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NEW METROLOGICAL SUPPORT FOR MEASUREMENTS
OF THE CONCENTRATION OF HYDROGEN IN SOLID SAMPLES

L.A. Konopel’ko,! A. M. Polyanskii,> UDC 006.91:620.11:006
V.A. Polyanskii,3 and Yu. A. Yakovlev®

Specifications for methods of measuring the concentration of hydrogen in solid samples are analyzed.
Multiple discrepancies in the results of comparisons of modern standard samples from different manufacturers
are found experimentally and the probable source of these discrepancies is the method used to heat and melt
samples in a carrier gas flow for the measurements. It is concluded that this method is unsuitable for
metrological support of measurements of the concentration of hydrogen in structural materials, since the
metrological characteristics of these means of measurement do not meet the requirements for safe operation
in the modern economy.
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Hydrogen is the most “dangerous” element in the composition of structural materials. Its molecules are highly mo-
bile and are redistributed among the local zones of the material by diffusion. The main distinction of hydrogen as an impurity
is the very low amount of it in structural materials compared to other impurity elements. The concentration of hydrogen in
aluminum alloys and ultrahard steels is typically less than one part per million by mass. Thus, in aluminum alloys, a hydrogen
concentration of 0.1 ppm means that there is roughly one H, molecule per million Al atoms. It has been found by experiment
and mathematical analysis that a factor of two excess in the hydrogen content leads to loss of mechanical stability and fracture
of a material [1]. Hydrogen is often the major cause for fracture; for example, up to 80% of fractures in oil vessels are asso-
ciated with a heightened concentration of hydrogen.

Despite the catastrophic consequences of a heightened concentration of hydrogen (rapid brittle fracture, cold brittle-
ness, explosions in gas pipelines), there is no unique metrological system for measuring the concentration of hydrogen. We
consider two major problems with metrological support of measurements in this area: there is very little hydrogen, so highly
sensitive means of measurement are necessary, and the reproducibility (convergence) of the results of analytic measurements
employing different means of measurement should lie within twice the measurement error.

Metallurgists first encountered the destructive influence of hydrogen about 150 years ago. Since then, the task of
reducing this influence has been approached in almost every stage of technological development, beginning with high-quality
rolling (Krupp’s disease) and ending with the production of modern ultra-high durability steels, titanium, and aluminum-mag-
nesium alloys. The maximum permissible (critical) hydrogen concentrations in a solid sample over the last 100 years have
fallen by roughly a factor of 100, from 10 to 0.1 ppm or even 0.05 ppm for certain special aluminum alloys. At present, be-
cause of the low “norms” for the hydrogen concentration, these values can be doubled by the amount of moisture present in a
cooling steam—gas mixture during rolling or by atmospheric humidity during welding of metals. Thus, technical monitoring
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is needed during the fabrication stage of ingots and castings, as well as during the subsequent stages involving rolling and
forging [2—4]. The new measurement methods must provide reliable determinations of the hydrogen content in different ma-
terials, ranging from metals and alloys to semiconductors and nanostructured materials.

Hydrogen in solid samples can be subdivided into several groups with different binding energies ranging from 0.2 to
2 eV [5-13]. This fact is not taken into account in the existing classification. Diffusively-mobile and bound hydrogen are
distinguished in steels. Various means of measurement exist for determining the concentration of diffusively-mobile hydro-
gen. But there is no base of standard samples for testing these means of measurement. In addition, there is no definition at all
of diffusively-mobile and bound hydrogen, or an indication of how they differ from the diffusive hydrogen described in the
standard of Ref. 14. For alloys of titanium, nickel, magnesium, and steels, the total hydrogen content is normalized. Two
groups of hydrogen are distinguished in aluminum alloys according to the standard of Ref. 15: surface and dissolved. Here
only the amount of dissolved hydrogen is normalized.

