu and nc Cu-3Zr are 96 and 101 kJ/mol respectively.


 
[image: Graph a shows W joules decreasing linearly as T K increases. Graph b shows tau sub zero over G increasing linearly against one thousand divided by T.]
Figure 2. (a) The variation of the binding energy W versus temperature for the Cu-3Zr system, (b) The variation of the normalised threshold stress as a function of the inverse of temperature.

The higher, albeit small, activation energy for creep in nc Cu-3Zr alloy vis-à-vis nc Cu is suggestive of higher resistance to creep deformation in the alloy which is in accordance with the results shown in Figure 3(a). The Q values obtained for nc Cu are close to that of grain boundary diffusion activation energy in pure Cu [42]. This implies that the deformation in nc Cu is dominated by Coble creep which is known to proceed by grain boundary diffusion. This also implies that NH creep does not have a significant role in nc materials. Secondly the higher Q value exhibited by nc Cu-3Zr indicates that Zr is providing obstacles to diffusion of vacancies. However, it is to be noted that the Q value of nc Cu-3Zr is only marginally higher than that for nc Cu. This implies that the amount of Zr segregated at the grain boundary is not sufficient to introduce a higher resistance to creep deformation. While the predictions of the model regarding the relative creep resistance of nc Cu and nc Cu-3Zr alloy are on expected lines, a validation of the model predictions by comparison with experimental results is of interest. For a validation of our model, we have evaluated the creep deformation rates of nc Cu obtained from the model and compared them against experimental creep rates for nc Cu reported in literature. A similar exercise could not be conducted for nc Cu-3Zr because of the lack of experimental investigations into creep of this material. Figure 4 is a plot of the total creep strain rate against normalised stress for nanocrystalline copper. In the plot, we have shown the strain rate of creep in nc Cu obtained from literature and compared it against strain rates calculated using our model. The model calculations were made with Dob and Qgb values belonging to nc Cu, taken from [21] but with DoL and QL belonging to conventional polycrystalline copper (taken from [42]). Figure 4 reveals that the calculated strain rates of nc Cu are in better agreement with experimental strain rates observed in nc Cu when the Dob and Qgb values belonging to nc Cu were employed in the model. Please note that DoL and QL belonging to conventional polycrystalline copper was used in the model calculations as values of this parameter for nc Cu have not been reported.


 
[image: Plot a shows strain rate increasing with sigma over G for nc Cu and Cu-3Zr. Plot b shows strain rate decreasing as 1 over T increases.]
Figure 3. (a) Variation of the creep strain rate of nc Cu, nc Cu-3Zr and me Cu as a function of normalised stress (σ/G) (b) Arrhenius plot for the determination of activation energy of creep in nc Cu and nc Cu-3Zr.


 
[image: A scatter plot compares Literature data in blue and Model predictions in red across the sigma over G horizontal axis and epsilon dot T vertical log scale.]
Figure 4. Comparison of creep rates of nc Cu obtained from model against literature data. In this figure, the creep rates obtained from the model employed Dob and Qgb values belonging to nc Cu. The reference number is shown besides the data points in square brackets.

Finally, before concluding, we wanted to check if the addition of higher amounts of Zr can enhance the creep resistance of nc Cu. To check the impact of higher solute additions on creep, we evaluated the creep strain rates in nc Cu-5Zr and nc Cu-7Zr bearing grain sizes of 29 and 20 nm respectively. Figure 5 compares the creep strain rates of nc Cu, nc Cu-3Zr, nc Cu-5Zr and nc Cu-7Zr. It is evident from Figure 4 that the creep rates in nc Cu-5Zr and nc Cu-7Zr are higher than that of both nc Cu and nc Cu-3Zr. The addition of higher quantities of Zr is not accompanied by an increase in creep resistance of Cu due apparently to the reduction in equilibrium grain size brought about by higher concentrations of Zr. As mentioned earlier, the grain size and consequently the diffusion path length has a stronger bearing on creep deformation than the reduction in diffusivity brought about by solute segregation.


 
[image: Log-log plot showing four parallel lines rising from left to right. They represent strain rate versus normalized stress for nc Cu and copper zirconium alloys at eight hundred twenty K.]
Figure 5. The creep deformation rate of various Cu-Zr alloys as a function of the normalised stress (σ/G).

Before we conclude, we would like to point out that enhancement in creep resistance in alloys vis-à-vis the pure element can be achieved in nc materials if the solute chosen for grain size stabilisation demonstrates a higher bonding with the grain boundary solvent atoms. Furthermore, the solute atom must have a larger atomic size compared to the solvent atom, but the difference in atomic size must encourage grain boundary segregation instead of phase separation. Hence thermodynamic calculations guided by Murdoch and Schuh [4] approach can be employed in conjunction with Hondros and Henderson [11] equation to identify solute atoms capable of enhancing grain size stability and creep resistance at the same time.



4. Conclusion

In this work, we adopted a theoretical approach to investigate the effect of solute segregation on the creep deformation of nanocrystalline copper. Guided by Murdoch and Schuh’s thermodynamics model, Zr was found to be a solute capable of stabilising the Cu nanostructure. The segregation of Zr at the grain boundary is found to reduce the grain boundary diffusivity of Cu which leads to higher creep resistance; albeit this is marginal which can be attributed to the lower concentration of Zr additions. Higher Zr concentration does not confer higher creep resistance because the equilibrium grain size is inversely proportional to the solute content.
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ABSTRACT

