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Abstract

:

Abrasive Waterjet Machining (AWJM) is considered a viable alternative to conventional machining processes, due to its capability of rendering even complex features on parts with high productivity. However, it is currently also important for manufacturing processes to comply with the various aspects of sustainability, by putting emphasis on the environmental dimension apart from the economic. Although AWJM generally is considered an inherently environmentally friendly process, it is required that thorough experimental studies be carried out to evaluate the sustainability of AWJM under various conditions. In the present work, AWJM experiments under various conditions were conducted on a Ti-6Al-4V workpiece in order to determine the optimal conditions leading to a high degree of sustainability in this process based on several indicators. The experiments were carried out using glass beads, which act as an eco-friendly abrasive. After the basic outcome of the experiment was analyzed to determine the correlations between process parameters and depth of penetration, kerf width, and kerf taper angle, sustainability analysis with the aid of Grey Relational Analysis (GRA) was conducted. The optimum solution provided a sufficiently high score regarding both the economic and environmental dimensions of sustainability.
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1. Introduction


The manufacturing sector plays a considerable role regarding the financial status of various industrialized countries, both developed and developing. It is estimated that, in the USA, 31% of energy consumption is related to manufacturing industries, and 19% of the total greenhouse gas emissions in the EU are related to the manufacturing sector [1]. Moreover, as per the World Bank data for 2018–2019, 15.4% of the world GDP is related to the manufacturing sector, with the percentage varying between 9–14% for the USA, UK, Russia, and India, whereas in China manufacturing plays a more considerable role, as 27% of the country’s GDP is related to the added value from manufacturing [2]. In the 21st century, a challenge for industry is to both manufacture components with the best quality at the lowest possible cost and achieve a clean and sustainable production. This ecological aspect is related to efficient waste management [3] combined with lowering energy and time consumption, recycling, and generally minimizing the environmental impact of manufacturing processes [4].



As it is generally more difficult for conventional machining processes to comply with the basic goals of sustainability to a high degree, even with the current trends that include eco-friendly concepts such as Mininum Quantity Lubrication (MQL) and the use of biodegradable cooling fluids, alternative processes need to be evaluated in order to replace the conventional ones, not only with a view to achieve high levels of productivity at affordable costs, but to achieve other goals of sustainable production as well. Abrasive Waterjet (AWJ) cutting is an environmentally friendly non-conventional machining process that involves a high-pressure beam of water combined with abrasive particles that cut any material without increasing the material’s temperature considerably [5]. As a result, the processed material is not subject to thermal deformation and changes in properties caused by increased temperature. Moreover, no hazardous gases are produced by AWJ cutting, and no chemical contamination occurs, as there is no need for any cutting fluid. Nevertheless, as sustainability is a complex, multi-dimensional concept, this process can become even more environmentally benign from other points of view as well, when the most appropriate process conditions are selected.



One of the most important applications of AWJ technology is AWJ milling. An efficient stream of liquid, with an increased pressure at a value of about 1300–4000 bar, is usually employed on a CNC machine, which allows the rendering of a large variety of shapes, while also guaranteeing precision and the repeatability of dimensions [6]. This method of material processing ensures low production costs, translating into a lower price for the finished element. Although AWJ is mostly used for cutting through material, usually it is also being employed for Control Depth Cutting (CDC). This can be achieved by controlling the process parameters, namely the traverse speed (vt), the stand-off distance (h), the abrasive flow rate (ma), and the jet pressure (p) [7,8,9]. The erosion process that eventually leads to the desired material removal during AWJM occurs due to the pressure of the water and the impact of the abrasive. AWJM is a time-dependent process, since the traverse feed rate is an essential parameter for controlling the Material Removal Rate (MRR). As the jet moves faster, fewer particles will strike the material, and the MRR will be lower [10,11,12].



Due to the importance of proper regulation of process parameters, various relevant studies have been conducted. Alberdi et al. [13] predicted the kerf geometry by analyzing the process parameters during AWJM of an AA 7075-T651. They found that the most important parameter that affects the kerf width is the stand-off distance. Rabani et al. [10] used partial non-linear differential equations to control the AWJM parameters and predict the slots while machining a Ti6Al4V titanium alloy. The results show that errors were reduced, and the accuracy was improved by 50%. Using this algorithmic methodology, the experimental set-up time could be reduced by at least 200%. AWJ milling of near-net-shape fabrication of TNM-B1 titanium aluminide was investigated by Uhlmann, Männel, and Braun [14]. The research study was focused on increasing the producible geometries by controlling the kerf width and kerf depth to increase the efficiency of control depth cutting operations. Yuan et al. [12] used AWJ milling techniques to produce circular pockets in a titanium grade 5 alloy. Based on a Box–Behnken statistical design, the authors tried to determine the machining parameters’ proper combination (i.e., h, ma, vt, and p). Experimental results were successfully validated by a prediction model with a maximal deviation of 3.5% in the average milling depth. Finally, Chithirai Pon Selvan et al. [15] used the Regression Investigation Method and Artificial Neural Network method to find the process parameters’ performance analysis. The empirical model showed that the pressure and the abrasive mass flow rate are proportional to the depth of penetration of a Ti6Al4V workpiece.



