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a b s t r a c t 

Deuterium retention and detrapping behavior in the ferritic-martensitic steels EUROFER’97 and P92 after 

exposure to plasma at high fluences ≥ 10 26 D/m 2 was studied using thermal desorption spectroscopy 

(TDS), supported by nuclear reaction analysis. Low-temperature irradiation at 450 K and fluences ≥

10 26 D/m 2 with low impact energy D + / D + + He + ions of 40 eV at PSI-2 resulted in a deuterium inventory 

of 7–18 × 10 19 D/m 2 predominantly at depths ≥8.6 µm. Helium admixture led to a reduction of total D 

retention in both steels, irrespective of surface erosion and composition. The deuterium spectra of both 

steels displayed one D 2 desorption peak at ∼ 540–570 K and HD maxima at 540–590, 700–730 and 900–

930 K. It is suggested that deuterium is mostly retained in the bulk of steel material on interfaces of 

carbide precipitates and on grain boundaries. 

© 2017 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 

Introduction 

In the last few decades, special steel grades have been devel- 

oped on a pilot plant scale to fulfill strict long-term safety and 

environmental requirements for wall materials in controlled ther- 

monuclear fusion in tokamak devices. These are reduced-activation 

ferritic-martensitic (RAFM) steels with about 8–11 wt.% chromium 

Cr and ppm low impurity traces, to accommodate the higher neu- 

tron energy in fusion reactors [1–6] . RAFM steels are proposed as 

structural materials for fusion reactors due to their good mechani- 

cal, corrosion and degradation properties, which were studied un- 

der realistic conditions, close to those of ITER and DEMO reac- 

tors [7,8] . It is known that hydrogen incorporation into the bulk 

alloy material significantly deteriorates the mechanical properties 

of steels [9–12] . Inventory control of hydrogen isotopes (especially 

radioactive tritium) in thermonuclear fusion reactor walls ensures 

safe operation and strongly influences the choice of plasma-facing 

materials (PFM) [13] . Later, the use of RAFM steels as PFM for the 

first wall as an alternative to tungsten (W), which was suggested 

for extreme conditions, is considered in recessed areas with lower 

heat, ion and neutron loads [14] . 

Among several candidate RAFM steels, the European grade EU- 

ROFER’97 was proposed for full code qualification to be used in 
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the EU’s test blanket modules for ITER on the basis of its test per- 

formance [15] . Besides low traces of impurity elements and ben- 

eficial alloying additives, EUROFER’97 contains 1.06 wt.% tungsten 

(W), which as a heavy element is believed to enrich at the sur- 

face due to preferential sputtering of lighter constituents during 

plasma exposure [16] (for the full elemental composition see [1] ), 

thus reducing surface erosion. Due to the as yet limited availabil- 

ity of EUROFER’97, its sputtering behavior was approximated us- 

ing an industrial ferritic-martensitic (FM) steel grade P92 [17] , as 

both grades are similar with respect to major elemental compo- 

nents and phase structure [18] . 

Since the application of steel for the first reactor wall is limited 

to recessed areas with lower heat and plasma flux as compared 

to tungsten under normal operation conditions, helium concentra- 

tion is considered to be an important factor which may affect hy- 

drogen retention in the wall material. A number of studies on H 

( 1 H), D ( 2 H) and T ( 3 H) isotopes in EUROFER’97, and also in com- 

parison with other RAFM steels (F82H, RUSFER), have already been 

performed with electrochemically charged gas- and plasma-loaded 

samples [19–27] . Some of these studies demonstrated the advan- 

tageous behavior of RAFM steel EUROFER’97 in terms of hydro- 

gen retention as compared to oxide-dispersion-strengthened (ODS) 

steel and W [21,22,24] . A recent detailed study by K. Yakushiji and 

co-workers addressed D retention dependences on temperature 

(500–818 K) and He admixture (0.5% in ion beam) for F82H RAFM 

steel at 1 × 10 24 D + /m 2 irradiation fluence [28] . In our present 
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experimental work, we examine for the first time deuterium (D) 

retention in RAFM steel EUROFER’97 after plasma exposure in PSI- 

2 [29] at high fluences ≥ 10 26 D/m 2 focusing on a comparison with 

simultaneously exposed FM industrial P92 steel grade, tungsten 

(W) and iron (Fe) as reference materials. The aim of the study was 

to find a correlation between varying helium admixtures, the re- 

sulting surface microstructure, and deuterium retention in terms 

of integral values and trapping states. 

Materials & methods 

FM steels in this study are represented by RAFM EUROFER’97 

(hereinafter EU’97) and P92 steel grades with 1.06 and 1.75 wt.% W 

(0.3 and 0.5 at.%; hereinafter W concentration is given in at. % as a 

bulk element component). High-purity polycrystalline W (99.96 wt. 