One of the most acute problems in modern metallurgy is the large fraction of secondary metals used in the production
of alloys, which leads to a substantial increase in the hydrogen concentration in the finished product. Today, the raw material
for steels from the major producer of ferrous metals (China) contains a high percentage of scrap metal. The European Union
has issued a directive on the complete utilization of secondary metals in its territory by 2025. This means that the fraction of
scrap metal in the raw material for steel production in Europe may reach 70% (with a current norm of no more than 7-8%).
Because of the exhaustion of ore deposits, the fraction of secondary metal in some refractory alloys has already reached 100%.

The question of matching means of measurement with standards documents is decisive in ensuring the military and
economic security of Russia. In the State Registry of Means of Measurement of the Russian Federation there are only three
standard samples for hydrogen content in the list of available alloys out of a thousand designations. It is necessary to create a
new metrological system for support of measurements of the concentration of hydrogen in solid samples over a short time and
at a high scientific level.

Results of experimental studies. There are three major methods for measuring the concentration of hydrogen in
solid samples: spectral; rapid heating or melting of a sample in a carrier gas flow; and vacuum heating and vacuum melting.

The spectral method is based on detecting the emission intensity of a small part of a solid sample during electrical
breakdown of a gas located between the sample surface and an electrode. Hydrogen lines can be found by analyzing the emis-
sion spectrum. The sensitivity of this method is limited to hydrogen concentrations at a level of about 1 ppm. This level is an
order of magnitude greater than the permissible concentration in modern materials, including in the aerospace industry (ex-
cept for a number of titanium alloys). In addition, the hydrogen content is determined within a thin surface layer of the sample
with a thickness on the order of 100 wm, and a representative sample for technical monitoring of most alloys must have a mass
of several grams [15].

Vacuum heating and vacuum melting were the first methods for measuring the amount of hydrogen in solid samples.
The important advantage of these methods is their “purity.” There is very little residual gas in the evacuated volume of the ex-
traction system. Even if all of the residual gas were hydrogen, it could not seriously distort the measurement results since a rep-
resentative sample contains on the order of 1 mm> hydrogen under standard conditions. When the hydrogen extracted from a
sample enters a high vacuum, its volume increases to 1 m?>. This volume is a thousand times the volume of an actual measurement
vacuum system. The pressure in the vacuum chamber increases by roughly an order of magnitude and during pumpdown to the
original pressure, it is possible to determine the amount of extracted hydrogen exactly (with an error of +£10%). During the 1930s,
a technique was developed for extracting hydrogen in a vacuum for all the main structural materials, including steels. The total
amount of hydrogen is determined by vacuum measurement techniques based on a calibrated volume and pressure increment
(volumetric method) or on the use of a mass spectrometer with integration of the time dependence of the hydrogen flow.

The need for technical monitoring in factory laboratories means that vacuum measurement techniques have been
completely displaced by “fast” methods, where a sample is heated or melted in a carrier gas flow at atmospheric pressure and
a hydrogen analyzer (e.g., LECO (USA) or its European analogs) is used. The fraction of these means of measurement in
factory laboratories has gradually reached 99%. The major advantages of the “fast” methods are that the concentration of
hydrogen is measured at atmospheric pressure and the analysis time is an order of magnitude less than with vacuum methods.
The crucible with the heated sample is placed in a flow of spectrally pure argon or nitrogen (carrier gas). Contactless heating
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TABLE 1. Results of Interlaboratory Comparisons of Standard Samples of Hydrogen Content Using Different Analysis Techniques

Hydrogen concentration in sample, ppm

Type of steel in sample . Measured in a carrier gas Vacuum-heating method for four
Certified value #
flow samples
12Kh18N10T, heat treated 1.15+£0.20 1.15+£0.25 0.42 +£0.025
AISI 304 with 5-um-thick galvanic coating of Ni 5.40 £0.40 540+0.10 2.74 £0.140
12Kh18N10T with 5-um-thick galvanic coating of Ni 6.80 £0.50 6.80 £0.10 5.50 £0.300
" Results based on data from 5-10 laboratories.

