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SUMMARY:  19 
In order to introduce high amounts of hydrogen in aluminum and aluminum alloys, a new method 20 
of hydrogen charging was developed, called the friction in water procedure. 21 
 22 
ABSTRACT:  23 
A new method of hydrogen charging of aluminum was developed by means of a friction in water 24 
(FW) procedure. This procedure can easily introduce high amounts of hydrogen into aluminum 25 
based on the chemical reaction between water and non-oxide coated aluminum.  26 
 27 
INTRODUCTION:  28 
In general, aluminum base alloys have higher resistance to environmental hydrogen 29 
embrittlement than steel. The high resistance to hydrogen embrittlement of aluminum alloys is 30 
due to oxide films on the alloy surface blocking hydrogen entry. To evaluate and compare the 31 
high embrittlement sensitivity between aluminum alloys, hydrogen charging is usually performed 32 
prior to mechanical testing1-17. However, it is known that hydrogen charging aluminum is not 33 
easy, even when utilizing hydrogen charging methods such as cathodic charging15, slow strain 34 
rate deformation under humid air16, or hydrogen plasma gas charging17. The difficulty of 35 
hydrogen charging aluminum alloys is also due to the oxide films on the aluminum alloy surface. 36 
We postulated that higher amounts of hydrogen could be introduced into aluminum alloys if we 37 
could remove the oxide film continuously in water. Thermodynamically18, pure aluminum 38 
without oxide film reacts easily with water and generates hydrogen. Based on this, we have 39 
developed a new method of hydrogen charging of aluminum alloys based on the chemical 40 
reaction between water and non-oxide aluminum. This method is able to add high amounts of 41 
hydrogen into aluminum alloys in a simple way.  42 
 43 
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Manuscript Click here to
access/download;Manuscript;60711_R2_110719.docx

mailto:horikawa@me.es.osaka-u.ac.jp
mailto:hkoba@me.es.osaka-u.ac.jp
https://www.editorialmanager.com/jove/download.aspx?id=1135334&guid=d0c89a6b-7b72-472d-b7e0-f88d7dbe0067&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1135334&guid=d0c89a6b-7b72-472d-b7e0-f88d7dbe0067&scheme=1


   

 45 
1. Material preparation 46 
 47 
1.1. Use 1 mm thick plates made of an aluminum-magnesium-silicon alloy containing 1 mass% 48 
Mg and 0.8 mass% Si (Al-Mg-Si). 49 
 50 
1.2. Make test pieces from the Al-Mg-Si alloy plates having a gauge length of 10 mm and width 51 
of 5 mm.  52 
 53 
1.3. Anneal the test pieces at 520 ˚C for 1 h using an air furnace. Quench in water as a solution 54 
heat treatment. 55 

 56 
1.4. Anneal the test pieces at 175 ˚C for 18 h as a peak aging heat treatment (T6-temper). 57 

 58 
1.5. Polish the surface of the test pieces using silicon carbide emery paper (#2000) without water.  59 

 60 
1.6. Measure the weight of the polished specimens to a precision of 0.0001 g using an electric 61 
balance 62 

 63 
1.7. Measure the thickness and width of the gauge part of the specimens to a precision of 0.001 64 
mm using an optical comparator. 65 
 66 
2. FW procedure (Figure 1) 67 
 68 
2.1. Attach two Al-Mg-Si alloy specimens using glue to a triangular, prism-shaped stirrer made by 69 
a fluorocarbon polymer.  70 
 71 
2.2. Prepare a cylinder glass container with an empty top as a reaction vessel. 72 
 73 
2.3. Attach a round polishing paper made by silicon carbides, #2000 with a diameter of 10 mm, 74 
using double sided tape in the bottom inside of the container. 75 
 76 
2.4. Place the triangular, prism-shaped stirrer with two specimens on the polishing paper at the 77 
bottom surface of the glass container. 78 
 79 
2.5. Pour 100 mL of distilled water into the glass container from the top. 80 
 81 

2.6. Cover the glass container with a round rubber piece with three holes (for a gas inlet, for a 82 
gas outlet, and for a pH probe at the top of the glass container). 83 
 84 
2.7. Fill the glass container with high purity (99.999%) argon at a constant flow rate of 20 mL/min 85 
after closing the rubber cover.  86 
 87 



   

