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Abstract

:

Currently, standard samples with high hydrogen concentrations that meet the requirements of hydrogen extraction in an inert atmosphere are not currently available on the market. This article describes the preparation of Ti-H standard samples and the calibration of RHEN602, a hydrogen analyzer, using LECO (LECO, Saint Joseph, MI, USA). Samples of technically pure titanium alloy were chosen as the material for sample production. The creation procedure includes five main steps: sample preparation (polishing to an average roughness of 0.04 μm using sandpaper), annealing, hydrogenation, maintenance in an inert gas atmosphere, and characterization of the samples. The absolute hydrogen concentration in the samples was determined by two methods: volumetric and mass change after the introduction of hydrogen. Furthermore, in-situ X-ray diffraction, temperature programmed desorption (TPD) analysis, and thermogravimetric analysis were used during measurements to investigate the phase transitions in the samples. As a result of this work, a series of calibration samples were prepared in a concentration range up to 4 wt % hydrogen, optimal parameters for measuring high concentrations of hydrogen. The calibration line was obtained and the calibration error was 10%.
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1. Introduction


An important task for the extension of the hydrogen economy is the development of promising hydrogen storage materials [1,2,3,4,5,6]. In order to possess high rates of hydrogen sorption and desorption, advanced hydrogen storage materials should have optimal elemental and phase composition. Additionally, they should accumulate a large amount of hydrogen and be cyclically stable [7,8,9,10,11]. In the matrix, metal hydrides have a high bulk density of hydrogen atoms, a wide range of operating pressures and temperatures, catalytic activity, and are the most used materials for hydrogen storage [12,13,14,15,16,17,18,19,20]. Intermetallic compounds based on hydride-forming metals—such as Zr, Ti, Pd, and V—can accumulate up to four mass % of hydrogen [21,22,23,24,25,26,27,28,29,30] and are widely used for hydrogen storage. Measurement of the hydrogen concentration in hydrogen storage materials is an important stage in the development and testing of materials.



At present, the following methods are used to measure hydrogen concentration in metals: emission spectroscopy, spectrometry with inductively coupled plasma, charged particle activation analysis, mass spectral analysis, high-temperature vacuum annealing with mass spectrometric recording of hydrogen, and extraction in an inert gas medium with determination of hydrogen content by means of a thermocondimetric cell along the calibration line [31,32]. The last method has been the most widely used in both scientific laboratories and industries.



The application of the hydrogen extraction method in an inert gas environment makes it possible to determine hydrogen concentration with high accuracy (quantitative analysis) by means of a calibration line, as well as by analyzing the shape of the extraction curve (the number of maxima on the curve, and the width and height of the maximum). The state of hydrogen in the material (qualitative analysis) can be evaluated analogously to the method used for thermally stimulated desorption [33,34,35,36,37]. However, when quantitatively and qualitatively analyzing hydrogen accumulation in storage materials with high hydrogen concentration, two difficulties can arise: incorrect results or unobtainable analysis results.



The first difficulty, regarding incorrect results, is that hydrogen analyzers, whose operation principle is based on the method of extraction in an inert gas medium, are calibrated for reference samples at low concentration. Thus, the hydrogen analyzers of the RHEN series using LECO (LECO, Saint Joseph, MI, USA) [38] are calibrated as reference samples with hydrogen concentrations from 6 to 60 ppm, and have a sensitivity of 0.02 ppm, with an error in determining small (up to 100 ppm) hydrogen concentrations not exceeding 10%. When measuring high hydrogen concentrations, however, the measurement error can be significantly greater, since reference samples with low concentrations are used for calibration. To solve this problem, it is necessary to calibrate the analyzer using reference samples with high concentrations. However, such samples are not sold by analyzer manufacturers. As such, it is necessary to prepare samples with known high hydrogen concentrations.



The second difficulty, regarding unobtainable analysis results, occurs when the upper threshold sensitivity of the thermocondimetric cell exceeds its limits. This happens when a sample with high hydrogen content melts very rapidly and a large amount of hydrogen enters the cell in a short period of time. Rapid melting of the analyzed sample occurs during the standardized analysis, as the current passing through the sample immediately provides the maximum value. An increase in the gradual stepwise of amperage in an initial value to its maximum will result in a more gradual extraction of hydrogen, without exceeding the upper threshold of sensitivity for the thermocondimetric cell. This will allow for an analysis of samples with high hydrogen contents, including the analysis of the extraction curve shape and form.