%, Plansee) and ARMCO pure iron Fe (99.9 wt. %) are used as ref- 

erence materials. All samples had surface areas of 10 ×10 mm 2 ex- 

posed to the plasma and were 3.5 mm thick. Polished to a mirror- 

like finish (R a ∼15 nm) and outgassed at 500 °C (for steels - below 

austenitic transition, also Fe) / 10 0 0 °C (W), in the linear plasma 

device PSI-2 samples were simultaneously subjected to D + and 

D + + He + plasmas (fraction of He ions of 0, 5, 10% (measured by 

optical spectroscopy), T e = 10 eV) at surface temperatures T – 450 K, 

plasma fluxes of 4–6 × 10 21 D + ·m −2 s −1 and impact energy of D + 

ions of 40 eV (target bias −65 V). The total ion fluences reached 1–

1.6 × 10 26 D + /m 2 , while the total pressure (D 2 + He) was kept con- 

stant in all experiments. The sample surface temperature was con- 

trolled by a type-K thermocouple and an infrared (IR) camera with 

InSb detector. The base pressure in the exposure chamber was be- 

low 2 ·10 −7 mbar. 

Surface morphology, microstructural changes in the subsurface 

and elemental composition were investigated by scanning elec- 

tron microscopy (SEM), by cross-sectioning with the focused ion 

beam (FIB) technique and by energy-dispersive X-ray spectroscopy 

(EDX), all coupled in a Carl Zeiss Crossbeam 540 apparatus. Nonde- 

structive determination of D content up to a depth of 8.6 µm and 

elemental surface and bulk composition were performed by nu- 

clear reaction analysis using 1.4 and 4.5 MeV accelerated 3 He + ion 

beams and Rutherford backscattering spectrometry (NRA/RBS) with 

data evaluation by the SIMNRA program [30,31] . The apparatus had 

a dE/dx sensitive two-detector setup with a 10 µm foil 1.5 mm in 

thickness and 15 msr for protons and a bare 0.1 mm thickness and 

5 msr detector for alphas. The NRA depth profiles are evaluated 

in a 2-layer approximation, where the first layer represents 0 to 

0.2 µm via 1.4 MeV 3 He + (in W) and the second layer represents 

0.2 µm to the final measurement depth via 4.5 MeV 3 He + consider- 

ing everything after the first resolution point. The protons from the 

D( 3 He, p) 4 He reaction were counted energy resolved. The product 

energies are correlated to a depth of origin using the implementa- 

tion of stopping power of SIMNRA. Due to the limits of energy res- 

olution, straggling and counting statistics, the integration of pro- 

tons was performed only for the 2 depth ranges. The resolution 

for the W enrichment derived from RBS is about 35 nm. The total 

amount of retained D (as D 2 +HD) was measured by thermal des- 

orption spectroscopy (TDS) at 10 −8 mbar base pressure in a quartz 

tube. Implanted D 2 and He were differentiated by a high-resolution 

quadrupole mass spectrometer (QMS). This QMS, Microvision-IP 

from MKS Instruments, with a mass range of 1–6 amu, is able to 

distinguish between 4.028 amu (D 2 ) and 4.0026 amu (He) masses. 

The QMS was calibrated by the standard calibration leak method 

for D 2 , H 2 , He and HD, separately for each gas (HD averaged be- 

tween D 2 and H 2 ). The temperature during TDS runs was con- 

trolled by a type-K thermocouple placed in vacuum near the sam- 

ple and a PID control unit with a heating rate of 0.2 K/s. A number 

of TDS experiments with spot-welded thermocouples for each type 

of material (both steels, Fe, W) were carried out to improve mea- 

Fig. 1. SEM images of original EUROFER’97 (left) and P92 (right) steel surfaces (at 

5 kV voltage). 

surement accuracy, so that the temperature was registered directly 

at the sample surface. Later, all the temperature curves of the ‘vac- 

uum’ thermocouples were replaced by the spot-welded tempera- 

ture curves as this provides more accurate temperature monitor- 

ing. Desorption rates and integral values are given in D atoms 

(D ·m −2 s −1 and D/m 2 , respectively). The time gap between expo- 

sures and measurements was more than one week. 

The original surface morphology of the steel samples is shown 

in Fig. 1 . Both steel grades exhibit a polycrystalline grain structure 

of ferritic-martensitic steels, which is well documented in the lit- 

erature [32,33] : EU’97 samples have rather fine grains (0.5–2 µm) 

as compared with the strongly pronounced martensitic elongated 

grain geometry of P92 steel (e.g. 10 µm). Pure Fe displays large 

grains of about 40–50 µm size. Pure W has a polycrystalline struc- 

ture with grains oriented perpendicular to the surface. 

Results & discussion 

As documented by SEM, after all plasma exposures had been 

completed the surfaces of both steels and also the iron samples 

demonstrated a similar porous structure (see Figs. 2 and 3 ). The 

introduction of helium by mixed exposure (with 5 and 10% He) 

to deuterium plasma intensified the sputtering process of steel 

(and iron) samples ( Fig. 2 , bottom row and Fig. 3 , left): initially 

smooth grain planes turned to eroded rough surfaces with straight 

coral-like structures (sharp grass-like in D + -plasma, roundish in 

D + + He + -plasmas). Upon exposure to high fluence plasma the W 

samples displayed rough surfaces (see Fig. 3 , right) as a sign of 

sputtering. In Fig. 4 , it can be seen that the grain boundaries of 

the steels are decorated by some protrusive entities. Their height 

is about 350 nm, while the average height of the main matrix pro- 

file is about 150–210 nm. As presented in Fig. 5 , EDX mapping of 

exposed surfaces showed that on eroded steel surfaces chromium 

carbide precipitates (as well as tantalum and tungsten) were visi- 

ble along grain boundaries. 

