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Abstract

:

Reactive particles consisting of nickel and aluminum represent an adaptable heat source for joining applications, since each individual particle is capable of undergoing a self-sustaining exothermic reaction. Of particular interest are particles with intrinsic lamellar microstructures, as they provide large contact areas between the reactants nickel and aluminum. In this work, the exothermic reaction as well as the microstructure of such lamellar reactive particles produced by high energy planetary ball milling were investigated. Based on statistically designed experiments regarding the milling parameters, the heat of reaction was examined by means of differential scanning calorimetry (DSC). A statistical model was derived from the results to predict the heat of reaction as a function of the milling parameters used. This model can be applied to adjust the heat of reaction of the reactive particles depending on the thermal properties of the joining partners. The fabricated microstructures were evaluated by means of scanning electron microscopy (SEM). Through the development of a dedicated SEM image evaluation algorithm, a computational quantification of the contact area between nickel and aluminum was enabled for the first time. A weak correlation between the contact area and the heat of reaction could be demonstrated. It is assumed that the quantification of the contact areas can be further improved by a higher number of SEM images per sample. The findings obtained provide an essential contribution to enable reactive particles as a tailored heat source for joining applications.






Keywords:


self-propagating high-temperature synthesis (SHS); high energy ball milling (HEBM); nickel aluminides; reactive particles; thermal analysis; microstructure












1. Introduction


Combustion synthesis, which is also known as self-propagating high-temperature synthesis (SHS), is a process in which at least two reactants, which are denoted as reactive system, are transformed into a product in a highly exothermic reaction [1,2]. SHS has been widely used for the synthesis of high-performance materials, typically employing homogeneous powder mixtures of the reactants [3,4]. However, the energy released by the exothermic reaction can also be used as an innovative and tailorable heat source, and thus SHS represents a promising approach for thermal joining applications.



One of the most widely studied reactive systems is the one consisting of nickel and aluminum. Nickel aluminides offer various advantageous characteristics, such as excellent mechanical properties and high-temperature resistance [1,5]. Multilayer systems, which consist of alternating layers of the reactants, are already commercially available for the Ni–Al system [6]. Moreover, reactive systems in the form of reactive particles were investigated [7]. In contrast to homogeneous powder mixtures, reactive particles provide the advantage that each particle can react independently. A defined amount of energy can be released depending on various influencing factors, such as the stoichiometric ratio of the reactants contained. Important types of these reactive particles are core–shell structures obtained by wet chemical synthesis [8,9] as well as lamellar microstructures obtained by high energy ball milling (HEBM) of metallic powders [10,11]. When using a planetary ball mill, particles with an intrinsic structure similar to that of multilayer systems can be produced in an economical way [11,12,13]. Fine lamellar microstructures provide larger contact areas between the reactants than coarse ones. Planetary ball mills are commonly used for fine grinding and mechanical alloying of various materials, but it is also possible to specifically modify the microstructure of reactive particles [14].



With HEBM, the activation temperature of homogeneous Ni + Al powder mixtures can be significantly reduced, while the heat of reaction is increased [10,11]. This is not only caused by a reduction in particle size [10], but also by an increase of the contact area between nickel and aluminum due to the formation of lamellar microstructures within the particles [15,16,17,18]. The mechanisms involved in the formation of lamellar microstructures were discussed in detail in various studies. It was shown that flattening and cold welding of the metal particles occur during HEBM, causing the particle sizes to increase during milling [15,16,18,19]. Due to the higher ductility of aluminum, an aluminum matrix with embedded nickel regions is formed. During milling, the aluminum matrix hardens and thus mechanical impacts, e.g. of the milling balls, are transferred to the nickel regions. This leads to a gradual refinement [18,20]. The milling process can be affected by numerous parameters that determine the microstructure and the activation and reaction behavior of the obtained particles. Important parameters include the rotational speed, the resulting centrifugal acceleration, the milling time, the ball-to-powder (btp) ratio, and the size of the milling media [12,17,19]. However, differences in the equipment used often impede a direct comparison between the performed experimental studies.



For reactive particles produced by HEBM it was found that they can undergo an exothermic reaction without the formation of any liquid phases, whereas homogeneous powder mixtures form liquid intermediates under the same conditions [21]. In homogeneous Ni + Al powder mixtures, the exothermic reaction is initiated when the aluminum melts, which can be explained by a significant increase in the diffusion rate of solid nickel into liquid aluminum [18]. By increasing the contact area of the reactants through HEBM, the diffusion rate can become sufficiently high, even at lower temperatures, for a solid–solid reaction to occur. Therefore, the ignition temperature of homogeneous Ni + Al powder mixtures processed by HEBM can be significantly lower than the melting point of pure aluminum [17]. It is also important to note that HEBM can lead to contact areas between nickel and aluminum without any oxide layers [15,16,17]. For fine lamellar microstructures, which are associated with larger contact areas, the activation temperature declines [12,17,18,21].