Griffiths model to investigate the magnetic behaviour and blocking temperature (TB) of graphene nanostructures featuring different edge geometries. Our results demonstrate that TB increases with stronger bilinear (J ) and especially biquadratic (K) exchange interactions, as well as with an applied external magnetic field, while it decreases as the crystal field strength rises. The pronounced influence of K highlights its dominant role in shaping the magnetic dynamics of the system. Among the studied geometries, the armchair nanostructure shows the greatest sensitivity to parameter variations and achieves the highest TB. These findings underscore the combined importance of exchange interactions and edge geometry in tuning graphene’s magnetic properties, offering promising prospects for spintronic devices and data storage technologies. 
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1. Introduction

Carbon is among the most abundant and chemically versatile elements in the universe. Its ability to form multiple allotropes, which are distinct structural forms arising from various configurations of carbon atoms, results in a wide range of compounds exhibiting diverse physical and chemical properties. Within this category, carbon-based nanomaterials (CNMs) include numerous nanostructures such as graphene [1,2], carbon nanotubes (CNTs) [3], fullerenes C60 [4], graphite [5], and carbon dots [6]. The isolation of graphene, a two-dimensional (2D) material [7,8], in 2004 marked a groundbreaking advancement in the field. Graphene [1,2] is a prototypical 2D nanostructure composed of carbon atoms arranged in a hexagonal honeycomb lattice. Its remarkable electrical conductivity, characterised by exceptionally high electron mobility [9], has attracted significant attention for potential applications in optoelectronics [10] and sensing [11] technologies. Beyond its electronic advantages, graphene also exhibits outstanding mechanical strength and stability [12,13], making it a promising candidate for structural reinforcement in aerospace composites [14] and the automotive industry [15]. The multifunctionality of graphene is further demonstrated through applications in energy storage [16] and biomedical fields [17].

This paper focuses on the magnetic behaviour and blocking temperature (TB) associated with different graphene edge configurations, specifically zigzag, armchair, and reconstructed zigzag (reczag) edges. The blocking temperature TB indicates the transition from ferromagnetic or ferrimagnetic states to the superparamagnetic state [18,19]. When graphene honeycomb lattices are cut along various orientations, the resulting edge morphology typically appears as either zigzag or armchair [20]. It has been established that armchair edges are more stable compared to zigzag edges [20,21 and 22]. However, density functional theory (DFT) predicts that zigzag edges can reconstruct into a more stable form known as reczag edges [20,21 and 22], characterised by alternating five- and seven-membered carbon rings. Both theoretical and experimental studies have confirmed that reczag edges are more stable than armchair and conventional zigzag edges [20,22].

DFT calculations have been instrumental in revealing the diverse electronic and magnetic properties associated with these edge structures. For example, functionalisation of zigzag graphene nanoribbons (ZGNRs) with carboxyl and hydroxyl groups induces spin splitting and reduces band gaps, significantly altering their electronic behaviour [23]. Further DFT analyses show that ZGNRs exhibit metallic characteristics, whereas armchair graphene nanoribbons (AGNRs) behave as semiconductors [24]. Additionally, theoretical studies on armchair (7,7) carbon nanotubes (CNTs) suggest metallic behaviour and confirm the covalent nature of carbon–carbon bonds in this configuration [25].

Monte Carlo methods complement these findings by exploring magnetic behaviour at graphene edges. These simulations demonstrate that the magnetic phase diagram of armchair edges is sensitive to exchange interactions, external magnetic fields, and crystal field effects [26]. Zigzag graphene nanoribbons display complex magnetisation plateau behaviour under longitudinal magnetic fields at low temperatures [27].

In this study, we aim to investigate the magnetic properties and blocking temperature (TB) of graphene nanostructures with different edge geometries using Monte Carlo simulations [28,29 and 30] based on the Metropolis algorithm [31] and the Blume-Emery-Griffiths (BEG) model [32]. The BEG model extends the Ising framework to study complex magnetic and phase transition phenomena, particularly in systems with three possible spin states : Si equal to –1, 0, or +1. It incorporates bilinear (J ) and biquadratic (K) exchange interactions, single-ion anisotropy (D), and external magnetic field (H), enabling simulations of ferromagnetic, paramagnetic, and quadrupolar phases [33,34]. Widely used in Monte Carlo simulations, the BEG model captures temperature-dependent phase behaviour, hysteresis, and magnetic ordering, especially in low-dimensional or edge-sensitive materials. It effectively describes the interplay between spin alignment, vacancies, and anisotropic effects, providing a robust framework for investigating critical phenomena and magnetic topologies in nanoscale systems [35,36,37 and 38].

Moreover, pioneering studies on the Blume-Emery-Griffiths (BEG) model provide a fundamental framework for understanding the struggle between biquadratic and bilinear interactions in the formation of complex phase diagrams. Dynamic phase transitions have been studied using various methods, including effective field theory, route probability method, and mean field theory with Glauber dynamics. These methods have revealed various behaviours, such as tricritical points, mixed phases, and hysteresis events [39,40,41,42 and 43.] The spin-2 Ising model with biquadratic coupling [44], spin-1 Blume– Capel films with variable crystal fields [45,46,47 and 48], dilute magnetic semiconductors [49], the effects of quantum anisotropy and RKKY interactions [50,51 and 52], and Monte Carlo studies of biquadratic exchange anisotropy and BEG thin films [53,54 and 55] are some examples of related models that have already investigated phase transitions and diagrams. With Monte Carlo studies of magnetisation plateaus, dielectric characteristics, and compensation behaviours in graphyne, coronene, naphthalene, hexacene, rubrene, core–shell nanotubes, and borophene layers with RKKY interactions, this research has recently been extended to carbon-based and related nanostructures [56,57,58,59,60,61,62,63,64 and 65]

The novelty of this work lies in examining how edge structures such as zigzag, armchair, and reczag influence TB and other magnetic characteristics, advancing the understanding of edge geometry’s role in tuning graphene’s magnetic behaviour. The motivation is to enhance knowledge of graphene-based materials for potential applications in spintronics, data storage, and sensors, where precise control of magnetic properties is crucial.

