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Abstract

:

With plasma electrolytic oxidation (PEO), one can easily obtain thick (tens of microns), mechanically resilient and chemically stable oxide coating on aluminum and other valve metal alloys. The study of luminescent PEO coatings is a relatively new subfield of the already well-established coating preparation methods. In recent years, many new luminescence-based approaches have been developed, one of which is the detection of ionizing radiation of carbon-doped PEO alumina coating. This study presents an improved approach by doping the alumina coating with chromium using citric acid as an additive in the electrolyte. Trivalent chromium ions replacing aluminum in the crystalline lattice of the coating exhibit characteristic sharp lines in the luminescence spectrum. The effectiveness of different DC voltages, process times and citric acid concentrations in electrolyte were examined. The use of citric acid in the electrolyte also provides the conditions required for the formation of an energy trap in the bandgap of the material, thus opening up the possibility for the coating to be used as an ionizing radiation detector by measuring its thermoluminescence. Chromium atoms are incorporated in the coating from the Al6082 aluminum alloy itself and are not added in the electrolyte, therefore making the process much more reliable, repeatable, and environmentally friendly.
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1. Introduction


Electrochemical oxidation of materials has been extensively studied and applied for decades, with many established technologies like anodization and plasma electrolytic oxidation (PEO). PEO has been under extensive research for over 40 years [1,2,3] and is of particular interest for applications that require a thick [4], hard [5], thermally [6] and chemically resilient [7] coating. PEO uses large voltages and high current densities to produce plasma discharges through the oxide layer, thus enabling synthesis of the hardest and most stable phases, e.g., an alpha phase of alumina [8]. Due to its crystalline structure and chemical composition, this material is chemically inert with outstanding thermal stability and hardness. It is mainly exploited as a ceramic and is widely used for industrial purposes where a hard, mechanical shock-resistant, chemically inert, or biocompatible material is required [9,10,11].



In recent years, the PEO research branched out to studies on optical properties of coatings with subsequent application in combining functional properties (e.g., gas sensitivity [12] or ionizing radiation detection [13]) with established strengths of the PEO. Usually, a pure oxide coating is not luminescent by itself, so various approaches were developed to implement impurities (dopants) into the coating. Fortunately, the PEO process requires precise control of many variables (voltage, voltage profile, current density, electrolyte content, substrate itself) and therefore presents many possibilities for incorporation of dopants (e.g., rare earths [14]). While doping from the suspension electrolyte is the easiest [15,16,17], the first one discovered was the addition of desired dopant in the substrate (aluminum alloy) itself [18]. Aluminum alloys are used in most practical applications, as the substrate already contains some concentrations of various alloying elements, of which Si, Mg, and Mn are the most abundant. These elements will introduce impurities in the crystalline structure of the coating and need to be studied.



Previous research [19,20,21,22] suggests that chromium creates deep charge carrier traps, making it suitable for detection of high dose ionizing radiation used in applications like the calibrators of equipment for radiation sterilization of plant seeds, border control vehicle scanners, power plant energy generators, and other high dose applications. This research will focus on forming α-Al2O3 and γ-Al2O3 crystalline phases on aluminum samples using the PEO process, specifically exploring impurities introduced by a common additive in most alloys—chromium. Chromium as a synthetic alumina activator is widely explored in material science, is isovalent to alumina, and does not create any meaningful point defects. α-Al2O3 and γ-Al2O3 are the most common crystalline phases of aluminum, however the alpha phase is found to possess higher hardness, resistance to wear, and thermal stability [23,24]. This paper will explore the possibilities of obtaining hard α-Al2O3 with intense chromium luminescence in PEO coatings by using the chromium impurities naturally present in the substrate material as luminescence centers. It is important to explore the coating process of the highly luminescent aluminum coating to a point where it can be easily, repeatably mass-produced for ionizing radiation detector usage. Cr-doped alumina has previously been reported [19], however the novelty of this research lies in the optimization of the method of coating as, to our knowledge, the usage of impurities naturally occurring in substrate material to create chromium-doped alumina for dosimetric applications has not yet been explored.




2. Materials and Methods


2.1. Samples


The substrate material (Al6082) is from the wrought aluminum–magnesium–silicon family. Although the purity is better than 95.2%, the alloy still contains traces of Cr, Cu, Fe, Mg, Mn, Si, Ti, Zn, and other metals with a concentration of chromium up to 0.25% and 0.7% of other metals. In addition, one sample using high purity (99.999%) Al was prepared. In this study, a 0.5 mm thick aluminum sheet was cut into samples 6.5 × 25 × 0.5 mm3 in size, each having a total surface area of approximately 3.5 cm2 (used in calculations of current density, a bit less than geometric value due to the non-constant waterline). Before the PEO process, samples were cleaned in ultrasonic cleaner (ASonic (Singapore), PRO30, 40 kHz) in deionized water with soap, then rinsed in acetone.