Based on the findings of previous investigations, the following hypothesis is deduced: The activation and reaction behavior of the reactive particles might be predicted from the contact area between nickel and aluminum and could be adjusted through the milling parameters used. As a result, tailored reactive particles can be produced for thermal joining applications. Similar to Hadjiafxenti et al. [11], Gunduz et al. [22], and Lee et al. [23], the thermal material properties are determined using differential scanning calorimetry (DSC) in this work. In order to correlate the DSC measurements with the microstructures of reactive particles, an additional optical evaluation is required. The morphological properties can be investigated by scanning electron microscopy (SEM), which was done qualitatively in previous studies [10,18]. In this work, the presented SEM image evaluation algorithm is a key element, as it allows a computational determination of the contact area between the reactants.




2. Materials and Methods


2.1. Reactive Particle Manufacturing


The milling experiments were conducted with homogeneous powder mixtures of nickel (Thermo Fisher GmbH (Alfa Aesar), Kandel, Germany; 99.9% purity, 3–7 μm) and aluminum particles (New Materials Development GmbH, 99.7% purity, 4.8 µm) in an air atmosphere without any milling additives. To support this approach and to investigate the possible formation of oxide-rich phases, individual samples were investigated employing energy-dispersive X-ray spectroscopy (EDX). No increased oxygen concentration could be detected within the particles. Thus, the formation of oxide-rich phases could essentially be excluded. The molar ratio between nickel and aluminum was 1:1. The maximum speed of the planetary ball mill (Pulverisette 7 premium line, Fritsch GmbH, Idar-Oberstein, Germany) was set at 800 rpm, corresponding to a centrifugal acceleration of 70 g. The speed ratio of the sun wheel to the milling jars was 1:–2. A milling jar made of tempered steel with a volume of 20 mL and an inner radius of 23 mm was used together with milling balls that had diameters of 3 mm, 5 mm, and 10 mm and were made of the same material. The total mass of the milling balls for all sizes used was approximately 40 g. After each milling experiment, a cleaning procedure was carried out. This was necessary since adhesions of reactive particles on the milling balls and jar alter the milling parameters and cross-contaminate the samples produced. First, the milling balls and jar were treated chemically with a ten percent caustic soda solution (sodium hydroxide, 99% purity, Grüssing GmbH, Filsum, Germany), causing the aluminum to dissolve. Second, mechanical cleaning was carried out by placing the milling balls in the jar together with 4–8 g of SiO2 and conducting a five minute milling cycle. If adhesions remained, the procedure was repeated.



In order to examine the influence of different milling parameters on the activation and reaction behavior of the reactive particles, four parameters and three factor levels each were studied: the rotational speed of the sun wheel n (650 min–1, 725 min–1, and 800 min–1), the milling time t (15 min, 22.5 min, and 30 min), the ball diameter d (3 mm, 5 mm, and 10 mm), and the btp ratio rbtp (5, 7.5, and 10). Based on extensive preliminary tests, these four parameters were systematically varied following a central composite experimental design. In summary, 59 experiments were conducted with each yielding a distinct batch of reactive particles. The experimental plan can be found in Appendix A (Table A1).




2.2. Differential Scanning Calorimetry


The thermal properties of the reactive particles were determined using DSC. For this purpose, the measuring device TGA/DSC3+ (SDTA sensor, Mettler-Toledo GmbH, Gießen, Germany) was used with 150 µL crucibles made of Al2O3. The software STARe V14.00 was utilized for the evaluation of the measurements. All DSC experiments were performed in an argon atmosphere, as the use of air and nitrogen led to significant oxidation and nitration, respectively, and thus an increase in the sample mass. In order to remove any air present in the sample chamber, isothermal rinsing was performed at 298.15 K for 15 min at an argon flow rate of 50 mL/min before all measurements. This was followed by continuous heating, during which the temperature was increased from 298.15 K to 1273.15 K at a heating rate of 30 K/min and an argon flow rate of 20 mL/min.