This paper is organised as follows: Section 2 details the methods, Section 3 presents the results, and Section 4 concludes the study.



2. Model and method

To assess and compare the magnetic characteristics, especially the blocking temperature (TB), of graphene nanostructures (zigzag, armchair, reczag) each containing 36 atoms (NT = 36), we conducted Monte Carlo simulations using the Metropolis algorithm within the Blume-Emery-Griffiths model [32]. Carbon atoms were replaced with spin-1 analogs, and for thermal stabilisation, the first 2.105 steps per spin of the total 2.106 were excluded (Figure 1). The ergodicity of the system has been verified by checking the convergence of energy and magnetisation, ensuring that the time averages reliably reflect the ensemble averages. To isolate the impact of edge geometry (zigzag, armchair, and reczag) on magnetic characteristics, including the blocking temperature (TB), and to capture finite size effects, the system size is purposely limited to NT = 36 atoms. To determine the relative stability hierarchy of edge configurations, this study focuses on tiny systems rather than extrapolating absolute TB values to bulk nanomaterials. The results support the idea that thermal stability is dominated by local topology, particularly the armchair edge, which guides the creation of optimal nanodevices.

Magnetic properties of the graphene nanostructures are described by the following Hamiltonian:
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In all three nanostructures, magnetic interactions are governed by bilinear (J) and biquadratic (K) exchange couplings, summed over nearest-neighbor pairs <i, j>. Additionally, the system experiences the influence of a crystal field (D) and an external magnetic field (H).
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Figure 1. Graphene nanostructures with zigzag (a), armchair (b), and reczag (c) edges are composed of atoms, each assigned a spin value of 1.
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 This term models the nearest-neighbor interaction between spins Si and Sj, with the sign of J determining whether the coupling is ferromagnetic (J > 0) or antiferromagnetic (J < 0).
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 This higher-order interaction captures more complex spin correlations and contributes to phenomena such as magnetic frustration or first-order transitions.
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 Represents the interaction between the spin system and an external magnetic field H, which can align or oppose the spin orientations depending on the field direction.
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 This is the defining feature of the Blume- Capel model. It introduces a crystal field effect that controls the population of spin states. For instance, a large positive D favours the non-magnetic S = 0 state in spin- 1 systems, while negative D promotes magnetic states (S = ±1).



The expressions for site energy (Equation 2), magnetisation (Equation 3), and susceptibility (Equation 4) in graphene nanostructures are presented below:
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Using β = 1/ kBT and setting kB = 1 simplifies the energy expression to E = T. The exchange constant J is varied to examine its effect on magnetic responses. For comparison and coherence, all parameters are normalised and reported in dimensionless units.

Our simulations use dimensionless units normalised by the exchange interaction J and kB to express energy. A typical J ≈ 5 meV corresponds to T = 1 unit ≈ 58 K, suggesting that the simulated range T ≈ 1–7 extends from 58 to 406 K for comparison with real graphene- based magnetic nanomaterials. Parameters J, K, D = 1–3 thus represent 5–15 meV, while H = 1 corresponds to magnetic fields of several tens of Teslas. Although approximate, this scaling places our results on TB in experimentally relevant regimes for spintronic applications.



3. Simulated results using Monte Carlo methods

This section utilises Monte Carlo simulations to investigate the magnetic behaviour of graphene nanostructures, focusing on three edge configurations: zigzag, armchair, and reczag. Particular attention is given to the blocking temperature (TB) and its dependence on the bilinear (J ) and biquadratic (K) exchange couplings, the external magnetic field (H), and the crystal field (D). Moreover, the transition to the superparamagnetic state is characterised by the blocking temperature (TB), specific to finite magnetic nanosystems. It represents the thermal stability of the system and corresponds to the maximum of the magnetic susceptibility (χ vs. T). The magnetisation remains ‘blocked’ below TB, while thermal fluctuations cause a rapid reversal of the net magnetic moment above it. The most relevant measure in this case is TB, as it accurately reflects the thermal stability and information retention of the studied graphene nanostructures, unlike the critical temperature (TC), which characterises a phase change in infinite systems.

Figure 2 presents the temperature dependence of magnetisation (a) and magnetic susceptibility (b) for the three configurations, using fixed parameters: J = 1, K = 1, D = −1, and H = 1. As temperature increases, magnetisation decreases, indicating a transition from the ferromagnetic to the superparamagnetic phase. The results highlight a distinct behaviour in the armchair nanostructure compared to the zigzag and reczag configurations, which exhibit similar trends. The blocking temperature, identified by the peak in the susceptibility curve, serves as a key indicator of this phase transition. Despite having the same number of atoms and spins, the armchair configuration exhibits a higher TB, attributed to its unique edge geometry.
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Figure 2. Magnetisation (M) in (a) and susceptibility (χ) in (b) vs. temperature for graphene zigzag, armchair, and reczag nanostructures, with J = 1, K = 1, D = −1, and H = 1.

Figure 3 presents the magnetisation (M) and susceptibility (χ) of graphene nanostructures with zigzag (a, b), armchair (c, d), and reczag (e, f) edge geometries for varying values of the bilinear exchange coupling J, while keeping K = 1, D = −1, and H = 1 Figure 2. Magnetisation (M) in (a) and susceptibility (χ) in (b) vs. temperature for graphene zigzag, armchair, and reczag nanostructures, with J = 1, K = 1, D = −1, and H = 1. Figure 3. Magnetisation and susceptibility of graphene zigzag (a, b), armchair (c, d), and reczag (e, f) nanostructures are presented for varying J, while keeping K = 1, D = −1, and H = 1 fixed. constant. For all three configurations, increasing J from 1 to 3 enhances the system’s magnetic stability. A stronger bilinear exchange coupling reinforces spin interactions, thereby requiring more thermal energy to disrupt the magnetic order. This results in a delayed transition to the superparamagnetic phase, as evidenced by the shift of susceptibility peaks toward higher temperatures.
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Figure 3. Magnetisation and susceptibility of graphene zigzag (a, b), armchair (c, d), and reczag (e, f) nanostructures are presented for varying J, while keeping K = 1, D = −1, and H = 1 fixed.