2.8. Connect the gas outlet to a gas chromatograph (GC) with a semiconductor hydrogen sensor 88 
(detection limit: 5 ppb). 89 
 90 
2.9. Wait until the gas in the container is replaced by argon. 91 
 92 
2.10. Rotate the triangular, prism-shaped stirrer with two specimens on a magnetic stirrer with 93 
a constant rotating speed at room temperature.  94 
 95 
2.11. Measure the hydrogen generation during the stirrer rotation using the GC, taking one 96 
measurement every 2 min. 97 
 98 
2.12. Measure the pH of the water in the container during the stirrer rotation. 99 
 100 
2.13. Remove the two specimens from the triangular, prism-shaped stirrer by immersion in 101 
acetone with an ultrasonic vibration for 5 min after the FW procedure. 102 
 103 
2.14. Measure the weight and thickness of the specimens again after the FW procedure using the 104 
electric balance and an optical comparator, respectively. 105 
 106 
3. Hydrogen absorption by the FW procedure 107 
 108 
3.1. After the FW procedure, cut a specimen to a rectangular shape of 1 x 5 x 10 mm.  109 
 110 
3.2. Place the specimen inside a quartz tube with a diameter of 10 mm connected to a GC with a 111 
semiconductor hydrogen sensor. 112 
 113 
3.3. Flow high purity (99.999%) argon gas in a quartz tube with a constant flow rate of 20 mL/min. 114 
 115 
3.4. Heat the quartz tube with the specimen using a tubular furnace at a constant heating rate, 116 
200 ˚C/h.  117 
 118 
3.5. Measure the thermal hydrogen desorption of the specimen after the FW procedure using 119 
the GC. 120 
 121 
4. Material evaluation after the FW procedure 122 
 123 
4.1. Carry out tensile tests (at least 3x, to ensure repeatability) in laboratory air with a crosshead 124 
speed of 2 mm/min using a specimen that has been treated by the FW procedure.  125 
 126 
4.2. Measure the tensile properties (e.g., tensile strength, fracture strain) obtained from the 127 
stress-strain curve in the tensile test.  128 
 129 
4.3. Observe the fracture behavior with a secondary electron microscope (SEM) after the tensile 130 
test. 131 



   

 132 
REPRESENTATIVE RESULTS: 133 
Hydrogen generation/absorption by the FW procedure 134 
Figure 2 shows the hydrogen generation behavior during the FW procedure of Al-Mg-Si alloys 135 
containing different amounts of iron from 0.1 mass % to 0.7 mass %. The specimen 136 
continuously emitted a high amount of hydrogen when the stirrer started to rotate. This 137 
suggests that hydrogen was generated by a chemical reaction caused by the friction between 138 
the alloy surface and water. In addition, the pH value of the water during the FW procedure 139 
increased slightly from 6.5–7.5 as shown in Figure 3. The change in pH by the FW procedure 140 
would not affect the corrosive reaction based on the electrochemical diagram proposed by 141 
Pourbaix19.  142 

 143 
Figure 4 shows the TDA results in samples with and without hydrogen charging by the FW 144 
procedure of the Al-Mg-Si alloys. Regardless of the alloy composition of the specimen, the total 145 
hydrogen concentration after the FW procedure increased compared to the original uncharged 146 
state. In all samples after the FW procedure, hydrogen evolution occurred at above 400 °C. A 147 

small peak of hydrogen evolution was also visible around 300 °C400 °C in the hydrogen-148 

charged samples. The hydrogen evolution peak around 300 °C400 °C would be related to 149 
hydrogen trapping by lattice defects, such as dislocations and grain boundaries20,21. The 150 
hydrogen concentration calculated by integrating the hydrogen release rate and the 151 
temperature from 25 ˚C–625 ˚C is shown in Figure 5. It is obvious that the hydrogen 152 
concentration after the FW procedure increased about 4x from the original state. 153 

 154 
Figure 6 shows the comparison of hydrogen concentration between the FW procedure and the 155 
hydrogen charging by pre-strain of 0.1 under a humid air atmosphere with a relative humidity 156 
of 90% in a 0.1% iron specimen. It is also clear that the hydrogen charging by the FW procedure 157 
allowed the introduction of large amounts of hydrogen compared to the charging by pre-strain 158 
under humid air. 159 
 160 
Mechanical performance after the FW procedure 161 
Figure 7 shows the tensile test results of both the hydrogen-uncharged samples and hydrogen-162 
charged samples. A decrease in ductility was observed in the Al-Mg-Si alloy with 0.1% iron just 163 
after the FW procedure. This indicates that the Al-Mg-Si alloy with 0.1% iron shows hydrogen 164 
embrittlement caused by the high amount of hydrogen charging by the FW procedure.  165 

  166 
The fracture morphology of the Al-Mg-Si alloy with 0.1% iron changed to a grain boundary 167 
fracture after the hydrogen charging by the FW procedure, particularly adjacent to the 168 
hydrogen entry side as shown in Figure 8. This indicates that hydrogen atoms introduced by the 169 
FW procedure enhance the decohesion of grain boundaries, which leads to hydrogen 170 
embrittlement, in the Al-Mg-Si alloy with 0.1% iron. 171 
 172 
FIGURE LEGENDS: 173 
 174 
Figure 1: Schematic of the apparatus used in the FW procedure. 175 



   