Apart from the process parameters, the characteristics of the abrasive particles play an important role in the outcome of AWJM. Due to the nature of the erosion process, many experiments have found that particles with lower velocities tend to embed grit into the workpiece material [16,17]. On the other hand, researchers have reported that the embedded particles are fragments of the abrasive grit [18,19,20,21]. The study of Stachowiak and Stachowiak [22] revealed that the abrasive shape, rather than the abrasive hardness, plays a key role in the grit embedment. They observed that the particles’ angular shape generates up to four times higher particle embedment compared to the spherical shape of the glass beads. Researchers Fowler, Shipway, and Pashby [18,23,24] investigated the AWJM of titanium grade 5 as well as the effects of particle hardness and grit embedment during this operation. It was shown that MRR is strongly correlated with particle hardness and size. Additionally, the traverse speed is an essential parameter of the process. By increasing the vt and the MRR, the surface waviness and the particle embedment are decreased. Perec [11] used three different abrasives (i.e., crushed glass, garnet, and olivine) to investigate the AWJ milling of titanium Ti6Al4V workpiece. The research investigation involved the cutting depth performance of each abrasive and the wear of the focusing tube. The experimental results revealed that the highest cutting depth could be achieved using garnet as abrasive right after olivine. On the other hand, the olivine abrasive caused the most increased wear of the focusing tube. An experimental case study performed by Yu et al. [25] took into consideration the above-mentioned machining parameters and the abrasive materials (garnet, alumina, and silicon carbide) and their mixtures. It was found that the mixture of 75% of alumina and 25% of garnet leads to deep cuttings with very low surface roughness during AWJ machining of an aluminum alloy block.



Although a considerable amount of work has been conducted on sustainability assessment of conventional machining processes, the works related to sustainability studies of AWJ cutting are much fewer and can be categorized into three main groups, namely works related to the use of recycled or eco-friendlier abrasives, sustainable variants of AWJ cutting, or cutting of eco-friendly materials. Boud et al. [26] proposed the use of softer, soluble abrasives for AWJ machining. In their work, they compared the use of garnet abrasive with two types of soluble abrasives: MaxxStrip, which is based on kieserite mineral, and SoftStrip, based mainly on sodium bicarbonate. Based on experiments conducted on four different materials, it was found that although lower Material Removal Rates were achieved by soluble abrasives, their efficiency was considerably higher than that of plain waterjet. Moreover, although the contamination area was smaller, grit embedment was still extant in the case of soluble abrasives, and cleaning of the workpieces occurred after post-machining treatment. Kantha Babu and Krishnaiah Chetty [27] studied the effect of using recharged abrasives during AWJM with a view to achieve the best compromise between cutting efficiency and cost. The recharged abrasives were anticipated to perform better than simple reused abrasives, as they contained a percentage of fresh abrasives. Their findings indicated that a considerable increase in depth of cut occurs with a 40% recharging and that surface roughness was minimized with a 60% recharging, and an increase in recharging percentage also resulted in a small increase in kerf width and taper. Sabarinathan, Annamalai, and Rajkumar [28] investigated the use of grinding-wheel waste as an alternative abrasive for AWJM. After the abrasives were examined by using SEM and EDX analysis, their performance was compared to that of garnet regarding MRR, depth of penetration, and kerf dimension. MRR of recycled alumina was found to be higher in any case, but it also resulted in higher kerf width and surface roughness; thus, it is better suited for rough machining. Perec [11] conducted a thorough comparison between two common abrasives, namely garnet and corundum, regarding their recycling potential. Corundum showed higher recycling rate in some cases, but focusing tube wear was almost 60 times greater. Kandasamy, Vimal and Senthuram [29] conducted a study on the determination of traces of metals in the waste water from AWJM process and calculated the embodied product energy of the process.



Regarding more sustainable variants of AWJM, Natarajan et al. [30] proposed cryogenic-assisted AWJM. In their work, they conducted experiments at three levels of pressure, abrasive mesh size, and jet impact angle with and without the use of liquid nitrogen. Regarding depth of penetration, in every case, the application of liquid nitrogen enabled greater depths of penetration, lower taper ratio, higher MRR, lower surface roughness, lower contamination, different microstructure, and higher microhardness. Pradhan, Das, and Dhupal [31] evaluated the efficiency and sustainability of hot AJM, a new variant of AJM using compressed air instead of waterjet and hot abrasives. In their work, experiments were carried out under various air pressure, stand-off distance, and abrasive temperature values. It was found that the temperature of the abrasives most affected the surface roughness, whereas the air pressure most affected the kerf taper and MRR. The hot AJM process led to lower energy consumption but higher cost. Finally, a novel sustainable alternative of WJM, namely Ice Jet Machining and its variants, was presented and evaluated by Gupta et al. [32].



Based on the literature review, it can be seen that there is a lack of comprehensive work on sustainability assessment of AWJ machining based on several indicators. Thus, in this experimental study, a sustainability assessment of AWJM of Ti-6Al-4V under various process conditions was carried out, taking into consideration indicators from both economic and environmental dimensions of sustainability. For the experiments, an environmentally friendly abrasive, namely glass beads, was used. After the experimental results are analyzed, the sustainability of each experimental case is evaluated by means of GRA in order to determine the optimum conditions.




2. Sustainability Assessment in Manufacturing


According to Jayal et al. [33], various manufacturing concepts related to sustainability or at least some of its elements evolved as distinct concepts around 2010 and exhibit different levels of potential. These concepts are lean manufacturing, which is mainly based on waste reduction; green manufacturing, which is based on the 3R concept; and finally, sustainable manufacturing, which is the most innovative concept, based on the 6R concept. The 3R concept, namely “reduce, reuse, recycle,” and the 6R concept, namely “reduce, reuse, recover, redesign, remanufacture, recycle,” are two of the most frequently used concepts in order to establish a more green approach in manufacturing [34]. It is important to note that sustainability is related not only to the manufacturing stage, but to all the product life-cycle stages such as pre-manufacturing, use, and post-use as well [33,35,36].