Sample masses of 100 mg were weighed in with a maximum deviation of ±0.5 mg. The measurements were repeated twice for each sample. After the measurement was completed, the crucible was cleaned with a glass fiber eraser and a propane torch. The method used to determine the heat of reaction    Q r    from the DSC measurements is illustrated in Figure 1, where    Φ r    is the reaction heat flow and    Φ  b l     is the baseline heat flow.



The heat released from the sample corresponds to the integral of the heat flow over time subtracted by the integral of the baseline, which represents a measurement curve without consideration of thermal transformation processes or reactions of the material examined [24]. Since the baseline is dependent on changes in the specific heat capacity of the reactive particles during the measurement, it cannot be determined by repeating the experiment with the same sample and must therefore be constructed. In order to obtain comparable results, a systematic procedure was developed. The onset point t1 was set to the local minimum at the beginning of the measurement. At the point where the change of heat flow was constant for the first time after the reaction, the endset point t2 was set. Between t1 and t2 the baseline was interpolated as a spline. Thus, the heat of reaction was determined as [24]


   Q r  =   ∫    t 1     t 2     Φ r  −  Φ  b l     d t  



(1)







It is important to note that both the manual setting of the integration limits and the interpolation of the baseline as a spline have an effect on the determined values. Therefore, the procedure was carried out uniformly for all experiments in order to guarantee the comparability of the results.




2.3. SEM Image Evaluation Algorithm


For the analysis of the microstructure of the reactive particles on the basis of SEM images, a dedicated SEM image evaluation algorithm was developed. This was necessary since no commercially available software could fully meet the specific requirements for image processing and maximum flexibility for adapting the algorithm was desired. As this algorithm enables an automated quantification of the contact areas between nickel and aluminum, it represents a significant added value compared to the state of the art. Micrographs of the fabricated reactive particles were generated using a scanning electron microscope (TM3030 plus, Hitachi High-Tech Corporation, Tokyo, Japan) with an electrode voltage of 15 kV in standard observation mode.



Uniform SEM images had to be obtained for all reactive particles produced in order to systematically evaluate the microstructures. Therefore, a 1500-fold magnification was chosen, and the guidelines listed below were followed:




	
The recorded SEM images had to be sharp.



	
No epoxy resin could be visible.



	
No outer edges of the reactive particles could be visible.



	
The selection of the embedded reactive particles to be imaged was randomized.








A computer-aided evaluation was required for an objective and efficient analysis of the generated SEM images. Consequently, an image processing algorithm was developed to quantify the lamellar microstructure within the reactive particles. The approach is based on the hypothesis that the contact area between nickel and aluminum correlates with the length of the boundary line visible in the two-dimensional SEM images. Thus, the overall length of the boundary lines for reactive particles with finer lamellar microstructures should be higher. As a suitable parameter for quantifying this length, the number of pixels (NOP) comprising the boundary line between nickel and aluminum was chosen. The basic structure of the SEM image evaluation algorithm is shown schematically in Figure 2.



The SEM image evaluation algorithm was developed and executed in MATLAB 2017b (MathWorks, Natick, MA, USA). First, a binary image was generated from the original grayscale SEM image, where areas consisting of aluminum are colored black and areas consisting of nickel are colored white. This was achieved by computing a threshold using Otsu’s method [25], based on which the binary image is generated. For this, the algorithm first computes the intensity histogram of the corresponding grayscale image and subsequently determines the threshold such that the intraclass variance of the two resulting pixel classes is minimized. The functions greythresh and imbinarize were used. Subsequently, areas with up to three white pixels, which are caused by image noise and would distort the measurement result, were deleted. Furthermore, a Sobel operator was used to display only the edges of the white areas within the binary image. To increase accuracy, the binary image was enlarged from 1280 × 980 pixels to 5120 × 3840 pixels, since only edges of white areas with at least 3 × 3 pixels could be displayed. In Figure 3, the procedure is visualized exemplarily using a section of an SEM image.



The boundary lines generated by the algorithm and the ones of the original SEM image were in very good agreement. Lastly, the remaining white pixels of the boundary lines are counted and stored in an array. For the reactive particles obtained from the milling experiments, three SEM images were taken and processed. Due to the total high number of SEM images, the algorithm was developed to enable a fully automatic determination of the NOP for all selected files.





3. Results and Discussion


3.1. Thermal Characterization by Means of DSC


The use of reactive particles as an innovative heat source in joining applications requires knowledge about their thermal properties. In the following, the findings of the DSC analyses are thus presented. In Figure 4, the measurement curve of an exemplary DSC scan is shown.