2.2. PEO Setup


Custom 5 kW bipolar pulse electric generator ELGOO PEO V3 (Riga, Latvia) was used. The device is externally controlled via PC, which allows great repeatability and high customization of parameters like pulse timing, voltage, current, and their changes in time.



The electrolyte for “doped” samples consisted of three components: 800 mL deionized water, 1 g·L−1 KOH (Emplura >84% pellets) and citric acid (Sigma Aldrich (St. Louis, MO, USA), 99.5–100.5% based on anhydrous substance) with varying concentration (2/5/10/15/30 g·L−1), as well as a sample without the addition of citric acid was prepared. The electrolyte was contained in a double-walled water-cooled reaction chamber, and thus a stable 30 ± 5 °C temperature was maintained. However, evaporation of the electrolyte was still present. To compensate, a constant influx of deionized water was supplied to the reactor keeping the water level constant.



According to the tested parameters, DC constant voltages were chosen (450/550/650/700/750 V) and kept constant throughout the whole process. The total process time (15/30/45/60 min) also varied between processes. Throughout the process, current density dropped, starting at approximately 178 mA·cm−2 in the first half of the process and declined in the second half for about 30%. The current density for the sample without citric acid in the electrolyte was approximately 25 mA·cm−2 larger throughout the whole synthesis. However, the current profile throughout the synthesis is highly dependent on the citric acid concentration, as electric characteristics of the electrolyte are different. Pt plate was used as a counter electrode.



Three PEO process parameters—DC voltage, PEO process time, and concentration of citric acid in the electrolyte—were consecutively varied and tested on different samples. The samples produced with a citric acid concentration of 15 and 30 g·L−1 were heavily corroded during PEO and thus were not included in further measurements. From each series of tests, the sample with the highest luminescence intensity measurement in TSL was chosen to represent the optimal value of each tested parameter. Thus, the sample with DC voltage, process time, and citric acid concentration values of 700 V, 45 min, and 10 g·L−1 was found to produce the highest TSL intensity around the 692.9 and 694.3 nm [25] luminescence lines of Cr3+.



Lastly, the high purity Al sample was exposed to PEO process with 700 V DC voltage, 45 min process time, and no citric acid added in electrolyte for reference on the effect of Cr presence in Al alloy.




2.3. Measurements


The X-ray diffraction (XRD) spectrometer Rigaku MiniFlex 600 (Rigaku, Tokyo, Japan) was used to determine the crystalline structures. The crystalline phases of the PEO coating were characterized by X-ray powder diffraction using a cathode voltage of 700 V with Cu Kα radiation (1.5418 Å). The scan rate was 1.5 °/min.



The photoluminescence (PL) and X-ray induced luminescence (XRL) measurements were performed at room temperature with the Andor DU-401A-BV IDus CCD camera (Andor Technology Ltd., Belfast, United Kingdom) coupled with the Andor Shamrock B-303i spectrograph. (Andor Technology Ltd., Belfast, United Kingdom) Slit size was 100 µm. The excitation source for PL measurements was CryLaS Nd:YAG laser (CryLaS, Berlin, Germany, 266 nm) and the excitation source for XRL measurements was X-ray tube with W anode operating at 30 kV, 10 mA.



Thermally stimulated luminescence (TSL) measurements were conducted using Lexsygresearch LMS (Freiberg Instruments, Freiberg, Germany) with X-ray and beta sources, however only X-ray irradiation was used. The X-ray source was set to 40 kV and 0.5 mA and the tube consisted of a tungsten target, beryllium window, and was powered by Spellman MNX50P50/XCC (Spellman, Hauppauge, NY, USA) power supply. As multiple samples with slightly varying masses and surface area were prepared, calibration measurements were performed. Between measurements, samples were preheated to remove any previously accumulated dose, irradiated for 600 s (with 33 Gy), and repeatedly measured. The highest registered intensity was taken as a baseline and an equalization coefficient was calculated for other samples, which was applied to avoid invalidation based on inconsistency of surface area.



Spectra measured with CCD in PL, XRL, and TSL were not corrected to accommodate differences in detection at different wavelengths because they were used comparatively only.



Scanning electron microscope (SEM) measurements were made on Phenom Pro scanning electron microscope (Phenom-World, Eindhoven, Netherlands, using 10 kV accelerating voltage.



X-ray fluorescence (XRF) was measured using RIGAKU miniflex 600 X-ray diffractometer (Rigaku, Tokyo, Japan) at 50 kV voltage and 50 μA current.