An important categorization of sustainability dimensions is the well-known concept of the “three pillars”, namely the economic, social, and environmental dimensions. These three dimensions are related to the aspects of economy, ecology, equity, work, and knowledge [37]. More specifically, the first pillar is related to industry, the second is related to the human capital society, and the third one to nature [37]. A relevant sustainability framework is termed as the “Triple Bottom Line” (TBL or 3E) and aims at the amelioration of the state of the three pillars, which will subsequently ameliorate the condition of the technological and natural ecosystems. Each dimension has a specific function [37]; for example, the role of the economic dimension is to relate the sustainability of machining processes with financial strategies and ensure that these processes are feasible from a techno-economic point of view. The environmental dimension is related to the reduction of the negative environmental impact caused by machining processes, e.g., by decreasing energy and resource consumption. Furthermore, the social dimension includes efforts towards achieving safer workplaces, elimination of health threats, and improvement of productivity.



In some cases, the concept of the three dimensions can be expanded with additional categories and their respective indicators. For example, Jamil et al. [38], in an assessment of the sustainability of welding processes, included the final properties of the weld as an additional category, termed physical performance, and Bork et al. [39] related the economic pillar to a technological one in a unified “economic-technological” pillar.



In the relevant literature on conventional machining processes, another commonly accepted categorization of sustainability aspects is that of Jawahir et al. [40], who selected the six most significant parameters regarding sustainability of manufacturing processes: waste management, manufacturing cost, environmental impact, energy consumption, personnel health, and operational safety. These six parameters or elements are interacting, and their contributions constitute the total process sustainability index [33,41]. Waste management is relevant to recycling and disposal of wastes produced during the manufacturing processes, and it is necessary to develop means to reduce waste and its subsequent emissions and treat it properly before disposal, especially that which is toxic or otherwise harmful [35,40]. Manufacturing cost is relevant to the costs of the equipment required for the manufacturing process and the costs during the process [40]. However, indirect costs related to environmental or social factors can be also incorporated into the total cost [35]. The environmental impact is related to factors which lead to environmental pollution such as toxic materials, metallic dust, and emissions. Energy consumption can be estimated by monitoring the power consumption during manufacturing processes and can be minimized by various means. Finally, personnel health and operational safety are two important aspects that are not so frequently taken into consideration in relevant studies. Workers should not be exposed to harmful mist and vapors or various chemical substances, and their workplace should be properly designed in order to ensure safety during various manufacturing processes.



Apart from the general concepts related to sustainability, it is necessary to define more specific quantities or indicators in order to evaluate the sustainability of various systems. According to Singh et al. [42], sustainability indicators are appropriate criteria aiming to quantify the different states and dimensions of the concept of sustainability and can be divided into two different categories, namely quantitative and qualitative indicators, or according an alternative definition by Bork [39], objective and subjective metrics. Examples of quantitative indicators or objective metrics are power consumption and carbon dioxide emissions, which can be directly measured, whereas qualitative indicators or subjective metrics are those which cannot be directly quantified, such as personnel safety and health risk [1]. These indicators can also be quantified by appropriate scoring systems, which are used by experts in the respective field in order to assign a numerical value to each different state of a qualitative indicator. Suitable criteria should meet several requirements [1] and can be categorized in different dimensions such as the aforementioned 3E.



Najiha, Rahman, and Kadirgama [43] argued that there is a non-deterministic component of sustainability that also needs to be taken into consideration by fuzzy logic models. In fact, half of the aforementioned elements of sustainability, namely manufacturing cost, power consumption, and waste management, can be considered as deterministic and can be calculated by analytical formulas, whereas the other three can be considered as non-deterministic and thus can be described by fuzzy variables [33,41].



In order to calculate the total sustainability index for a specific process, the sustainability dimensions and their indicators should be properly organized into various hierarchical levels. In the relevant literature, various alternative procedures exist regarding the number and theme of the hierarchical levels. The first level usually includes general sustainability aspects, followed by their subcategories in the second level, and more specific indicators in the final levels. In the work of Najiha, Rahman, and Kadirgama [43], three hierarchical levels of sustainability factors used for the calculation of the sustainability index were defined, with the first one including aspects such as environmental friendliness, the second one including factors such as level of recycling, and the third one including more specific factors such as the chip recycling rate. A hierarchical structure of three levels was also proposed by Bork et al. [39] and Kim, Leong, and Chen [44], including a level of individual metrics, a level of sub-indices, and the level of sustainability index. The sub-index level is related to individual aspects of sustainability based on the 3E. Badurdeen et al. [36] included five different levels from the index to the individual metric level, such as the sub-index, cluster and sub-cluster levels. In the sub-index level, the three pillars of sustainability can be considered, and then they are further analyzed in the next levels. For example, the economy can be analyzed as initial investment, costs, benefits, and losses; initial investment can be analyzed as capital, R&D, and employee training cost; and finally, capital cost is calculated based on equipment and facility costs.