During isothermal rinsing with argon (t0 = 0 min to t1 = 15 min), an endothermic heat flow occurred, which can be explained by the heating of the material sample from room temperature to the specified temperature of 298.15 K. After 15 min, the heating began, in which heat was initially still being absorbed by the sample. The heat flow reached a local minimum after t2 = 23 min and was zero for the first time after t3 = 29 min, indicating an exothermic reaction after this point. The reaction was completed after t4 = 40.5 min, which was shown by the constant decline of the heat flow. Among the samples analyzed, different shapes of the measurement curves with characteristic peaks were observed within the interval t2 < t < t4. These shapes are considered as a consequence of the microstructure of the reactive particles resulting from the different milling parameters used. In Figure 5 three typical forms are depicted by which a classification was made.



The shape in Figure 5a consists of four peaks, where peak (2) and (3) are most pronounced and peak (3) is smaller than peak (2). Figure 5b shows another common form, in which a small initial peak (5) is followed by a highly dominant one (6) and an even smaller peak (7) at the end. The characteristic shape in Figure 5c is defined by three peaks with the first one (8) having a smaller maximum than the two following peaks, (9) and (10), which are approximately equal in size. The individual peaks indicate phase transformations of the Ni–Al system. However, for an exact evaluation of the phase transformation processes, analyses of quenched samples in combination with XRD evaluations would be necessary. Measurement curves similar to the ones shown above were also observed by Manukyan et al. [18]. Some samples exhibited mixed forms, which represent superpositions between the three forms and are referred to as a-b and b-c. Such superpositions have also been described by Thiers et al. [26] for certain heating rates due to various effects such as phase transformations. The occurrence of different measurement curves was also observed for multilayer systems, where the layer thickness of the reactants is the most important influencing factor [27,28]. For particles produced by planetary ball milling, it was shown by Manukyan et al. [18] that different DSC measurement curves occur, depending on whether a coarse or a fine lamellar microstructure is present. This relationship is examined in more detail in Section 3.2. The assigned shapes for all samples as well as the calculated heat of reactions are given in Table 1.



As can be seen in Table 1, the determined heat of reactions ranged between 733 J/g and 1004 J/g, which is considerably lower than the theoretical heat of formation for NiAl of 1382 J/g [1]. This may be related to the fact that in practice an ideal lamellar microstructure (e.g., equal lamellar thicknesses) is difficult to achieve, resulting in incomplete reactions due to long diffusion distances. Furthermore, milling in an air atmosphere may result in the presence of impurities due to the formation of aluminum and nickel oxides. Accordingly, the heat of reaction could be further increased by conducting the milling process in an argon atmosphere. In milling experiments by Lee et al. [23], which were likewise conducted in an air atmosphere, values for the heat of reaction between 906 J/g and 1150 J/g were obtained on the basis of DSC analyses. However, this comparison must be considered critically due to the different milling equipment used as well as the distinct method of analysis. The procedure of the DSC analysis also influences the determined heat of reaction. It should be noted here that the standardized procedure allows good comparability of the results within the present work. Nevertheless, it is worth mentioning that the use of bomb calorimetry would allow an even more accurate measurement of the heat of reaction than DSC.



In order to correlate the shape of the measurement curve with the determined heat of reaction, the mean values   Q ¯   for the samples of the corresponding category (shape) are given in Table 2. The highest average heats of reaction were found for shape c as well as for the mixed forms b-c.



Based on these results, a correlation between the heat of reaction and the shape of the curve was concluded. The highest mean heats of reaction were measured for the shapes c and b-c. With few exceptions, all peaks occurred at temperatures below the melting point of aluminum. Therefore, the reactions can be classified as solid–solid reactions. Peak (4) and peak (7), respectively, in Figure 5 were observed at approximately 933 K and thus can be attributed to solid–liquid reactions with the melting of aluminum.



Furthermore, it was investigated how the different milling parameters affect the heat of reaction of the reactive particles. In order to describe the correlation between the influencing factors and the heat of reaction for the investigated four-dimensional parameter space, a model equation was determined by means of a multiple regression analysis using MATLAB R2017b. In order to quantify the influence of each milling parameter and to identify existing factor correlations, an analysis of variance (ANOVA) was carried out. Table 3 shows the results.