3. Results


3.1. Structure and Morphology


SEM measurements were performed to study the surface of the coating and to compare the two samples. Porosity of the samples prepared with citric acid (Figure 1a,b) and those prepared in just KOH solution (Figure 1c,d) seems similar, however the citric acid samples possess marginally larger pores, which can be attributed to the slightly larger current density during the PEO of the undoped sample. The coating surface is coarse and porous, and it is similar to the coating surface of valve metal in universal PEO. Both coatings exhibit porosity, which sometimes can be an advantage [26], and cracks. Zoomed in images (Figure 1b,d) show a similar ceramic-like structure with irregular cracks formed by large temperature gradients. It can be deduced that the pores in the surface are the residual discharge channel during the discharge reaction. The irregularly shaped areas around the pores are formed due to the rapid cooling of the electrolyte. The average diameters of the pores are 0.3–0.4 mm [27].



The XRD measurements are crucial in almost any study of PEO coatings as the presence and type of crystalline structure in the coating will manifest most mechanical properties and capabilities. Figure 2 shows the XRD graph of one of the samples, with major peaks identified and connected to different alumina phases corresponding to PDF4+ database. Two main crystalline phases were identified—α-Al2O3 rhombohedral and γ-Al2O3 cubic [28].



It was found that the 15 min processing time was enough to produce some amount of α-Al2O3, however at 30 min processing time the mixture of the hardest α-phase and a “softer” γ-phase reaches 13:1 ratio and barely changes with increased process time, as shown in Figure 3, which correlates well with literature [29,30] and previous investigations. As such, the coating is expected to perform well in wear and hardness tests.



During the PEO process, a coating is formed at the interface between the substrate and the electrolyte or the previously formed coating and the electrolyte. Therefore, some of the impurities from the aluminum alloy are expected to migrate to the coating. However, the effect of citric acid inclusion in the electrolyte, voltage applied during PEO process, and duration of the PEO process time has on the concentration of impurity metal ions in the resulting coating is yet unknown.



Photoluminescence of samples consists of three spectral regions of interest—two broad peaks at around 425 nm and 550 nm and a significant peak at 693 nm typical to Cr3+ ion presence in α-Al2O3 matrix. The three regions in which these peaks are found are often referred to as blue, green, and red, representing visible light spectrum parts.



A blue luminescence peak (maximum at 425–450 nm) appears under UV irradiation in both samples, and it relates to alumina F and F+ centers (oxygen vacancies with one or two electrons) and is often observed in anodic aluminum oxide films. Both F+ and F centers are present, and the maxima are overlapping, thus producing a broad emission band [31]. A slight variation in integrated intensity at this region between samples is due to the overlap of maxima (F and F+) with different intensities, as intensities of both bands are highly sensitive to the structure, internal stresses, and preparation conditions of the coating [32,33,34].



A green luminescence band with maximum at 550 nm is also present under UV irradiation in both samples. This well-known band in amorphous and crystalline alumina is due to intrinsic defects of the alumina matrix, specifically F2 centers. The band is observed in alumina prepared by a wide range of methods [35,36,37,38].



Red luminescence observed under UV irradiation is a complex band consisting of a sharp peak (at 693 nm) and a broad-band covering the whole red part of the spectrum. The 693 nm sharp line’s intensity is minor compared to the luminescence of the blue band, however still notable over the red broad-band. It is associated with widely studied and abbreviated in literature as R1 and R2 line doublet of Cr3+ ions in Al sites of the α-Al2O3 matrix. The inability to distinguish R1 and R2 (692.5 nm and 694 nm [39]) lines is explained by the irregularities in the crystalline lattice of the coating and the presence of other impurities [39,40]. Besides Cr3+ luminescence, another maximum is also present around the R1 and R2 lines in TSL glow-curves, which most likely correlates with self-luminescence of α-Al2O3 (Figure 4).



XRL spectrum shows only a weak intensity blue luminescence, peaking at 450 nm and likely relating to the same alumina F and F+ centers, as observed in PL. Additionally, in the red luminescence part of the spectrum the sharp 693 nm peak, belonging to the R1 and R2 lines of the Cr3+ luminescence, can be observed here even more distinct against the broad red luminescence band.



Both PL and XRL measurements show an additional, wide, and particularly complex red luminescence band. Based on previous observations (from XRF), it is evident that a broad red luminescence originates from different metal ions (besides Mn and Cr) present in alumina structure and is obtained from the alloy itself during the growth of the coating [37]. If we compare samples with or without citric acid addition, an improvement in the intensity of luminescence is visible both for XRL and PL (Figure 4).