An alternative categorization of sustainability aspects into different levels is relevant to the different areas of importance or different stages of production. Various researchers have included different numbers of hierarchical levels. For example, Jayal et al. [33] included three different levels, namely product, process, and system. In each level, different methodologies can apply, and the weighting of similar indicators may be different as affects this level to a higher or lesser degree. Moreover, the sustainability index (SI) can be defined in different levels [36], e.g., the ProdSI in the product level or the ProcSI in the process level. Especially in the product level, the 3R and 6R concepts are considered important. Feng, Joung, and Li [45] proposed a much broader analysis including seven different levels, namely global, country, sector, corporation, facility, process, and product, whereas Kim, Leong, and Chen [44] used five of them, excluding sector and facility. In a machining workshop [46], the sustainability assessment process can include layers such as machine tool, manufacturing unit, manufacturing task, and workshop layer. Although a hierarchy exists between the four layers, each layer interacts with the others, and finally the energy consumption state is determined through effective energy and specific energy consumption indicators.



After the levels and the metrics in each level are selected, the sustainability assessment can be carried out. Usually, the whole procedure includes the following five steps, depicted also in Figure 1:




	(1)

	
Categories and indicators of sustainability are defined. Indicators which are not useful or do not have a noticeable effect for the specific system are not included.




	(2)

	
The values of all indicators are properly normalized in order to eliminate any artificially created relatively higher influence of some indicators due to their absolute values.




	(3)

	
The indicators of each category are assigned weights according to their importance towards the final goal.




	(4)

	
An aggregation procedure is carried out, using scores and weights of each category to calculate an overall sustainability score.




	(5)

	
Finally, the sustainability scores of all assessed processes are compared.









In order to carry out the evaluation process or critical parts of it such as the determination of weights and aggregation of scores, various established methodologies can be used. In the relevant literature, sustainability-specific methods such as LCA (Life Cycle Assessment); general application methodologies such as TOPSIS [47], AHP [48], fuzzy AHP [49], and GRA [50]; and optimization approaches such as desirability approach or genetic algorithms [34] are used.




3. Materials and Methods


The present study contains AWJ slot-milling experiments under different process conditions, using glass beads as abrasive, in order firstly to determine the effect of process parameters such as jet pressure (denoted as p), abrasive mass flow rate (denoted as ma), and traverse speed (denoted as vt) on kerf characteristics under constant stand-off distance of 3 mm, and then to evaluate the sustainability of AWJ milling process under various conditions, presented in Table 1 and depicted in Figure 2, using multiple criteria.



Straight slots with a length of 50 mm were created in a Ti-6Al-4V box-shaped workpiece with dimensions of 200 × 50 × 24 mm. The chemical composition of the workpiece material is shown in Table 2, whereas its hardness value was HV430. The experiments were carried out in a H.G. RIDDER Automatisierungs—GmbH model HWE-P1520 machine. The focusing tube had a diameter of 1 mm, and the waterjet nozzle had a diameter of 0.3 mm, whereas the jet impingement angle was 90°. The abrasive particles used were glass beads, depicted in the SEM micrograph of Figure 3, which had a mesh size of 80, were composed mainly of SiO2 (as can be seen in Table 3), had a density of 2500 kg/m3, and had a hardness on the Mohs scale of 6, as per the supplier’s specifications (TEPARK, Brzeg, Poland). Using the glass beads, a total of 30 experimental runs were carried out, using a full factorial design with three parameters each at different levels, namely 3 for the traverse speed, 5 for the abrasive mass flow rate, and 2 for jet pressure. The range of these parameter level values is sufficiently wide in order to also observe sufficiently variable responses within the range allowed by the equipment restrictions. It is worth mentioning that before the actual experimental procedure, a series of recurrent tests took place under different conditions in order to ensure the repeatability of the slot dimensions obtained in each case.



The abrasive particles employed in the experiments, namely micro-glass beads, have diameters between 100 and 200 μm. Glass beads (microspheres) constitute an extremely resistant non-metallic abrasive with a smooth surface. Using this product for cleaning gives excellent results consistently. It is a chemically inert material. Therefore, its impact on the erosive abrasion of the treated surface is minimal. Moreover, it is an environmentally friendly abrasive, and it can be reused, as it is free of crystalline silica. Although AWJ machining with garnet abrasive is more usual due to the relatively lower price and higher Material Removal Rates obtained with this abrasive, using glass beads can be advantageous due to their higher potential for recyclability. This glass-type abrasive has proven essential in the aerospace industry, because other abrasives damage surfaces. Due to their spherical shape, they produce a smoother surface that delays crack and corrosion formation.



A digital ultra-deep-field VHX-7000 Focus Variation Microscope (FVM) was used to measure the slots’ geometrical characteristics. The microscope is equipped with two lenses capable of a range magnification between 20 and 2000×. The focus variation method is based on a white LED light source that passes through a transparent mirror and is followed by a lens until it reaches the surface. This technique is very similar to confocal microscopy. The reflected light follows back along the same above-mentioned route until it reaches the sensor’s charging device. Depending on the sample’s vertical position relative to the lens, the sensor detects the focused points. These focused points on each image create a fully focused image composed of multiple images. This technique enables a three-dimensional surface representation. The following Figure 4 shows aVHX-7000 digital microscope (Keyence, Mechelen, Belgium) and a typical AWJ slot. For the SEM micrographs, a HITACHI SU-70 analytical field-emission SEM was used.




4. Results and Discussion


4.1. Analysis of Experimental Results


After the experiments were carried out, results regarding depth of penetration (d) and kerf width (w) were obtained, and kerf taper angle (a) was calculated as follows:


  a =   tan   − 1    (     W t  −  W b     2 d     )   



(1)







These results are summarized in Table 4. It can be seen that the values of depth of penetration vary considerably from 0.377 to 8.114 mm, whereas the standard deviation varied between 0.001 and 0.044 mm. Regarding top kerf width, the values varied between 1.094 and 1.375, with standard deviation between 0.007 and 0.059 mm, and finally, kerf taper angle values varied between 0.887 and 20.685 degrees, with standard deviation between 0.116 and 2.560 degrees. Some of the produced grooves can be seen in Figure 5.