For the data investigated, the rotational speed, the milling time, and the ball diameter each have a p-value of less than 0.05 and can thus be considered as significant influencing factors on the heat of reaction. No significant interactions between the individual parameters could be determined. A quadratic model without interactions was applied for the regression analysis, whereby non-significant terms with p-values below 0.05 were systematically removed. The final model is given by


   Q r  = 262.58 + 0.415   n + 3.989   t + 71.067   d − 5.197    d 2  ,  



(2)




where the coefficient of determination R2 was 0.514. The ball diameter is the only parameter that shows a negative quadratic influence, which indicates that the use of small and large milling balls tends to result in a lower heat of reaction than the use of milling balls with a medium diameter of 5 mm. This may be related to the movement pattern of the milling balls within the milling jar. It can be assumed that for specific milling ball diameters an increased circular movement of the milling balls compared to the free-flying movement occurs, as described by Rogachev et al. [14] and Baláž [29]. With the circular movement, the milling balls merely roll along the inner edge of the jar, so that energy is not transferred into the material through impact loading, but rather through shearing. As a result, the energy input into the reactive particles is reduced despite the overall mass of the milling balls being identical for all diameters. It should be noted that smaller milling balls also tended to produce smaller reactive particles. It can be assumed that these smaller reactive particles lead to a lower ignition temperature and a higher maximum reaction temperature. However, the effect of particle sizes has not been considered in detail in the investigations carried out.



Generally, it can be expected that a sufficiently high energy input into the powder materials during milling will result in gradual alloying and the formation of NiAl, which reduces the heat of reaction determined through DSC analysis. This might also be an explanation for the reduction of the heat of reaction with large milling ball diameters. However, a partial reaction of the lamellar particles could only be found for experiment no. 17 (see Figure 6), where all parameters were at the highest factor level (n = 800 min–1, t = 30 min, d = 10 mm, rbtp = 10). The assumption that the particles reacted partially in this experiment is based on the fact that for unreacted particles, the areas of Ni and Al can usually be distinguished from each other very well based on their intensity in the grayscale image. In contrast, a uniform grey value is present in reacted particles due to the uniform distribution of nickel and aluminum resulting from the formation of intermetallic phases. The sporadic occurrence of reacted particles at a high energy input shows that the chosen parameter window was sufficiently large to maximize the reactivity of the reactive particles, as a further increase is likely to result in an alloying in the milling jar.




3.2. Correlation between the Microstructure and the Heat of Reaction


The correlation between the microstructure of the reactive particles and the heat of reaction was investigated on the basis of the SEM image evaluation algorithm. As discussed in Section 1, it can be derived from different studies that more refined lamellae lead to an improved activation and reaction behavior due to the higher contact area between nickel and aluminum [17,18]. In contrast, coarse structures with larger nickel or aluminum regions might not react completely due to the longer diffusion distances [30]. This leads to the hypothesis that the heat of reaction can be predicted on the basis of the existing contact area and vice versa. It should be taken into account that higher factor levels of the milling parameters result in a higher energy input into the reactive particles, which promotes the formation of lamellar microstructures. If this energy input is too high, partial reactions in the milling jar may occur, causing the measured heat of reaction to decline. However, since only in experiment no. 17 a few reacted particles could be observed, it can be assumed that the energy input within the selected parameter window was generally not sufficient for mechanical alloying to occur.



In order to quantify the microstructures of the manufactured reactive particles, SEM images according to the procedure described in Section 2.3 were taken for all samples of reactive particles, and the developed SEM image evaluation algorithm was deployed. This allowed for the determination of the NOP, which was used as a measure for the contact area between nickel and aluminum. The average NOP of the three images taken for each sample are given in Table 4.



In addition, for the samples with the highest and the lowest mean NOP, an SEM image is shown in Figure 7.



It should be noted that the obtained NOP does not necessarily represent an exact measure for the total contact areas within individual particles. This is due to the fact that the images show a random two-dimensional cross-section of the reactive particles as a result of the sample preparation procedure. This was partly compensated by the described averaging of the three images for each experiment. Therefore, the NOP must be considered as a valuable tool to quantify and thus compare the characteristics of the lamellar microstructures within the reactive particles.



Finally, the NOP values were correlated with the heat of reaction. A linear regression yielded a coefficient of determination of 0.127. This indicates that a weak correlation existed, but it was not particularly pronounced. Figure 8 shows the regression model and the observations. A slight trend can be seen, although there were many significant outliers.



An explanation for the high dispersion of the values is that despite multiple mea-surements per sample and averaging, it cannot be guaranteed that the NOP is always represented accurately. Both the sample preparation as well as the varying degree of formation of the lamellar microstructures within individual reactive particles have a significant influence. Thus, the hypothesis that the heat of reaction may be predicted based on the determined contact area cannot be confirmed conclusively on the basis of the method used. Nevertheless, it can be derived that the heat of reaction generally increases with more refined lamellar microstructures. For further improvement of the estimation of the contact area, a larger number of images should be used in future work.