Thus, the samples with known high hydrogen concentrations were prepared in this study. The optimal parameters for analyzing the samples with high hydrogen concentration were selected so that the upper threshold of sensitivity for the thermal conductivity cell would not be exceeded. Using LECO, the hydrogen analyzer RHEN602 was calibrated according to the prepared samples and the selected optimal parameters. The efficiency of the developed technique was tested on various samples of hydrogen storage materials.




2. Materials and Methods


The material used for the preparation of samples with known high hydrogen content and tested with the hydrogen analyzer calibration must have a number of properties: High sorption rates under hydrogenation conditions; a stable state of hydrogen without the possibility of desorption under standard temperature and pressure; cost-effectiveness; accessibility; and safety when handling. In this paper, technically pure titanium alloy was chosen as the material that satisfies the above conditions; it has also been thoroughly studied [39,40,41,42,43,44,45,46,47]. The samples for hydrogenation were made of 3 mm long wire that was 2.5 mm in diameter. To produce the calibration samples with high concentration (4 wt %), commercially pure titanium powder was used. The introduction of hydrogen was carried out by gas-phase hydrogenation at 600 °C and under a pressure of 2 atm. To achieve various concentrations of hydrogen with the Gas Reaction Controller, an LPB automated complex was used (Advanced Materials Corporation, Pittsburgh, PA, USA). Different concentrations of hydrogen were achieved by varying the hydrogenation time. Six series of samples were obtained. Each series contained 10 samples with the same concentration. It should be noted that as the concentration increased, the saturation time increased linearly (Table 1).



The concentration was determined by two methods: volumetric and mass change after the introduction of hydrogen [48,49,50,51,52]. The concentration of the resulting series of the calibration samples are shown in Table 1.



Temperature programmed desorption analysis was carried out with Stanford Research Systems’ quadrupole mass spectrometer RGA100, which is part of the equipment used in the advanced Gas Reaction Controller LPB complex (Advanced Materials Corporation, Pittsburgh, PA, USA). During gas phase hydrogenation, phase transitions in the material were studied in situ at Precision Diffractometry II, located at the Boreskov Institute of Catalysis in the Siberian Brach of the Russian Academy of Sciences (SB RAS), on the 6th channel of synchrotron radiation of the VEPP-3 electron storage ring. A special feature of the station is the use of a one-coordinate detector (OD-3M) in a powder diffractometer. The detector consists of a multiwire proportional gas chamber, a recording unit with a coordinate processor, and a computer. Single-axis detectors record scattered radiation simultaneously in a certain range of angles (~30 °C) over 3328 channels, with a response rate up to 10 MHz. The test sample was placed in a chamber that was evacuated to a pressure below 10−4 Pa. The sample was heated linearly in the range of 30 to 750 °C, at a heating rate of 6 °C/min. The recording of the diffractograms was carried out every minute of heating, meaning every 6 °C. The wave length of synchrotron radiation was 1.0102 Å. The processing of the measured diffractograms and the identification of reflexes were carried out using PDF-2-search-match, FullProf, and Crystallographica. The technique development was assessed on hydrogen analyzer RHEN602 using LECO (LECO, Saint Joseph, MI, USA).




3. Results and Discussion


Stepwise heating was used to analyze the samples with high hydrogen concentration without exceeding the upper threshold of sensitivity of the thermocondimetric cell. First, the initial value of the current applied to the sample was determined from the melting degree of the flux. Tin was used as a fluxing agent in this analyzer. Flux was used to bring heat uniformly throughout the volume of the solid sample and to ensure the particulate sample would not be blown from the crucible during analysis. The melting of the flux began at the current strength of 170 A. During the analysis, it was determined that the current strength should not exceed 700 A, since the degassing process takes place at the given current strength. Therefore, 650 A was chosen as the current strength’s extreme value. Next, the interval 170–650 A was divided into steps; a total of three routes with dimensions of 30, 60, and 120 A were selected. For each step, the holding time was 20 s and the time of the current increase was 15 s. Thus, for different routes, the total analysis time was different (600, 250, and 150 s at 30, 60, and 120 A, respectively).