As was anticipated, depth of penetration increases with lower traverse speed due to shorter time of interaction between the abrasive jet and the workpiece. Although the depth of penetration values were considerably lower than in cases where harder abrasives such as garnet are used, the material removal with glass beads was relatively effective. From the experimental findings depicted in Figure 6, it can be seen that the correlation of depth of penetration with traverse feed was not linear for either jet pressure value, as the depth of penetration decreased considerably when the traverse speed increased from 200 to 400 mm/min, whereas a much smaller decrease was observed for traverse speed values between 400 and 600 mm/min. A nonlinear correlation is also found to exist between depth of penetration and abrasive mass flow rate, as the rate of increase of depth of penetration in respect to the increase in abrasive flow rate is decreasing, and finally, for higher traverse speeds it reached an almost-constant value, indicating that material removal efficiency reaches a limit value. Finally, the impact of jet pressure is also high, as the twofold increase in jet pressure led to 3–7 times greater depths, and the kinetic energy of the jet was considerably higher. These observations are supported by the ANOVA results, which indicate that jet pressure is the most important parameter with a relative significance of 55.47%, followed by traverse speed (28.57%) and abrasive mass flow rate (16.06%). Thus, appropriate regulation of depth of penetration can be primarily achieved by jet pressure.



In the case of top kerf width, it was found that higher traverse feed led to lower top kerf width, and higher jet pressure led to an increase in kerf width, as can be seen in Figure 7. These trends are justified, as for a fixed stand-off distance, the greater speed leads to shorter impact time between the jet and the workpiece, and subsequently to narrower slots, but higher jet pressure leads to more intense impact, and thus more material is removed from areas around the slot. For the abrasive mass flow rate, the trend was not monotonic, as between 0.5–2.0 g/s, a slight increase followed by a slight decrease in kerf width was observed, and then the anticipated clear increase in kerf width for higher abrasive mass flow rate values was obtained. This trend implies that although higher ma leads to increased material removal, a certain limit should be imposed in order to avoid excessive top kerf width values. ANOVA analysis showed that jet pressure was the most significant factor with relative significance of 50.14%, followed by abrasive mass flow rate (36.96%) and traverse speed (12.90%). These results imply that at a constant stand-off distance value, the kerf width can be effectively regulated by adjusting jet pressure in order to obtain narrower slots.



Kerf taper angle values are also important to be analyzed, as they indicate the straightness of a produced slot cross-section. In the case of kerf taper angle, the observed trends were influenced both by the trends of depth of penetration and the top and bottom kerf width values. The analysis of the experimental results indicated that increasing values of traverse speed led to higher kerf taper angle, and higher jet pressure led to lower kerf taper angle, as can be seen in Figure 8. The trend regarding the traverse speed can be explained by observing the mathematical formula relating kerf taper angle with depth of penetration and kerf width; as inverse tangent yields positive values for positive inputs and increases for positive values, despite the fact that both depth of penetration and kerf width are negatively correlated with traverse speed, the ratio of Equation (1) increases and subsequently leads to an increase in kerf taper angle. The increased jet pressure was found to increase both depth of penetration and kerf width; however, its impact was higher on depth of penetration, and thus the ratio of Equation (1) decreases, and the kerf taper angle decreases. Finally, for a similar reason as jet pressure, the abrasive mass flow rate affects negatively the kerf taper angle but up to a limit, as for values over 5 g/s, an increase is observed. This can be explained by the correlation between ma and depth of penetration, as it was shown that in most cases, at higher ma values, the depth of penetration remained almost constant, whereas the kerf width value increases. Thus, the ratio of Equation (1) also increases and the kerf taper angle becomes greater. The ANOVA results indicate that jet pressure is the dominant parameter in this case as its relevant significance is 73.34%, followed by traverse speed (20.28%) and abrasive mass flow rate (6.38%). These results reveal that regulation of kerf taper angle at a constant stand-off distance can be effectively achieved by variation of jet pressure.




4.2. Sustainability Assessment Process


4.2.1. Sustainability Indicators


With the fundamental results of the experiment having been discussed, the analysis of the various experimental cases regarding sustainability is now conducted. The evaluation is carried out according to the aforementioned procedure described in Section 2. Thus, the sustainability of processing of hard-to-cut alloy, such as titanium, using AWJ is evaluated based on multiple criteria that consist of single or multiple indicators/metrics. Afterwards, the various aspects and indicators included in the analysis, depicted in Figure 9, are discussed, and their values are presented. The goal is to include as many sustainability indicators as possible in order for the evaluation to be more comprehensive.



The quality of the obtained features, namely straight slots, is evaluated according to two indicators, namely kerf width and kerf taper angle. Ideally, it is desired that these two are minimized in order to obtain a slot closer to the ideal geometry. Material Removal Rate (MRR) is directly associated with the efficiency of the material process, as it is required that the task of creating the groove is performed as quickly as possible, taking into consideration the other restrictions as well. MRR is estimated by the measured topography of the grooves and the time required performing the cutting of the groove.