It is also noticeable that the determined NOP values showed a significantly higher overall variance than the values for the heat of reaction. While the minimum determined NOP was only 20% of the maximum NOP, the lowest heat of reaction corresponded to 73% of the largest one. An explanation for this is provided in the following: The Ni–Al system can undergo an exothermic reaction under a wide variety of conditions. With a coarse structure, there is already sufficient contact between nickel and aluminum, and even in homogeneous Ni + Al powder mixtures, a reaction can be initiated. Yet, the reactivity of the reactive particles is further enhanced by the refinement of the lamellar microstructure, but not to the same extent as the contact area increases.





4. Conclusions


In this study, different reactive particles consisting of nickel and aluminum were produced by high energy ball milling and were investigated regarding their reactivity as well as their intrinsic microstructure. In statistically designed experiments, the milling parameters rotational speed, milling time, ball diameter, and ball-to-powder ratio were varied and the particles produced were examined by means of DSC analyses concerning the released heat of reaction. A model equation was determined in order to describe the correlation between the milling parameters and the heat of reaction. Further, an SEM image evaluation algorithm was developed. This algorithm represents a significant added value, as it allows a quantification of the contact areas between nickel and aluminum within individual reactive particles using the number of boundary line pixels as an auxiliary value. The proposed hypothesis, that the heat of reaction can be predicted from the contact area, could not be fully confirmed with the evaluation method used. A weak correlation between the heat of reaction and the degree of refinement of the lamellar microstructures was found, which promotes further investigations. Therefore, in future work, additional dynamic simulations of the formation of the contact areas during milling will be carried out and the variation of further parameters such as the molar ratio between nickel and aluminum will be investigated. Furthermore, XRD analyses should be conducted to allow a detailed investigation of the intermetallic phases after the reactions to complement the results of this work. Another important aspect of research, that should be considered in future studies, is the effect of particle sizes on the activation and reaction behavior. In this context, the use of compacted particles should also be investigated, as this can further improve the reaction characteristics. The findings of this work can be used to further enable reactive particles as a tailored heat source for thermal joining applications, where they can be an advantageous alternative compared to the already established multilayer systems in terms of cost, flexibility, and scalability. Due to their thermal properties, reactive particles provide significant benefits for joining technologies such as welding, soldering, or adhesive bonding.







Author Contributions


Conceptualization, S.G. and C.B.; methodology, S.G. and C.B.; software, S.G., P.A. (Philipp Angermann), and D.D.; validation, S.G. and C.B.; formal analysis, C.B. and S.G.; investigation, S.G., P.A. (Philipp Angermann), D.D., F.H., and P.A. (Pierre Amend); resources, M.F.Z.; data curation, S.G., C.B., P.A. (Philipp Angermann), D.D., F.H., and P.A. (Pierre Amend); writing—original draft preparation, C.B.; writing—review and editing, S.G. and M.F.Z.; visualization, C.B.; supervision, M.F.Z.; project administration, S.G. and M.F.Z.; funding acquisition, S.G. and M.F.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was kindly funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)—3376550608.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.





Appendix A




[image: Table] 





Table A1. Experimental plan for the high energy ball milling of Ni–Al powders in a 1:1 molar ratio with a systematic variation of milling parameters.






Table A1. Experimental plan for the high energy ball milling of Ni–Al powders in a 1:1 molar ratio with a systematic variation of milling parameters.





	
Exp. No.

	
n

	
t

	
rbtp

	
d

	

	
Exp. No.

	
n

	
t

	
rbtp

	
d




	

	
in rpm

	
in min

	

	
in mm

	

	

	
in rpm

	
in min

	

	
in mm






	
1

	
725

	
22.5

	
7.5

	
5

	

	
31

	
800

	
30

	
7.5

	
3




	
2

	
650

	
15

	
5

	
3

	

	
32

	
650

	
30

	
7.5

	
3




	
3

	
800

	
15

	
5

	
3

	

	
33

	
725

	
30

	
5

	
5




	
4

	
650

	
30

	
5

	
3

	

	
34

	
725

	
30

	
10

	
5




	
5

	
800

	
30

	
5

	
3

	

	
35

	
800

	
30

	
7.5

	
5




	
6

	
650

	
15

	
10

	
3

	

	
36

	
650

	
30

	
7.5

	
5




	
7

	
800

	
15

	
10

	
3

	

	
37

	
800

	
15

	
5

	
5




	
8

	
650

	
30

	
10

	
3

	