Figure 4 illustrates the temperature-dependent magnetisation and susceptibility for graphene nanostructures with zigzag (a, b), armchair (c, d), and reczag (e, f) edge configurations under varying values of the biquadratic exchange coupling K, while keeping J = 1, D = −1, and H = 1 constant. An increase in K results in a noticeable rise in the blocking temperature (TB) across all geometries. This behaviour is attributed to enhanced spin–spin interactions, which require greater thermal energy to disrupt the magnetically ordered state. Consequently, magnetisation persists at higher temperatures, and the transition to the superparamagnetic regime is delayed, as indicated by the shift of susceptibility peaks toward higher temperatures. The shift in susceptibility peak position with increasing K is attributed to the increased spin-spin interactions introduced by the nonlinear term. As K increases, the energy barrier for spin reorientation becomes higher, requiring more thermal energy for the system to change from an ordered to a disordered magnetic state. This leads to an increase in TB, which is reflected in the rightward shift of the susceptibility peak. Notably, the effect of K on TB is more pronounced than that of J, underscoring the dominant role of non-linear spin interactions in shaping the magnetic dynamics of the system.
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Figure 4. Magnetisation and susceptibility of graphene zigzag (a, b), armchair (c, d), and reczag (e, f) nanostructures are presented for varying K, while keeping J = 1, D = −1, and H = 1 fixed.

Figure 5 presents the magnetisation and susceptibility curves for graphene nanostructures with zigzag (a, b), armchair (c, d), and reczag (e, f) edge geometries under varying external magnetic field strengths H, while keeping J = 1, D = −1, and K = 1 constant. As H increases, the blocking temperature (TB) rises across all configurations. This behaviour is attributed to enhanced spin alignment promoted by the external magnetic field, which strengthens magnetic order and resists thermal fluctuations. As a result, greater thermal energy is required to disrupt the magnetisation, delaying the onset of the superparamagnetic phase. This is evidenced by the shift of susceptibility peaks toward higher temperatures.


[image: Starting with M at one on the y-axis, values decrease as T increases. Susceptibility chi peaks near T equals twelve. Higher H values shift curves rightward.]
Figure 5. Magnetisation and susceptibility of graphene zigzag (a, b), armchair (c, d), and reczag (e, f) nanostructures are presented for varying H, while keeping J = 1, D = −1, and K = 1 fixed.

Figure 6 displays the magnetisation and susceptibility curves for graphene nanostructures with zigzag (a, b), armchair (c, d), and reczag (e, f) edge geometries under varying crystal field values (D), while keeping J = 1, H = 1, and K = 1 constant. As D decreases, the blocking temperature (TB) declines across all configurations, indicating a reduction in magnetic stability. At D = −7, the magnetisation drops to zero, suggesting the occurrence of a compensation temperature, where opposing sublattice magnetisations cancel each other. The first susceptibility peaks observed in panels (b) and (f) arise from the fact that the system does not begin in a fully ordered magnetic state. This partial ordering at low temperatures leads to an initial magnetic response to thermal excitations, reflected in the early susceptibility peak. The second peaks in panels (b) and (f), as well as the peak in (d), correspond to the blocking temperature and signify the transition from the ferromagnetic to the superparamagnetic phase.
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Figure 6. Magnetisation and susceptibility of graphene zigzag (a, b), armchair (c, d), and reczag (e, f) nanostructures are presented for varying D, while keeping J = 1, H = 1, and K = 1 fixed.

In Figure 7, the blocking temperature (TB) of graphene nanostructures with zigzag, armchair, and reczag edge geometries is plotted as a function of (a) bilinear exchange coupling (J), (b) biquadratic exchange coupling (K), (c) external magnetic field (H), and (d) crystal field (D), with the remaining parameters held constant. For all three configurations, TB exhibits an approximately linear increase with increasing J, K, and H. This trend reflects the enhanced spin–spin interactions and the stabilisation of magnetic order, which require higher thermal energy to disrupt and drive the transition to the superparamagnetic phase. In contrast, increasing the magnitude of the crystal field reduces TB, as it promotes spin localisation and weakens thermal stability. Among the nanostructures examined, the armchair configuration demonstrates the highest sensitivity to variations in physical parameters, while the zigzag and reczag structures show similar but less pronounced responses. Moreover, to describe the variation in blocking temperature as a function of key physical parameters, second-order polynomial fits y = Intercept + B1x + B2 x2 were applied. For the exchange coupling J, fits to zigzag, armchair, and reczag graphene nanostructures yielded high accuracy (R2≈0.99) with reduced Chi-square values below 0.62, confirming a strong nonlinear dependence of TB on J. Regarding the biquadratic exchange K, all fits showed excellent agreement (R2 > 0.998), with one case reaching a perfect match (R2 = 1, reduced Chi-square ≈ 0), underlining the dominant role of K. Similarly, for the magnetic field H, the nonlinear decrease of TB was confirmed with R2 values ranging from 0.989 to 0.998 and reduced Chi-square values remaining below 0.58. Finally, fitting TB as a function of crystal field |D| resulted in R2 values between 0.93 and 0.96 and reduced Chi-square values under 6.5, confirming the weakening of magnetic stability as |D| increases. This distinction highlights the significant role of geometrical configuration in regulating magnetic behaviour and thermal stability.
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Figure 7. Blocking temperature (TB) of graphene zigzag, armchair, and reczag nanostructures is plotted, varying with (a) J, (b) K, (c) H, and (d) D, keeping other parameters fixed.