TABLE 2. Results of Comparisons of Standard Samples of Hydrogen Content

Concentration of hydrogen in sample, ppm
Type of steel in sample (firm)
Certified value Vacuum-heating method for four samples
ARM (Voest Alpine AG) 1.0+£0.2 0.50 £0.03
BRM (Voest Alpine AG) 1.0+£0.2 047002
CRM with 10-um-thick galvanic coating of Zn (Voest Alpine AG) 20+03 0.80 £0.05
GSO 8447-2003 steel 501-529 (LECO) 6.1+03 6.01+£0.36
GSO 8448-2003 steel 762-747 (LECO) 1.8+£04 1.71 £0.10

by radio-frequency (rf) pulses takes place in a graphite crucible. Hydrogen released from the sample is mixed with the carrier
gas and passes through a sorption filter to remove contaminants and then enters the measurement cell. It is assumed that hy-
drogen is not sorbed on the sorbent or the harmful impurities trapped in it, and does not enter into chemical reactions with
them. The operating principle of the measurement cell is based on the difference (by an order of magnitude) in the heat trans-
fer coefficients of hydrogen and the carrier gas. The measured quantity is the difference in temperature between two heated
filaments, one of which is in the flow of carrier gas and hydrogen, while the other is in a flow of pure carrier gas. Almost any
impurity (metal vapor, halogens, water) produces contamination of the heat transfer surface of the spiral, so it is impossible
to work without a sorbent. Aviation alloys contain significant magnesium and lithium impurities. The vapors of these metals
even penetrate through the sorbent and gradually contaminate the surface of the spiral, so that the measurements are system-
atically distorted.

“Fast” analysis techniques are widely used in interlaboratory comparisons of the existing standard samples and for
developing new ones. Thus, in 2014, 20 laboratories participated in international comparisons of standard samples of hydro-
gen in various chemical compositions. 19 of the laboratories used a “fast” analysis technique in a carrier-gas flow and only
one (NPK EPT) used the vacuum heating method. A comparison of the vacuum and “fast” methods revealed substantial dis-
crepancies in the measurements for the same standard samples. The vacuum-heating measurements were made with an AV-1
mass spectrometric hydrogen analyzer which underwent tests at VNIIM and is included in the State Register of Means of
Measurement of the Russian Federation. The other participants in the comparisons (laboratories and manufacturers of stan-
dard samples) used a method of heating and melting in a carrier gas flow. The hydrogen content was determined using LECO
(USA) and Bruker Elemental (Germany) analyzers. The results of the comparisons are listed in Tables 1 and 2.

Besides the reference sample (SO) steels, standard samples of pure titanium from the LECO company (LECO SDS
00500 PN 502-024, which are not included in the State Register of Means of Measurement of the Russian Federation) were
also compared. The measurements using the vacuum-heating method agree to within the confidence interval, with an average
value for the hydrogen concentration of Q = 16 ppm measured by other participants in the comparisons.
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The AV-1 hydrogen analyzer was calibrated using a GSO (national reference material) composition for a type 1201
aluminum alloy (SO-0, GSO 6007-91, type certificate No. 1723) with a certified hydrogen content of Q
confidence interval of 2A

=0.18 ppm and a

cert

conf = 0.02 ppm.

Discussion. The observed discrepancies in the measurements (see Tables 1 and 2) could be explained by calibration
error, but the convergence of the measurement results with the certified value for the national reference material from LECO
(see rows 4 and 5 of Table 1) and the titanium samples from LECO (Q = 16 ppm) conflicts with this conclusion.

The vacuum-heating method can be used to measure hydrogen flows from a heated sample for tens of hours, until
the hydrogen flow reaches the background level. The maximum temperature for extraction of hydrogen in vacuum for titani-
um and steel samples is 900°C. This value is high enough for complete extraction of hydrogen from solid and nanostructured
samples [16—-19].