 176 
Figure 2: Hydrogen generation during the FW procedure. (A) 0.1% Fe, (B) 0.2% Fe, (C) 0.7% Fe. 177 
 178 
Figure 3: Change of pH during the FW procedure. (A) 0.1% Fe, (B) 0.2% Fe, (C) 0.7% Fe. 179 
 180 
Figure 4: Thermal hydrogen desorption analysis of Al-Mg-Si alloys with iron. (A) 0.1 Fe, (B) 0.2% 181 
Fe, (C) 0.7%Fe. 182 
 183 
Figure 5: Hydrogen concentration with and without the FW procedure. (A) 0.1% Fe, (B) 0.2% Fe, 184 
(C) 0.7% Fe. 185 
 186 
Figure 6: Comparison of thermal desorption analysis and hydrogen concentration of Al-Mg-Si 187 
alloys with 0.1% Fe in different hydrogen charging conditions. 188 
 189 
Figure 7: Stress-strain curves of the Al-Mg-Si alloy with 0.1% Fe, before and just after the FW 190 
procedure. 191 
 192 
Figure 8: Fracture surfaces of an Al-Mg-Si alloy with 0.1% Fe. (A) Before and (B) after the FW 193 
procedure, adjacent to the hydrogen entry side. 194 
 195 
DISCUSSION:  196 
One important aspect of the FW procedure is the attachment of the two specimens to the 197 
magnetic stirrer. Because the center of the stirrer bar becomes the non-friction zone, it is best to 198 
avoid the attachment of the specimens at the center of the stirrer bar. 199 

 200 
Control of the rotation speed of the stirrer bar is also important. When the speed is more than 201 
240 rpm, it becomes difficult to maintain the reaction vessel on the stage of the magnetic stirrer. 202 
When the FW procedure is carried out at high speed, fixing the reaction vessel to the stage of the 203 
magnetic stirrer is needed.  204 
 205 
Because the hydrogen charging by the FW procedure is based on the chemical reaction between 206 
water and a non-oxide coated aluminum surface, this is a simple method when compared to 207 
conventional hydrogen charging methods, such as cathodic charging15, pre-strain under a humid 208 
air atmosphere16. A theoretical volume of generated hydrogen is calculated based on the change 209 
of weight in the sample before and after the FW procedure. Also, the FW procedure can introduce 210 
high amounts of hydrogen into aluminum. However, when the time of the FW procedure is longer, 211 
the pH value of water increases. When the pH value of water becomes >10, a corrosive reaction 212 
between aluminum and water may happen16. To prevent the corrosive reaction of the specimen, 213 
the time of the FW procedure should be limited so the pH value of the water solution ranges 214 
from 4–10.  215 

 216 
In the FW procedure, the hydrogen charging is applicable basically to the plate shaped aluminum 217 
and aluminum alloys. The hydrogen charging in the FW procedure is based on hydrogen entry 218 
from one surface of the plate specimen.  219 
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Name of Material/ Equipment Company Catalog Number

Air furnace GC QC-1

Aluminum alloy plates Kobe Steel

Electric balance A&D HR-200

Glass container

Magnetic stirrer CORNING PC-410D

Optical Comparator NIKON V-12B

pH meter Sato Tech PH-230SDJ

Quartz tube 

Rotary polishing machine IMT IM-P2

Secondary electrom microscope JOEL JSM-5310LV

Sensor gas chromatograph FIS Inc. SGHA

Silicon carbide emery paper IMT 531SR

Tensile testing machine Toshin Kogyo SERT-5000-C

Tubular furnace Honma Riken
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Comments/Description

Al/1.0 mass% Mg/0.8mass% Si

Custom made

Custom made

Custom made



7 Nov. 2019 

 

Editor 

JOVE 

 

Dear Editor: 

 

I wish to resubmit a revised paper for publication in JOVE titled “A method of hyderogen 

charging in aluminum by means of friction in water process” The paper was coauthored by 

Hidetoshi Kobayashi.  

 

According to the comments, we revised the manuscript and the figures as follows;  

 

 

1 

a. 1.1 We added the information of test material in the Table of Material. 

b. 1.7/2.13 The name of universal projector is changed into “optical comparator”.  We added the 

information how to use it. 

c. 3.5 We added the information how to perform the thermal desorption analysis.  

d. 4. We explained that each properties are obtained from the stress-strain curves in the test. 

 

2.  

Except for the first appearance of Al-1mass%Mg-0.8mass%Si, we change the name of the alloy 

into Al-Mg-Si alloy. 

 

3. 

a-d 

We modified the mistakes in the Figure as advised. 

 

 

I hope that these corrections and revisions will be satisfactory for editorial comments. 

 

Sincerely, 

 

 

Keitaro Horikawa 

Department of Mechanical Science and Bioengineering,  

School of Engineering Science, Osaka University 

13 Machikaneyama, Toyanaka 560-8531, Japan 

+81-6-6850-6201 

horikawa@me.es-osaka-u.ac.jp 
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