Consumption of both abrasive and water should not be excessive for different reasons. Although there is potential for recycling the abrasive and using it more than once, highly fragmented particles are not useful and thus can be considered as waste. On the other hand, water is a valuable resource and should not be wasted, and thus minimization of its consumption is also desirable. In this work, apart from the glass beads used for the experimental work, results from a previous experiment on the same workpiece conducted with garnet abrasive are also considered in order to conduct a comparison. The consumption of abrasive material is based on the abrasive mass flow rate, whereas the consumption of water is calculated based on water flow rate (Qw) as follows [51]:


   Q w  =  c d       π d   0 2   4       2 p     ρ w       



(2)




where cd is the coefficient of discharge with values in the range 0.6–0.8 (in this work, cd is assumed equal to 0.7 from [52]); d0 is the orifice diameter, which is 0.3 mm; and ρw is the density of the water, which is assumed equal to 1000 kg/m3. Power consumption is also important to keep at relatively low levels in order to reduce electricity consumption. In this study, hydraulic power (Pw) is taken into account, which is calculated according to the values of water flow rate and jet pressure as their product [51,52]:


Pw = Qw × p



(3)







Cost of the material removal process is also an important aspect that should be taken into consideration, as it complies with one of the pillars of sustainability, namely the economic dimension. The total cost is calculated as the sum of five components, namely, the cost of abrasive particles, the cost of electric power, the cost of material, the cost of water, and the labor cost [53,54]:


Ctotal = Cabr + Cel + Cmat + Cwat + Clabor



(4)




where Cabr = ca × ma × tm, Cel = ce × P × tm, Cmat = cm × MRR × ρTi × tm, Cwat = cw × Qw × tm, and Clabor = cl × tm. In the above equations, ca is the cost of abrasive per unit mass, which is equal to 3000 euro/tn in the case of garnet and 4000 euro/tn in the case of glass beads; tm is the machining time; ce is the cost of electricity, which is equal to 0.12 euro/kWh; cm is the cost of workpiece materials, which is equal to 45 euro/kg; ρTi is the density of titanium, equal to 4400 kg/m3; cw is the cost of water, which is equal to 1.98 euro/m3; and cl is the labor cost, equal to 8 euro/h.



The categorization of the aforementioned indicators into hierarchical levels is depicted in the diagram of Figure 9. As can be seen, the indicators pertinent to the economic dimension of sustainability are those relevant to quality, productivity, and cost, and the indicators pertinent to the environmental dimension of sustainability are material and power consumption.




4.2.2. Sustainability Assessment Method


The method chosen for the sustainability assessment in the present work is Grey Relational Analysis (GRA), as this method is consistent with the steps described in Section 2. GRA is a method based on grey system theory, suitable for multi-objective optimization where the contributions from each individual objective are aggregated to calculate a total Grey Relational Grade. A grey relation contains incomplete information and can indicate the degree of correlation between two sequences, even in cases with few data. The first step in GRA method is the normalization of all responses in the range 0–1 according to a specific objective. Normalization is essential for the initial sequence of data in order to avoid higher contribution of specific terms due to their higher values and enable proper comparison. When maximization is required for an objective, the “larger-is-better” expression is used as follows [50,55]:


   z  ij   =    y  ij   − min  y  ij     max  y  ij   − min  y  ij      



(5)




where yij is the response for the i-th experiment and the j-th indicator and zij the respective normalized response value. On the other hand, when minimization is desired, the “smaller-is-better” expression is employed as follows [50,55]:


   z  ij   =   max  y  ij   −  y  ij     max  y  ij   − min  y  ij      



(6)







In cases where a specific target value is desired, the “nominal-the-best” expression is used as follows:


   z  ij   = 1 −    |   y  ij   −  y  oj    |    max  y  ij   −  y  oj      



(7)




where yoj is the desired target value for the j-th indicator. The next step of GRA method consists of the calculation of Grey Relational Coefficients (GRC) based on the normalized values. Using the GRC, the ideal value of the response is related to the normalized experimental results. The GRC are calculated as follows [50,55]:


     γ ( Z   0     , Z    ij   ) =   Δ min + ξ Δ max    Δ  0 j   ( k ) + ξ Δ max    



(8)




where Z0(k) is called the reference sequence with k = 1 m, …, m and m equal to the number of indicators; Δ0j(k) is the deviation sequence of the respective Zo(k); and Zij(k) is the comparability sequence, so that Δ0j(k) = |Zo(k)−Zij(k)| and Δmax and Δmin are the highest and lowest values of the Δ0j(k) sequence. In this study, the value of distinguishing coefficient ξ, which is considered to vary in the range 0–1, is assumed to equal to 0.5.



Finally, the Grey Relational Grade (GRG) can be calculated by the values of the GRC and the weight factors ωk as can be seen in Equation (9). This value can reveal the degree of correlation between two sequences, with a higher GRG value showing a higher degree of correlation between a sequence and the ideal one.


   GRG     (   Z 0     ,   Z    ij    )     =    ∑   k = 1   n    ω k     γ ( Z   0     , Z    ij   )    



(9)







A simple way to calculate the GRG is to assign equal weights to the GRC in order to give them equal importance. However, in other cases, special strategies are employed to determine more specific weights.





4.3. Sustainability Assessment Results


In order to conduct the sustainability assessment, the results of Table 5 regarding the sustainability indicators are firstly normalized. For kerf width, kerf taper angle, cost, abrasive, and water and power consumption, the “smaller-is-better” function was employed, whereas for the MRR, the “larger-is-better” function was employed. Then, the Grey Relational Coefficients are calculated for each indicator and are aggregated, firstly according to their subcategory with equal coefficients, e.g., in the case of quality, and finally, the Grey Relational Grade is calculated in every case. In Figure 10, the total sustainability index, corresponding to the Grey Relational Grade value in each case, is depicted.