4. Conclusions

In this work, we employed Monte Carlo simulations within the Blume-Emery-Griffiths framework to investigate the magnetic behaviour and blocking temperature (TB) of graphene nanostructures with zigzag, armchair, and reczag edge configurations. The results clearly demonstrate that TBincreases with stronger bilinear (J ) and biquadratic (K) couplings, as well as with higher magnetic field strengths (H), due to enhanced spin coupling and thermal stability. In contrast, increasing the magnitude of the crystal field (|D|) leads to a decrease in TB, reflecting suppressed magnetic order. Notably, a compensation point appears at large negative D, where opposing spin contributions cancel out the total magnetisation. Among the structures studied, the armchair geometry exhibited the highest TB and the most pronounced response to interaction parameters, emphasising the critical role of edge geometry. These findings justify the relevance of controlling edge shape and physical parameters to tailor the magnetic properties of graphene-based nanosystems. The tunable magnetic response and blocking temperatures make these nanostructures promising candidates for spintronic applications, magnetic sensors, and highdensity data storage devices.
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ABSTRACT

In the world of carbon-based materials, the effective synthesis of a graphullerene-like nanostructure with remarkable features is a noteworthy accomplishment. This insight holds great promise for advancing the development of a new category of materials. In this study, we examined the thermodynamic characteristics and magnetocaloric effects of a structure resembling graphullerene using Monte Carlo simulations. The current study provides a detailed analysis of how Hamiltonian parameters impact the thermodynamic properties and magnetocaloric quantities of the system. Moreover, our findings indicate that adjusting the magnetic field not only allows for critical regulation of temperature but also has a notable impact on magnetocaloric characteristics. This includes changes in magnetic entropy and the relative cooling capacity. Based on our results, it is strongly suggested that the graphullerene-like nanostructure holds great promise as a candidate for applications in magnetic refrigeration.
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1. Introduction

The field of magnetic nanostructures (0D, 1D, and 2D) appears to be becoming increasingly interesting, specifically a variety of nanostructures – like nanobelts [1], nanorods [2], nanowires [3,4], nanofilms [5], nanotubes [6,7], and nanographene [8] and fullerene-like structures [9]. It has been shown that these systems differ significantly from 3D (bulk) materials in terms of their physical properties, which have been extensively studied both theoretically and experimentally [10]. Two-dimensional materials, such as graphene [11,12], have made possible by the discovery of graphene a whole new world of materials that can separate gases, catalysis, inert coatings, and supporting membranes, among other applications [13,14]. The most used two-dimensional materials today are composed of periodic network structures formed from monatomic structural units [8,15]. The idea of constructing 2D structures using advanced structural units, like clusters, has not been extensively explored. Nanoclusters, also known as artificial atoms, can bond similarly to atoms and create sophisticated structures [16,17]. Two-dimensional structures assembled from nanoclusters are anticipated to exhibit exceptional topologies and unique characteristics, but no such structures have been reported thus far. Fullerene (C60), a well-known carbon cluster, can undergo polymerisation under extremely high pressure, resulting in the formation of a layered structure of C60 through inter-cluster covalent bonds [18]. The polymeric C60 layer displays a consistent undulating topology in a two-dimensional plane, featuring carbon clusters organised in a repetitive arrangement. Furthermore, this layer possesses intriguing electronic [19,20] and magnetic [21] characteristics. However, the low yield and metastability of atomic-scale 2D polymeric C60 under ambient atmospheric pressure pose significant challenges in obtaining a stable and ordered structure, which impedes the study of its intrinsic properties.

Recently, a novel type of carbon has been found through the combination of two existing carbon forms [22,23]. The first one is the two-dimensional array of carbon atoms called graphene, which generated much excitement and speculation after its discovery in 2004 [8]. The second is fullerene [9], a carbon structure that forms a ball shape. The outcome of linking carbon spheres in a twodimensional pattern is called graphullerene, while its three- dimensional solid form is known as graphullerite [22,23]. Unlike graphene and other two-dimensional materials that have specific properties due to their repeating elements and limited bonding geometries [8], graphullerene’s super atomic structure lends it a high level of modularity. Graphullerene is made up of fullerene subunits that are arranged hexagonally and connected covalently. It is synthesised through a chemical vapour transport approach, wherein crystals of magnesiumdoped fullerene polymers are first grown. Subsequently, single sheets of graphullerene are obtained by exfoliating them from the bulk material, followed by removal of magnesium using dilute acid [23]. Unlike other carbon-based materials, graphullerene exhibits a distinctive set of properties. There is a 1.6 eV electron transport band gap in this new semiconductor, as well as a high crystallinity and good thermodynamic stability [24,25]. Furthermore, it exhibits anisotropy in plane and anisotropic phonon modes and conductivity [25,26]. Carbon materials with medium band gaps and unique topologies are promising platforms for two-dimensional electronic devices due to the unique characteristics they possess. Undoubtedly, the integration of graphullerenes in novel optical and electronic devices will exhibit greater resistance to elevated currents and temperatures, making them effective heat dissipators. This feature of thermal conductivity remains crucial in the progression of semiconductors, as more transistors are squeezed into smaller spaces. It is probable that graphullerene will supersede fullerene in numerous forthcoming solar, wind, battery, and sensor products, until the next significant advancement in carbon materials [25]. This newly discovered carbon form, known for its lightweight and high strength, is projected to enhance the durability and capability of photonic and electronic devices due to its tunable superlattice structure, which aligns with the direction of superconductors and electronics. The discovery of graphullerene implies that there is a vast potential for creating numerous other nanoscale hybrid carbon allotropes through synthetic design. Moreover, Monte Carlo simulations have been widely used to investigate the magnetic properties of various systems, such as the compensation and critical behaviour of Ising mixed-spin (1-1/2-1) three-layer systems with cubic structure [27], and ferrimagnetic triangular nanotubes with core-shell structure [28]. Detailed studies have explored compensation temperatures and phase diagrams in systems like mixed spin-1 and spin-1/2 Ising models on checkerboard square structure [29], as well as mixed spin-1/2 and spin-1 ferrimagnetic-centered rectangular structure [30]. These simulations provide insights into the complex magnetic behaviours and transitions in these systems.