Furthermore, the time parameters were chosen. The analysis time was determined to be the total heating and holding times at constant current strength. To determine the optimum heating and holding time, another experiment was performed. The main fitting of time parameters was the analysis duration, particularly for the maximum mass of the test sample. We assumed that the heating time should not exceed or be equal to the holding time. The minimum heating time was 10 s, although this was not enough time for heating in each stage. Therefore, the heating time of 10 s was selected, since during the given time, the hydrogen was uniformly detected by the sensor. The fitting of the holding time began at 15 s, but the higher the current strength, the more the sample heated up, and when the exposure took place at the given current, the sensitivity threshold was exceeded. As has already been noted, we did not want the analysis process to take much time, so the optimal holding time was 20 s and the heating time was 15 s. It should also be mentioned that with the selected time parameters, the mass of the test sample was 0.035 g, which is greater than other investigated parameters. The next step was to choose the step of the furnace heating. After analyzing the curve obtained by thermal desorption spectroscopy of zirconium alloy (Figure 1a), we established that the optimal step was 100 °C corresponding to 60 A.



Analysis of previous works [53,54,55,56,57,58] demonstrated that the first peak of titanium alloy hydrogen desorption is observed at 600 °C. This temperature corresponds to the phase boundary between phases δ and β + δ. Hence, during this TPD step, dissociation of hydrides occurs. Another high-temperature peak between 690 to 720 °C corresponds to the transition from the α-phase to the β-phase.



A preliminary step was conducted to determine the temperature dependence of hydrogen for each peak. This was accomplished by melting the material in an inert gas atmosphere at a heating furnace stepwise, with a step of 120 °C (Figure 1b). Thus, after the experiment, we determined that the first peak aligns with the dissociation hydride. The high temperature peak occurred at 1000 °C.



Additionally, we performed an in-situ study of phase transitions of titanium hydride powder having stoichiometry of TiH2 (4 wt %). The results are shown in Figure 2.



Figure 3 shows a diffraction pattern that reveals the kinetics of phase transitions of titanium alloy samples after their saturation with hydrogen from a gaseous medium during thermal exposure. With a linear heating of 6 °C/min, the decrease in intensity of titanium hydride reflections began at 520 °C. At 530 °C, these reflections disappeared almost completely, and hydrogen desorption began (Figure 1a). The dissociation temperature of hydrides at 530 °C corresponds to the boundary between the δ and β + δ phases. Throughout the volume of the material, the saturation of the titanium alloy with hydrogen from a gaseous medium was the formation of hydrides.



Furthermore, an increase in temperature beyond 530 °C correlated with a decrease in reflection intensity of the titanium’s α-phase and an increase in reflection intensity of the titanium’s β-phase. This correlation indicates the gradual transition of titanium from α- to β-modification. At 690–720 °C, the α-titanium phase passed completely into the β-titanium phase, leading to another peak appearing on thermostimulated hydrogen desorption spectrum (Figure 1a).



We performed a thermogravimetric analysis (TGA) of pure titanium powder without hydrogen, in addition to a saturation with hydrogen at the maximum concentration (4 wt %) (Figure 3).



According to the results of thermal analysis, the original titanium powder, before hydrogenation and when heated in air, was characterized by a gradual increase in the sample’s mass. When heated to 800 °C, the total weight gain was 6.2%. A light increase in mass was the result of the slowly oxidized titanium powder when heated in air (Figure 3a).



The heat flow from the sample had two pronounced endoeffects. At 320.4 and 524.7 °C, the endoeffects did not cause a change in the oxidized titanium powder. Additionally, there were no pronounced deviations in the mass change curve accompanying the endoeffects. Thus, these endoeffects refer to phase transitions in the structure of the titanium particles themselves. The most probable endoeffects are the phase transitions (recrystallization) in the oxide shell covering the titanium powder.



After the titanium powder had been saturated with hydrogen, a significant endoeffect (2739 J/g) was recorded using differential thermal analysis. The endoeffect was accompanied by a 1.66% decrease in the sample’s mass (by 0.2% relative to the initial mass of the sample). This endoeffect, accompanied by a decrease in the sample’s mass, arose when the hydrogenated powder was heated and the titanium hydride decomposed (Figure 3b).



Temperature dependence for each hydrogen peak was determined by melting hydrogen content in an inert gas atmosphere, heating the furnace stepwise at steps of 100 °C. Thus, as the result of the performed experiment, we established that the first peak was related to the dissociation of hydrides. However, the high temperature peak was related to 1000 °C. Additionally, we concluded that the heating step of 100 °C was optimal for the development of the technique. For comparison, heating steps of 200 and 50 °C, which are equivalent to 120 A and 30 A, were evaluated. Notably, the transfer of small currents into the temperature may result in a greater confidence interval, in the span of error.