As can be observed from Figure 10, the values of the sustainability index vary considerably with the different process conditions. In general, highest values are observed in cases where the machining time is lower, as well as cases with low consumption of abrasive and water and low cost. The highest sustainability index is obtained for the third experimental case, with traverse speed of 600 mm/min, abrasive mass flow rate of 0.5 g/s, and jet pressure of 150 MPa, which enables the achievement of both relatively high economic and environmental scores. Finally, it can be concluded that the GRA method played a decisive role in the determination of optimum conditions due to its simplicity and high effectiveness. With this method, further studies can be conducted, including other indicators as well with minimal changes.





5. Conclusions


In this work, experimental tests regarding AWJM of Ti-6Al-4V were carried out in order to conduct a comprehensive evaluation of the sustainability of AWJM of hard-to-cut materials. In the experimental tests, glass beads were selected as the abrasive materials, and various important quantities such as depth of penetration, kerf width, and kerf taper angle were measured. After the results were analyzed, various conclusions were drawn.



First, AWJM of titanium alloys with glass beads was shown to be relatively effective, although this abrasive material is not as hard as common abrasives. The anticipated trends were observed regarding depth of penetration, and jet pressure was determined to be the most important parameter, followed by traverse speed and abrasive mass flow rate. Kerf width was also affected mainly by jet pressure for constant stand-off distance values, as well as kerf taper angle. The variation of abrasive mass flow rate in all cases showed different behaviors for different ranges of values, as depth of penetration remained almost constant for larger values of abrasive mass flow rate, kerf width increased clearly for values of ma only above 2 g/s, and kerf taper angle was reduced for values of ma up to 5 g/s.



Using GRA method, sustainability assessment was able to be carried out, taking into consideration various indicators both from the economic and environmental dimensions of sustainability. For the economic dimension, workpiece quality, productivity and cost indicators were considered, whereas for the environmental dimension, material and power consumption were used. The results revealed that the case with a traverse speed of 600 mm/min, abrasive mass flow rate of 0.5 g/s, and jet pressure 150 MPa provided the highest sustainability index value, leading to the best possible performance in both the economic and environmental dimensions. Moreover, it was observed that the GRA method was simple to use but also very effective towards the handling of multiple objectives, leading to the creation of a flexible framework that can be altered by adding or removing various indicators if it is required.
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Figure 1. Sustainability assessment steps. 
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Figure 2. Schematic representation of the AWJ milling experimental setup with a SEM image of the abrasive and the basic geometrical characteristics of the slot. 
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Figure 3. SEM micrographs of the abrasive material used for the study with a magnification of: (a) 100×, (b) 200×. 
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Figure 4. Images of: (a) the microscope used in the measurement process, (b) an indicative slot. 






Figure 4. Images of: (a) the microscope used in the measurement process, (b) an indicative slot.



[image: Sustainability 13 08917 g004]







[image: Sustainability 13 08917 g005 550] 





Figure 5. Shows the form, right to left, of the grooves from the 17th to the 26th. 
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Figure 6. Depth of penetration variation in respect to abrasive mass flow rate and traverse speed for jet pressure values of: (a) 150 MPa, (b) 300 MPa. 
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Figure 7. Variation of kerf width means values in respect to process parameters. 
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Figure 8. Variation of kerf taper angle means value in respect to process parameters. 
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Figure 9. Sustainability dimensions and indicators considered in the present study. 
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Figure 10. Sustainability index values in each experimental case. 
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Table 1. Machining parameters.
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	Machining Parameters
	Levels





	Pressure (MPa)
	150, 300



	Traverse speed (mm/min)
	200, 400, 600



	Abrasive mass flow rate (g/s)
	0.5, 1, 2, 5, 8



	Stand-off distance (mm)
	3



	Type of abrasive
	glass beads
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Table 2. Chemical composition of Ti6Al4V (%).
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	Ti
	Al
	V
	C
	O
	N
	H
	Fe





	90
	6
	4
	0.1
	0.2
	0.05
	0.0125
	0.3
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Table 3. Chemical composition of the glass beads (w%).






Table 3. Chemical composition of the glass beads (w%).





	SiO2
	Na2O
	CaO
	MgO
	Al2O3
	Fe2O3
	TiO2





	70–73
	13–15
	7–11
	3–5
	0.5–2
	0.1
	0.1
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Table 4. Experimental results.
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	No.
	vt (mm/min)
	ma (g/s)
	p (MPa)
	d (mm)
	σd (mm)
	W (mm)
	σw (mm)
	a (deg)
	σa (deg)