On the other hand, there are various studies of magnetocaloric properties of 2D and 3D structures, the underlying physical mechanisms of the magnetocaloric effect (MCE) remain inadequately comprehended, despite the vast amount of experimental data available. Investigating magnetocaloric effect in carbonbased compounds, which frequently exhibit magnetic traits at the molecular level, assumes great significance in resolving fundamental queries pertaining to magnetism and condensed matter physics [9]. This is related to the challenge of procuring insights into magnetic phase transitions and the magnetic state of matter. At temperatures nearing room conditions, beyond the range of magnetic transitions, there is a significant and even giant magnetocaloric effect (MCE) in various substances, including graphene [31], high-spin complexes of porphyrins/phthalocyanines that are paramagnetic [32], polycaprolactone/ MSMA composites for magnetic refrigeration applications [33]. Our current research is profoundly influenced by the compound, as we aim to conduct a comparative theoretical examination of its magnetic and magnetocaloric properties. Specifically, we are investigating the impact of various Hamiltonian parameters on thermodynamic quantities of graphullerene-like nanostructures, such as magnetisation, susceptibility, specific heat, and hysteresis loops, to explore its potential for significant applications. To address these inquiries, we employ Monte Carlo simulations, which allow us to tackle intriguing scientific questions that may be experimentally infeasible. Moreover, we will examine the magnetocaloric behaviour of graphullerene-like nanostructures in detail. Since the carbon atoms in the graphullerene structure are inherently non-magnetic, each carbon atom in the structure has been replaced by an atom possessing a magnetic spin of S–1 in our approach. This choice balances computational feasibility with the ability to capture key magnetic characteristics, including magnetisation, susceptibility, and hysteresis behaviour. By introducing this modification, we effectively transform the graphullerene into a theoretical spin system, enabling comprehensive Monte Carlo simulations under varying parameters, such as external magnetic fields, exchange coupling constants, and crystal field effects.

The structure of this paper was outlined as follows: Section 2 presents the model and provides a detailed description of the formulation and methodology employed in our research. In Section 3,4 and 5 we presented and discussed the results obtained from our study. Finally, in the last section, we summarised the most significant findings detailed in this work and draw conclusions based on our research outcomes.



2. Model and technique

Using the Blume Capel model, we evaluated the magnetic and magnetocaloric properties of graphullerene-like nanomaterials [34]. A plane is formed by the covalent connections of each cluster cage of C60. The crystal structure of the graphullerene-like nanostructure is schematically illustrated in Figure 1. Furthermore, according to the statistics of Fabian and Leonhardt, error bars are applied in all figures [35].

The Hamiltonian characterising our model can be expressed as follows:
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 This term represents the interaction between neighbouring spins Si and Sj. All the spins were assumed to take values of S = ± 1; 0. The exchange interaction J promotes alignment (or anti-alignment) of neighbouring spins, depending on whether it is positive (ferromagnetic) or negative (antiferromagnetic). In the context of graphullerene, a nanostructure composed of magnetic atoms, this term describes how the spins of the atoms interact with each other, influencing the overall magnetic properties of the material.
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 This term corresponds to the effect of an external magnetic field h on the spins Si. The magnetic field tends to align the spins in its direction, which changes the system’s overall magnetic state. For graphullerene, this term models the influence of an external field on the magnetic structure of the atoms, thereby altering the spin configuration.
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Figure 1. Schematic presentation of graphullerene-like nanostructure.
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 This term represents the effect of the crystal field Δ, which modifies the spin energy depending on the local environment. In a nanostructure like graphullerene, the atoms are subject to forces from other atoms in the structure, and this term captures the effect of these forces on the spin energy levels. The parameter Δ determines the strength of this interaction.



It is worth mentioning that in subsequent calculations, the coupling J was taken as a unit of the system, i.e. J = 1, for ease of comparison and analysis. To simulate the system, we used the Metropolis Monte Carlo simulation algorithm [32], generating configurations by sequentially selecting lattice sites and attempting single-spin flips. The acceptance or rejection of these flips was determined based on the Metropolis algorithm.

Since graphullerene is a finite system, periodic boundary conditions (PBC) may not be the most suitable approach for this situation. Free boundary conditions are more effective in capturing the intrinsic characteristics of an individual graphullerene. To address this, we applied free boundary conditions to the overall graphullerene structure, while periodic boundaries were used for each fullerene unit within the structure. This combination is essential for producing accurate results. The periodic boundaries within each fullerene allow for a more precise representation of internal properties, while the free boundaries for the overall structure account for edge effects. Additionally, because the system size (N = 240) is sufficiently large, edge effects and boundary conditions have a minimal impact on the properties of interest, allowing us to disregard finite-size effects.

We have run our simulations using a total of 106 Monte Carlo steps per spin to collect data. To ensure accuracy, we excluded the first 105 Monte Carlo steps from the data collection process. These initial steps allowed the system to reach thermal equilibrium, ensuring that the subsequent data accurately reflected the steady state of the system under the given physical parameters.