Figure 4 presents hydrogen extraction curves with heating steps of 200 °C (120 A), 100 °C (60 A), and 50 °C (30 A).



After fitting the time parameters for each step, it was necessary to determine the maximum possible sample mass for each measured step (Table 2).



According to the presented results, we obtained the following findings:




	Step 1.

	
At a furnace heating step of 200 °C (120 A), the measured weight of the sample was 0.02 g. It was not necessary to carry out the measurements in this mode.




	Step 2.

	
At a furnace heating step of 100 °C (60 A), the maximum sample mass to measure hydrogen concentration was 0.03 g; the analysis time was optimally fitted for measurements.




	Step 3.

	
At a furnace heating step of 50 °C (30 A), the maximum sample mass was 0.04 g. Given that the maximum analysis time could not exceed 600 s, these settings could not be selected as the basic settings for measurement, since the process of determining the hydrogen content in the material cannot be prolonged over time.









In order to establish accuracy in the developed procedure, we needed to know a material’s exact concentration, since the technique was developed to measure high concentration. In this case, the material also had to have a known high hydrogen concentration. For such concentrations, the gravimetric method can serve as an external method for determining hydrogen content. Furthermore, it was necessary to know the mass of the material before and after saturation. This represents a main limitation of this method, especially when comparing it to the method of melting the sample in an inert gas environment. In the latter case, it is not necessary to know the mass value before saturation.



The calibration line was obtained as a result of the calibration of obtained samples. The developed procedure reliability was evaluated using stoichiometric zirconium hydride (ZrH2) (Figure 5).



The measured concentration in stoichiometric zirconium hydride lies on the calibration line. Thus, we concluded that the developed technique for measuring high concentrations of hydrogen is reliable and satisfies the stated goal.




4. Conclusions


In this study, a technique was developed to measure high hydrogen concentrations with a hydrogen analyzer, RHEN602 using LECO. Over the course of the study, we performed the following procedures: (1) The series of the calibration samples were prepared within the concentration range of up to 4 wt % hydrogen; (2) Optimal parameters for measuring high concentrations of hydrogen were selected, such as establishing heating and holding times of 15 and 20 s, setting the step of the furnace heating current at 60 A, and having samples weigh in at is 0.030 ± 0.001 g; (3) The analyzer was calibrated according to the obtained calibration samples. We established that the developed technique can be used when measuring hydrogen content from 0.5 to 4 wt % hydrogen. (4) The reliability was evaluated using stoichiometric zirconium hydride. When measuring the samples, all obtained data was placed within a confidence interval of 10%. Based on the presented results, we concluded that the developed technique meets the stated goal and can be applied for further research.
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Figure 1. (a) Temperature programmed desorption curves of the titanium alloy and (b) the hydrogen extraction curve for the furnace heating current step 120 A. 
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Figure 2. Kinetics of phase transitions during thermal exposure in titanium powder after hydrogen saturation from a gaseous medium. 
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Figure 3. Thermogravimetric-curve of commercially pure titanium powder (a) before and (b) after hydrogenation. 






Figure 3. Thermogravimetric-curve of commercially pure titanium powder (a) before and (b) after hydrogenation.



[image: Metals 08 00672 g003]







[image: Metals 08 00672 g004 550] 





Figure 4. Hydrogen extraction curves with heating steps of 200 °C (120 A), 100 °C (60 A), and 50 °C (30 A). 
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Figure 5. The developed procedure reliability evaluation. 
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Table 1. The calibration samples series.
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	Series
	Hydrogenation Time (min)
	Concentration (wt %)
	Series
	Hydrogenation Time (min)
	Concentration (wt %)





	1
	55
	0.643 ± 0.032
	4
	140
	1.559 ± 0.078



	2
	70
	1.068 ± 0.053
	5
	160
	1.860 ± 0.093



	3
	120
	1.125 ± 0.056
	6
	210
	4.0 ± 0.1
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Table 2. Sample mass for each measured step.






Table 2. Sample mass for each measured step.





	Step
	Mass 0.01 ± 0.002 g
	Mass 0.02 ± 0.002 g
	Mass 0.03 ± 0.002 g
	Mass 0.04 ± 0.002 g





	1 (120 A)
	+
	+
	-
	-



	2 (60 A)
	+
	+
	+
	-



	3 (30 A)
	+
	+
	+
	+
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