	1
	200
	0.5
	150
	0.693
	0.012
	1.192
	0.025
	10.518
	1.049



	2
	400
	0.5
	150
	0.509
	0.005
	1.146
	0.007
	15.027
	0.422



	3
	600
	0.5
	150
	0.377
	0.003
	1.102
	0.023
	14.089
	1.751



	4
	200
	1.0
	150
	0.801
	0.002
	1.170
	0.011
	8.358
	0.394



	5
	400
	1.0
	150
	0.573
	0.003
	1.181
	0.031
	10.282
	1.549



	6
	600
	1.0
	150
	0.436
	0.001
	1.125
	0.039
	20.685
	2.560



	7
	200
	2.0
	150
	0.831
	0.003
	1.158
	0.034
	7.458
	1.172



	8
	400
	2.0
	150
	0.604
	0.001
	1.152
	0.028
	10.098
	1.329



	9
	600
	2.0
	150
	0.539
	0.001
	1.135
	0.025
	9.738
	1.329



	10
	200
	4.0
	150
	0.999
	0.005
	1.236
	0.034
	7.997
	0.976



	11
	400
	4.0
	150
	0.657
	0.003
	1.175
	0.010
	9.598
	0.438



	12
	600
	4.0
	150
	0.588
	0.002
	1.295
	0.025
	15.951
	1.219



	13
	200
	8.0
	150
	1.112
	0.003
	1.345
	0.027
	10.142
	0.696



	14
	400
	8.0
	150
	0.683
	0.004
	1.259
	0.015
	10.663
	0.632



	15
	600
	8.0
	150
	0.572
	0.001
	1.254
	0.023
	14.208
	1.151



	16
	200
	0.5
	300
	2.605
	0.005
	1.286
	0.025
	4.8603
	0.275



	17
	400
	0.5
	300
	1.212
	0.009
	1.263
	0.018
	6.889
	0.429



	18
	600
	0.5
	300
	0.925
	0.006
	1.253
	0.010
	7.816
	0.314



	19
	200
	1.0
	300
	3.519
	0.005
	1.334
	0.053
	3.083
	0.431



	20
	400
	1.0
	300
	1.785
	0.003
	1.270
	0.028
	6.320
	0.450



	21
	600
	1.0
	300
	1.103
	0.002
	1.256
	0.011
	7.800
	0.286



	22
	200
	2.0
	300
	4.112
	0.020
	1.327
	0.039
	2.214
	0.272



	23
	400
	2.0
	300
	2.027
	0.003
	1.200
	0.022
	4.907
	0.311



	24
	600
	2.0
	300
	1.294
	0.001
	1.222
	0.018
	7.033
	0.399



	25
	200
	4.0
	300
	7.014
	0.044
	1.272
	0.031
	0.887
	0.127



	26
	400
	4.0
	300
	3.212
	0.004
	1.275
	0.013
	4.319
	0.116



	27
	600
	4.0
	300
	1.773
	0.004
	1.266
	0.029
	4.947
	0.469



	28
	200
	8.0
	300
	8.185
	0.009
	1.375
	0.059
	1.526
	0.207



	29
	400
	8.0
	300
	3.901
	0.008
	1.335
	0.021
	4.247
	0.154



	30
	600
	8.0
	300
	1.982
	0.004
	1.261
	0.025
	4.525
	0.362
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Table 5. Sustainability indicators’ values.






Table 5. Sustainability indicators’ values.





	No.
	W (mm)
	a (deg)
	MRR (mm3/s)
	Pw (W)
	cabr (g)
	cwat (L)
	Cost (€)





	1
	1.192
	10.518
	2.458
	3658.683
	9
	0.439
	0.088



	2
	1.146
	15.027
	3.429
	3658.683
	4.5
	0.220
	0.046



	3
	1.102
	14.089
	3.799
	3658.683
	3
	0.146
	0.031



	4
	1.170
	8.358
	2.810
	3658.683
	18
	0.439
	0.125



	5
	1.181
	10.282
	4.116
	3658.683
	9
	0.220
	0.065



	6
	1.125
	20.685
	4.191
	3658.683
	6
	0.146
	0.043



	7
	1.158
	7.458
	2.907
	3658.683
	36
	0.439
	0.197



	8
	1.152
	10.098
	4.205
	3658.683
	18
	0.220
	0.101



	9
	1.135
	9.738
	5.616
	3658.683
	12
	0.146
	0.069



	10
	1.236
	7.997
	3.647
	3658.683
	90
	0.439
	0.416



	11
	1.175
	9.598
	4.661
	3658.683
	45
	0.220
	0.210



	12
	1.295
	15.951
	6.036
	3658.683
	30
	0.146
	0.142



	13
	1.345
	10.142
	4.249
	3658.683
	144
	0.439
	0.634



	14
	1.259
	10.663
	5.146
	3658.683
	72
	0.220
	0.319



	15
	1.254
	14.208
	6.345
	3658.683
	48
	0.146
	0.214



	16
	1.286
	4.8603
	9.246
	10,348.320
	9
	0.621
	0.116



	17
	1.263
	6.889
	9.019
	10,348.320
	4.5
	0.310
	0.058



	18
	1.253
	7.816
	10.422
	10,348.320
	3
	0.207
	0.040



	19
	1.334
	3.083
	13.427
	10,348.320
	18
	0.621
	0.167



	20
	1.270
	6.320
	12.759
	10,348.320
	9
	0.310
	0.082



	21
	1.256
	7.800
	12.194
	10,348.320
	6
	0.207
	0.054



	22
	1.327
	2.214
	16.010
	10,348.320
	36
	0.621
	0.248



	23
	1.200
	4.907
	13.859
	10,348.320
	18
	0.310
	0.120



	24
	1.222
	7.033
	13.744
	10,348.320
	12
	0.207
	0.080



	25
	1.272
	0.887
	27.202
	10,348.320
	90
	0.621
	0.504



	26
	1.275
	4.319
	22.114
	10,348.320
	45
	0.310
	0.243



	27
	1.266
	4.947
	19.735
	10,348.320
	30
	0.207
	0.159



	28
	1.375
	1.526
	31.564
	10,348.320
	144
	0.621
	0.736



	29
	1.335
	4.247
	27.185
	10,348.320
	72
	0.310
	0.360



	30
	1.261
	4.525
	21.873
	10,348.320
	48
	0.207
	0.234
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