Our programme calculates the internal energy per site E:
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with N = 240 representing the number of spins in the system, and β defined 
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 where T denotes the absolute temperature and kB represents the Boltzmann’s constant. In our calculations, we have set the value of Boltzmann’s constant to be 1.

Several parameters, such as magnetisation and susceptibility, were also calculated to verify the accuracy of our calculations, including internal energy and specific heat. Magnetisation per site M, and its corresponding susceptibility χ were calculated as follows:

(4) 
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      N
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          M
          2
        
        ⟩
      
      −
      
        
          ⟨
          M
          ⟩
        
        2
      
      )
    
  


We also analyse the fourth-order cumulant of order parameter, the Binder cumulant [36], defined by:

(6) 
  
    U
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    −
    
      
        ⟨
        
          M
          4
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            ⟨
            
              M
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            ⟩
          
          2
        
      
    
    ,
  


In order to determine if this material is suitable for magnetic refrigeration, the
magnetocaloric parameters, namely the magnetic entropy change ΔS and relative cooling power RCP, can be calculated using the following equations:

(7) 
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Where 
  
    
      
        (
        
          
            ∂
            M
          
          
            ∂
            T
          
        
        )
      
      
        h
        i
      
    
      
 represents the thermal magnetisation in a fixed magnetic field. T1 and T2 represent, respectively, the lower and upper temperatures that were associated with the two ends of the half maximum of ΔSmax.

It was interesting to utilise the reduced physical parameters in order to go beyond the classical energy and temperature units (K, eV, or Joule) in calculations. The reduced physical parameters were dimensionless. The reduced physical parameters will be used as follows for simplicity: t = T/J, hr = h/J, and δ = D/J.



3. Results and discussions

In this section, we employed Monte Carlo simulations to investigate how different parameters of the Hamiltonian impact the magnetic and magnetocaloric properties of the system. We initiated our calculations by analysing the thermal variations of the total magnetisation and the corresponding susceptibility, which were crucial for characterising phase transitions and identifying the critical temperature. To assess the feasibility of using graphullerene for magnetic refrigeration, we computed the isothermal magnetic entropy change ΔS from the magnetisation isotherm M (hr, t) curves. Finally, we analysed the variations of the hysteresis behaviour as a function of temperature.


3.1. Magnetic properties

In the beginning, we investigated the influence of temperature on magnetisation and its corresponding susceptibility. 2. Phase transitions were examined in this study in order to demonstrate that there exists a critical temperature at which phase transitions occur. Figure 2a and b demonstrate how magnetic susceptibility varies with temperature. Temperature t causes the total magnetisation to decrease gradually from its saturation value to zero as it rises.

As the critical temperature approaches, a single peak is visible in the susceptibility χ curve. In accordance with standard findings, thermal fluctuations drove the phase transition between ferromagnetic and paramagnetic materials. To confirm the stability of the above-mentioned second-order phase transition in the system, Figure 2c and d displayed the specific heat and Binder cumulant as a function of temperature, respectively. It was noteworthy that the behaviour of the specific heat corresponds evidently with that of the susceptibility shown in Figure 2b. Specifically, in the proximity of the critical temperature, the specific heat exhibits a peak and then decreases with increasing temperature, which were indicative of second-order phase transition characteristics. Consequently, the critical temperature obtained from the specific heat curve aligns well with that estimated from the magnetisation and susceptibility curves in Figure 2a and b. Moreover, to verify the correctness of the obtained critical temperature tC, we have plotted the temperature dependence of the Binder cumulant U for the system in Figure 2d. As the temperature of the system rises, the Binder cumulant U consistently decreases from its saturated value to a small constant at the critical temperature, indicating a second-order phase transition from a ferromagnetic phase to a paramagnetic phase. As shown in the inset figure, the critical temperature tC derived from the Binder cumulant U matches well with the estimate based on the susceptibility, providing clear evidence of the validity of the numerical outcomes.



[image: Starting from the Reduced temperature axis, Magnetization and Binder cumulant decrease sharply while Susceptibility and Specific heat peak near three before leveling off at higher temperatures.]
Figure 2. Temperature dependence of (a) magnetisation, (b) susceptibility, (c) specific heat,
and (d) Binder cumulant for δ = 0 and hr = 0.

To examine how crystal field affects magnetisation, susceptibility, and specific heat, we have illustrated the findings in Figure 3a–c, respectively. As shown in Figure 3a, the magnetisation remains constant for δ < −4. However, as soon as the crystal field reaches its critical value of δC = −4, the magnetisation decreases discontinuously to saturate at a minimal value of M = −1 for δ > −4. Therefore, the system undergoes a first-order transition at the critical crystal field value. This behaviour was supported by the curves of susceptibility and specific heat, which show pronounced peaks, indicating a first-order phase transition from an antiferromagnetic phase to a ferromagnetic phase at critical crystal field value.



[image: Three graphs show Magnetization dropping sharply at negative four on the Reduced crystal field axis while Susceptibility and Specific heat form sharp peaks at the same location.]
Figure 3. Crystal field dependence of (a) magnetisation, (b) susceptibility, and (c) specific heat
at a fixed value of t = 0.1 and hr = 0.

In Figure 4, we presented the magnetisation M and the specific heat in relation to temperature for different values of external magnetic field, namely hr = 0, 1, 2, and 3. All the magnetisation curves show a decrease from their saturation value M = 1 to small constant magnetisation as temperature T increases. Furthermore, with increasing the magnetic field, the slope of the magnetisation curves becomes less significant. On the other hand, the specific heat curves exhibit distinct peaks at critical temperatures, providing evidence of a second order phase transition. Furthermore, the height of the peaks decreases and moves towards higher temperatures when the magnetic field in the system increases. This behaviour can be attributed to the significant influence of the magnetic field on the alignment of spins in the system.