In the standard of Ref. 20, it is shown that for complete removal of hydrogen from some types of steels it is necessary
to use melting at temperatures of 1600—1900°C. But at these temperatures there will be active dissociation of water and hy-
drogen-containing compounds present in the carrier gas in amounts comparable to the amount of hydrogen in a sample with
a mass of 2-5 g. In addition, water and hydrocarbons adsorbed on the inner surfaces of the extraction system will be dissoci-
ated and become a source of additional fluxes of hydrogen. The evaporation of zinc and nickel from galvanic coatings on
steels can also lead to the release of hydrogen inside the sorbents from substances adsorbed on them. This easily explains the
much higher measured hydrogen concentrations in steels with coatings that are observed when heating and melting methods
are used in a carrier-gas flow [16].

Recent studies show that the discrepancies in the hydrogen concentration are especially high for comparisons of
samples with certified hydrogen contents below 1 ppm [16, 21, 22]. Thus, a fivefold divergence in these values has been ob-
tained [16] for samples with concentrations of 2—6 and 0.6 ppm. Here, all the measurements were made with analyzers from
LECO by heating in a flow of carrier gas. Presumably, the main source of these large discrepancies is the technique for heating
the samples during the analysis process [21, 22].

In measurements with the vacuum technique, the analytic section of the extractor with the sample to be analyzed is
fully heated to the extraction temperature. This makes it possible to keep the sample at the specified temperature for an arbi-
trary time. The carrier gas, however, cannot be heated to a high temperature (the analysis method in a carrier gas flow) since
this leads to distortions in the readouts from the thermal conductivity cell. This makes it necessary to use remote rf heating in
which only the crucible with the sample is heated. In order to reduce thermal losses owing to convection, heat transfer, and
diffusion, a powerful but short duration heating pulse is used. The carrier gas is at room temperature and a flow of this gas
around the crucible cools the sample more rapidly, especially in the 700-200°C range. Hydrogen that is unable to diffuse
outward from the sample volume within 3—5 min after heating is not extracted; this leads to large errors in the measurements
as well as in calibrating the hydrogen analyzer.

We note that the amplitude, duration, and number of rf heating pulses are arbitrarily adjustable parameters. For ex-
ample, the company’s setting for the LECO analyzer in studies of aluminum alloys involves the use of a single pulse. In
practice, two-pulse heating is used in domestic laboratories.

It can, therefore, be said that the method of heating and melting a sample in a carrier gas flow and the apparatus for
this method are not suitable for the development and certification of standards, or for the measurement of relatively low hy-
drogen concentrations in alloys. The result of the measurements depends on many unstable factors. In addition, heating by rf
pulses requires special adjustment for samples of a given type in order to obtain convergence of measurements in samples
with approximately the same composition but different concentrations of hydrogen. The measurement results are also affected
by the number of times the crucible is reused and by the mass ratio of the crucible and sample [16].

Conclusion. Measurement of the concentration of hydrogen in solid samples is a most important form of technological
monitoring for ensuring the quality and operational safety of machines and equipment. Nevertheless, at present the necessary
base of standard samples, consistent terminology, and means of measurement do not exist to guarantee reliable measurement
results. Standard systems for primary testing of means of measurement and standards for hydrogen content are also lacking.

An analysis of experimental data shows that vacuum techniques for measuring the concentration of hydrogen can
provide reliable results and have minimal systematic errors. The use of vacuum techniques ensures a measurement accuracy
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that is sufficient for detection of levels of hydrogen concentration in solid samples that exceed the critical levels by a factor

of two. New standards documents and standard samples have to be developed for these techniques.

Hydrogen analyzers based on the method of heating and melting in a carrier gas flow must be eliminated, especially

since the imported instruments of this type and the standards documents for most applications of this method were developed

decades ago and do not correspond to the level of current data obtained by domestic and foreign specialists.

This work was supported by the Russian Foundation for Basic Research (Project Nos. 15-08-03112-a and

17-08-00783-a).
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