XRF measurements were performed and, together with thermally stimulated luminescence (TSL) results, are presented in Figure 5. TSL measurements are very important for determining which sample is best suited for dosimetric applications. With increasing duration of PEO process time, a clear peak in TSL intensity can be found for sample with 45 min process duration. Figure 5a shows that the concentration of impurity metal ions in the resulting coating only seems to correlate with these parameters after the 30 min mark. In Figure 5b, a correlation can be seen between an increased PEO process duration, TSL intensity, and Cr ion concentration measured in XRF. The only sample deviating from this correlation is the one created at 700 V DC. The sample series with varied citric acid concentration value yields close to no correlation between TSL intensity and Cr ion concentration. In Figure 5c, the presence of Cr ions in the formed coating peaks at 2 g·L−1 of added citric acid in electrolyte, however with increasing the citric acid concentration, TSL intensity seems to also increase up until the 10 g·L−1 limit, where the samples began heavily corroding during the PEO process.




3.2. Optical Properties


TSL glow curves (Figure 6) were measured with CCD, therefore quick analysis of the full spectral distribution can be performed. Although a strong luminescence can be observed around 420 nm in TSL measurements, the highest intensity maximum corresponds with Cr3+ luminescence, meaning that any energy carriers stored in traps present in the lattice recombine on Cr atoms, which correlates well with previous observations even in other matrices. By analyzing only the 693 nm line, one can observe that the Cr-doped sample exhibits intense TSL signal in temperature ranges above room temperature, consisting of two or more overlapping maxima. Low temperature maximum (centered at about 375 K) produces an afterglow at room temperature and its intensity relates to the delay between the “impact” ionizing radiation dose and the measurement itself. The most intense glow curve maximum (at 480 K with FWHM of 50 K) represents the trap center with an activation energy of approximately 1.2 eV (estimated Randall–Wilkins equation [41,42,43]), well within the broad band-gap of the alumina. The intensity of this maximum might correlate with the acquired radiation dose, as long as the center is stable enough at room temperature. Additionally, a high temperature complex maximum is observed (from 550 K and up); however, the intensity is relatively low, and the limitations of the measurement setup deny comprehensive study of this part of the glow curve). It is important to note that no TSL signal above room temperature was observed for the undoped sample; therefore, all glow curve maxima are due to the increased concentration of defects (impurity ions) in the alumina matrix.





4. Conclusions


A new approach to produce Cr3+-doped hard ceramic alumina coating on aluminum alloy (Al6082) surface is proposed. The coating is prepared during the PEO process with the use of a modified KOH-based electrolyte by the addition of citric acid. No additional Cr is introduced in the electrolyte as the luminescence centers migrate into the coating from the substrate material. The obtained material exhibits outstanding luminescence properties that are promising for use in the detection and quantification of ionizing radiation. Strong Cr3+ emission is observed in PL, XRL, and TSL spectra, providing a basis for a range of sensor applications.



Since the proposed technique does not require an artificial dopant to be added to the electrolyte and in turn uses the impurities already present in most aluminum alloys, this method is easily and inexpensively scalable and is more environmentally friendly than the conventional Cr-based electrolytes. The best performing samples were created with 45 min PEO process time, 700 V DC voltage, and 10 g·L−1 concentration of citric acid in the electrolyte.



To evaluate the coating for use as a dosimeter, additional measurements should be performed. Moreover, although the alpha phase is present in the coating, mechanical properties should be studied if the approach is to be considered for use in coating preparation with both mechanical stability and functional properties in mind.
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Figure 1. (a,b) Scanning electron microscope image of doped coating with different scales; (c,d) Scanning electron microscope image of undoped coating with different scales. 
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Figure 2. XRD measurement of the sample coating produced with PEO parameters 700 V, 45 min process duration and 10 g·L−1 citric acid concentration with all major peaks marked with the corresponding phase. 
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Figure 3. α-Al2O3 and γ-Al2O3 phase concentrations as derived from XRD measurements for samples with different PEO process duration. 
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Figure 4. (a) XRL spectra of samples with concentrations of 10 g·L−1 and 0 g·L−1 citric acid used in electrolyte during PEO process, (b) intrinsic defect range 300–550 nm; (c) PL spectra of samples with concentrations of 10 g·L−1 and 0 g·L−1 citric acid used in electrolyte during PEO process, (d) intrinsic defect range 300–550 nm. 
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Figure 5. TSL intensity and XRF mass % of Cr based on: (a) different PEO process times at 700 V voltage and 10 g·L−1 citric acid concentration; (b) different PEO voltages at 30 min process time and 10 g·L−1 citric acid concentration; (c) different citric acid concentrations in PEO electrolyte at 700 V voltage and 45 min process time. 
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Figure 6. TSL glow curve at 693 nm (white line, right Y scale) overlayed on top of full measurement matrix (left Y scale). X-scale is joined between an overlay and a matrix. Color represents the intensity of the 2D graph (temperature to wavelength). 
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