[image: Reduced temperature axis shows magnetization curves descending and specific heat curves peaking at higher temperatures as h_r values increase from zero to three across panels a and b.]
Figure 4. Magnetisation and specific heat versus temperature for various values of external
magnetic field hr for δ = 0.




3.2. Magnetocaloric properties

After completing these calculations, we examined the magnetocaloric properties of graphullerene-like nanostructure. Magnetic entropy change (ΔS) and relative cooling power (RCP) were used to characterise magnetocaloric effect (MCE). Based on the external magnetic field, graphene-like nanostructures exhibit varying magnetic entropy changes with temperature.

As can be seen in Figure 5, the value of ΔS increases with temperature until reaching its maximum value, then decreases near the critical temperature. As the magnetic field is enhanced, the maximum value of magnetic entropy increases due to the compound’s second-order phase transition nature. Due to the alignment of the spins, when there is a higher external magnetic field, the system will be more ordered. A magnetic field external to a system enhances its magnetocaloric effect. Additionally, ΔS remains negative throughout the temperature range, indicating a magnetocaloric effect in the graphullerenelike nanostructure, which heats up when exposed to a magnetic field and cools down when removed. A refrigeration application may be possible with this material. In addition to the magnetic entropy change, relative cooling power (RCP) is another important factor that impacts magnetocaloric efficiency. Refrigeration systems use the RCP to determine how effectively heat is transferred between hot and cold reservoirs. Monte Carlo simulations were conducted to determine the behaviour of this factor, and the results are shown in Figure 5b. With increasing magnetic field values, the RCP increases linearly. As shown in Figure 5a, the linearity increased in correlation with the maximum entropy change. A magnetic refrigeration application could be possible with the material being studied based on these results.

Indeed, graphullerene may be a good candidate for applications in magnetic refrigeration, based on its magnetocaloric effects (MCE). These applications mainly concern systems capable of cooling efficiently by exploiting magnetic entropy variations induced by an external magnetic field. However, as the results of the study show, the maximum value of the magnetocaloric effect is reached at very low temperatures. Such a material could be used in environments requiring low-temperature cooling, such as sophisticated medical devices like the superconducting magnets used in magnetic resonance imaging (MRI) [37,38]. However, their use in room-temperature contexts, common for domestic or industrial refrigeration, would require further adjustments to extend their effective temperature range.


[image: Graph a shows delta S peaking at reduced temperature three for four h r values. Graph b shows R C P increasing linearly with reduced magnetic field.]
Figure 5. (a) Temperature dependence of magnetic entropy changes for several reduced magnetic fields, (b) the external magnetic field dependence of the RCP for δ = 0.



3.3. Hysteresis cycles

In this subsection, we also explored how the temperature influences the hysteresis loops of graphullerene-like nanostructure, elucidating their correlation with this factor. In Figure 6, we analysed the hysteresis curves of a graphullerene- like nanostructure at specific temperatures. The curves demonstrated that all the magnetisation axes and external magnetic field hysteresis loops exhibit clear symmetry. At low temperature, the hysteresis loop adopts a square shape, indicating that the normal orientation acts as an easy axis. Consequently, the remanent magnetisation was equivalent to the saturation magnetisation. These results suggest that spins align more easily along magnetic fields as temperatures near ground state. The quadratic nature of hysteresis curves makes materials such as graphullerene highly appropriate for applications in highenergy storage capacitors. It was also noteworthy that the hysteresis loop area diminishes as the temperature increases, eventually vanishing as the temperature reaches its critical value tC. Indeed, as the temperature is increased (t = 3), the hysteresis curve exhibits a linear behaviour, indicating that higher temperatures disrupt the system and lead to paramagnetic hysteresis. Ultimately, it was found that the coercive field, which indicates the field required to alter the magnetisation’s sign, dwindles with an upsurge in temperature. This outcome corroborates the theoretical analysis of graphone nanoribbon [15].


[image: Starting from the Reduced magnetic field axis, magnetization hysteresis loops narrow significantly as parameter t increases from zero point one to three. An inset displays zoomed top data.]
Figure 6. Magnetic hysteresis loops at different temperature values t = 0.1, 1, 2, and 3 for δ = 0.




4. Conclusions

In summary, we have employed Monte Carlo simulations with the standard Metropolis algorithm to investigate the magnetic, hysteretic, and magnetocaloric characteristics of graphullerene-like nanostructure. We calculated magnetic parameters, susceptibilities, specific heats, hysteresis loops, magnetic entropy changes, and relative cooling power (RCP) based on the system parameters. First, we have examined the impact of reduced temperature on magnetisation and its corresponding susceptibility to identify the type of phase transitions which take place within the system. Subsequently, we have presented the magnetic entropy change and the RCP, followed by an analysis of the hysteresis loops for the system. Our study has revealed several characteristic behaviours in the system. Furthermore, our results have indicated that the increase in the magnetic field will obviously lead to the increase in the maximum magnetic entropy change (ΔS max) and relative cooling power (RCP). Ultimately, our investigation has revealed that the ferromagnetic hysteresis loops exhibit a transition in shape from square to anhysteretic curves at specific temperature values. This finding provides important insights into the system’s hysteretic behaviour and its dependence on temperature, suggesting that the system’s hysteretic properties were influenced by temperature changes in a significant manner. All these results have significant implications for controlling the magnetic and magnetocaloric properties of graphullerene-like nanostructure through modulation of magnetic fields and temperature, which was crucial for potential magnetic refrigeration applications. On the other hand, this knowledge can contribute to the development of efficient and functional graphullerene- based devices with desired magnetic and magnetocaloric properties for various applications in nanotechnology and related fields.
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