	
38

	
800

	
30

	
5

	
5




	
9

	
800

	
30

	
10

	
3

	

	
39

	
800

	
15

	
10

	
5




	
10

	
650

	
15

	
5

	
10

	

	
40

	
800

	
30

	
10

	
5




	
11

	
800

	
15

	
5

	
10

	

	
41

	
650

	
15

	
5

	
5




	
12

	
650

	
30

	
5

	
10

	

	
42

	
650

	
30

	
5

	
5




	
13

	
800

	
30

	
5

	
10

	

	
43

	
650

	
15

	
10

	
5




	
14

	
650

	
15

	
10

	
10

	

	
44

	
800

	
15

	
10

	
10




	
15

	
800

	
15

	
10

	
10

	

	
45

	
650

	
22.5

	
7.5

	
10




	
16

	
650

	
30

	
10

	
10

	

	
46

	
725

	
30

	
5

	
10




	
17

	
800

	
30

	
10

	
10

	

	
47

	
725

	
30

	
10

	
10




	
18

	
650

	
22.5

	
7.5

	
5

	

	
48

	
725

	
15

	
7.5

	
10




	
19

	
800

	
22.5

	
7.5

	
5

	

	
49

	
725

	
22.5

	
5

	
10




	
20

	
725

	
15

	
7.5

	
5

	

	
50

	
800

	
30

	
7.5

	
10




	
21

	
725

	
30

	
7.5

	
5

	

	
51

	
650

	
30

	
7.5

	
10




	
22

	
725

	
22.5

	
5

	
5

	

	
52

	
800

	
15

	
7.5

	
10




	
23

	
725

	
22.5

	
10

	
5

	

	
53

	
650

	
15

	
7.5

	
10




	
24

	
725

	
22.5

	
7.5

	
3

	

	
54

	
725

	
15

	
10

	
10




	
25

	
725

	
22.5

	
7.5

	
10

	

	
55

	
650

	
22.5

	
10

	
10




	
26

	
800

	
22.5

	
7.5

	
3

	

	
56

	
800

	
22.5

	
5

	
10




	
27

	
725

	
30

	
5

	
3

	

	
57

	
650

	
22.5

	
5

	
10




	
28

	
725

	
30

	
10

	
3

	

	
58

	
725

	
15

	
5

	
10




	
29

	
725

	
30

	
7.5

	
3

	

	
59

	
800

	
22.5

	
10

	
10




	
30

	
725

	
22.5

	
10

	
3
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Figure 1. Procedure for determining the heat of reaction using the measurement curve and a constructed baseline. 
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Figure 2. Steps of the developed SEM image evaluation algorithm. 
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Figure 3. Generation of the boundary lines based on the initial greyscale SEM image: (a) section of the original SEM image; (b) generation of a binary image (step 1); (c) deletion of pixels, enlargement of the image, and application of the edge filter (steps 2–4). 
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Figure 4. Heat flow and temperature curve for a DSC measurement (experiment no. 41, see Appendix A). 
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Figure 5. Typical measurement curves for t2 < t < t4: (a) experiment no. 58; (b) experiment no. 30; (c) experiment no. 47. 
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Figure 6. SEM images of reacted particles in exemplary areas of the sample (experiment no. 17). (a) 300-fold magnification; (b) 1500-fold magnification 






Figure 6. SEM images of reacted particles in exemplary areas of the sample (experiment no. 17). (a) 300-fold magnification; (b) 1500-fold magnification



[image: Metals 11 00876 g006]







[image: Metals 11 00876 g007 550] 





Figure 7. SEM images used for the evaluation of the sample with the lowest ((a), experiment no. 10) and the highest ((b), experiment no. 34) mean NOP. 
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Figure 8. Linear regression model for the heat of reaction as a function of the NOP. 
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Table 1. Heat of reactions of the samples and assigned shapes of the measurement curve.
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Exp. No.

	
     Q r     

	
Shape

	

	
Exp. No.

	
     Q r     

	
Shape

	

	
Exp. No.

	
     Q r     

	
Shape




	

	
in J/g

	

	

	

	
in J/g

	

	

	

	
in J/g

	






	
1

	
914

	
b

	

	
21

	
920

	
b

	

	
41

	
740

	
a




	
2

	
801

	
a

	

	
22

	
918

	
a-b

	

	
42

	
872

	
a-b




	
3

	
858

	
a-b

	

	
23

	
829

	
b-c

	

	
43

	
865

	
a-b




	
4

	
864

	
a-b

	

	
24

	
800

	
b

	

	
44

	
823

	
c




	
5

	
890

	
b

	

	
25

	
880

	
a

	

	
45

	
837

	
a




	
6

	
771

	
b

	

	
26

	
872

	
b

	

	
46

	
840

	
a




	
7

	
743

	
b

	

	
27

	
831

	
b

	

	
47

	
854

	
c




	
8

	
733

	
b

	

	
28

	
894

	
b

	

	
48

	
796

	
a




	
9

	
796

	
b

	

	
29

	
850

	
b

	

	
49

	
839

	
a




	
10

	
752

	
a

	

	
30

	
851

	
b

	

	
50

	
925

	
c




	
11

	
875

	
a

	

	
31

	
876

	
a-b

	

	
51

	
872

	
a




	
12

	
827

	
a-b

	

	
32

	
871

	
b

	

	
52

	
874

	
a




	
13

	
1004

	
b-c

	

	
33

	
906

	
a-b

	

	
53

	
769

	
a




	
14

	
785

	
a

	

	
34

	
938

	
c

	

	
54

	
851

	
a




	
15

	
803

	
c

	

	
35

	
969

	
c

	

	
55

	
845

	
a




	
16

	
768

	
a-b

	

	
36

	
858

	
a

	

	
56

	
844

	
a




	
17

	
843

	
c

	

	
37

	
834

	
a-b

	

	
57

	
803

	
a




	
18

	
884

	
a-b

	

	
38

	
935

	
b-c

	

	
58

	
800

	
a




	
19

	
965

	
b

	

	
39

	
918

	
c

	

	
59

	
937

	
c




	
20

	
800

	
b

	

	
40

	
886

	
b-c
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Table 2. Mean heat of reaction depending on the shape of the measurement curve.
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	Shape acc. to Figure 5
	Quantity
	   Q ¯   

in J/g
	Standard Deviation





	all
	59
	852
	60



	a
	19
	824
	42



	b
	15
	842
	66



	c
	9
	890
	56



	a-b
	11
	861
	39



	b-c
	4
	913
	65
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Table 3. Results of the ANOVA for the correlation between the heat of reaction and the milling parameters.
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	Source
	Sum of Squares
	Degrees of Freedom
	Mean Square
	F-Value
	p-Value





	n
	40,682
	2
	20,341
	11.55
	0.0001



	t
	38,110
	2
	19,055
	10.82
	0.0001



	rbtp
	4980
	2
	2490
	1.41
	0.2529



	d
	26,049
	2
	13,025
	7.39
	0.0015



	Error
	88,076
	50
	1762
	
	



	Total
	203,812
	58
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Table 4. Number of pixels (NOP) for the conducted experiments.
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Exp. No.

	
NOP (Mean)

	

	
Exp. No.

	
NOP (Mean)

	

	
Exp. No.

	
NOP (Mean)




	

	
   ×    10 5    

	

	

	
   ×    10 5    

	

	

	
   ×    10 5    






	
1

	
3.98

	

	
21

	
5.49

	

	
41

	
2.40




	
2

	
2.35

	

	
22

	
3.25

	

	
42

	
3.10




	
3

	
3.31

	

	
23

	
5.98

	

	
43

	
3.88




	
4

	
3.24

	

	
24

	
3.54

	

	
44

	
9.13




	
5

	
4.12

	

	
25

	
4.60

	

	
45

	
3.03




	
6

	
4.54

	

	
26

	
4.34

	

	
46

	
4.61




	
7

	
4.82

	

	
27

	
3.88

	

	
47

	
8.78




	
8

	
4.65

	

	
28

	
8.37

	

	
48

	
3.26




	
9

	
6.13

	

	
29

	
4.54

	

	
49

	
3.76




	
10

	
1.99

	

	
30

	
3.85

	

	
50

	
9.59




	
11

	
2.79

	

	
31

	
8.90

	

	
51

	
4.46




	
12

	
3.27

	

	
32

	
3.89

	

	
52

	
4.83




	
13

	
4.33

	

	
33

	
5.17

	

	
53

	
2.61




	
14

	
3.50

	

	
34

	
10.20

	

	
54

	
3.93




	
15

	
6.61

	

	
35

	
9.63

	

	
55

	
6.37




	
16

	
5.74

	

	
36

	
5.59

	

	
56

	
4.27




	
17

	
8.76

	

	
37

	
3.48

	

	
57

	
2.50




	
18

	
3.23

	

	
38

	
3.29

	

	
58

	
2.39




	
19

	
5.33

	

	
39

	
5.09

	

	
59

	
7.44




	
20

	
3.47

	

	
40

	
7.53
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