According to RBS characterization (see Table 1 ), the exposed 

surfaces of EU’97 and P92 steels were enriched with W (up to 

6 and 7.6 at. %, ∼ 20-fold as compared with initial values of 0.3 

and 0.5 at.% respectively, given in Materials and Methods ) and with 

molybdenum (up to 5 and 12.5 × 10 19 m −2 ), and the enrichment 

correlated well with the increase of the He content in D plasma. 

The surface of the Fe samples was also covered with W (1.2 at. %) 

and Mo (up to 2.2 × 10 19 m 2 ), probably coming from sputtered W 

sample mask and Mo anode of the plasma source, respectively. 

This process is unavoidable. A factor 2 in the Mo deposition on 

Fe and EU’97 is within typical spans for PSI-2 samples at different 

sample positions, probably due to slight misalignments. Influence 

of slight sample temperature difference due to different thermal 

conductivity or magnetic field is not excluded. In order to differ- 

entiate the original W in both steels (increased due to preferen- 

tial sputtering) from the deposited W, the values measured for the 

steels and the iron samples can be subtracted. 



650 Y. Martynova et al. / Nuclear Materials and Energy 12 (2017) 648–654 

Fig. 2. SEM images of FIB cross-section before and after plasma exposure for steel EU’97 (P92: similar, not shown): upper row – exposure in pure D + , bottom row - 

in D + + 5% He + . Image sequence: unexposed, exposed, exposed at doubled magnification. Horizontal notches serve as marks for visual inspection of material sputtering. 

Hereinafter at 3 kV voltage. 

Fig. 3. SEM images of iron (left), tungsten (right) after exposure to mixed D + + He + 

plasma. 

Fig. 4. Typical SEM images of eroded surface profile of P92 steel (EU’97 similar, not 

shown). 

As documented in Table 1 , NRA characterization revealed quite 

low values of D retention, especially in the steels and the iron sam- 

ples ( � D NRA around 2 ·10 19 D/m 2 , error 1 × 10 18 D/m ²). This ob- 

servation is not in line with preferred D distribution in the near- 

surface region reported in [24] . 

According to the integration of the TDS spectra obtained, the 

total D retention was typically 2–5 times higher compared to the 

NRA data. This means that about 20–50% of the retained D is at- 

tributed to the first 8.6 µm detected by the NRA method, indicat- 

ing a much deeper diffusion of D during exposure. A similar (but 

temperature-dependent) discrepancy between TDS and NRA mea- 

surements was recently reported in a comparative retention study 

for EUROFER’97 and F82H RAFM steels [23] . In our work, several 

trapping sites were observed in all materials. The low retention in 

steels can be attributed to fast deuterium diffusion and the low 

density of strong trapping sites as compared to W. As shown in 

Table 1 (column “He (TDS)”), after exposure to mixed D + + He + 

plasma, the steels and iron accumulated substantial amounts of 

He (in 10 20 D/m 2 range) as compared to tungsten (in ·10 19 D/m 2 

range). 

As presented in Fig. 6 , the desorption of deuterium implanted 

in EU’97 samples exhibited one D 2 peak (or a number of over- 

lapped peaks located very close to each other) at ∼ 560 K. This is 

completely in line with the available data on hydrogen retention 

(H) in EU’97 for electrochemically charged and plasma-charged 

samples where only one trapping state was registered [21,22] . A 

definite similarity in D (H) release was found by comparing EURO- 

FER’97 with other RAFM steels, e.g. F82H and RUSFER [3,34,35] . In 

spite of outgassing before exposure, the presence of residual hy- 

drogen, trapped in the steel from the production process, resulted 

in significant deuterium losses as HD, with broadened overlapped 

peaks (combination of TDS profiles of D 2 and H 2 ) at about 540–

570 K, 730 K and 900 K. He admixture led to a substantial increase 

of the low-temperature peak in the HD profile, with a correspond- 

ing decrease of the D 2 peak and slight reduction of the integral 

deuterium retention (D 2 + HD, see Table 1 ). It is interesting to note 

that for fluence-dependent comparative studies between EUROFER’ 

97 and F82H (with fluences ≤ 10 25 D/m 2 of pure D, with biased 

samples) lower retention values at about 1 × 10 19 D/m 2 were re- 

ported for EUROFER’97; in the study deuterium retention was mea- 

sured by NRA only [23] . In our work an increase of He concentra- 

tion up to 10% resulted in almost complete suppression of molec- 

ular D 2 release. 

As shown on TDS profiles in Fig. 7 , the release of trapped deu- 

terium (both as D 2 and HD) from P92 steel appears similar to 

that from EUROFER’97 ( Fig. 6 ). In general, similar desorption peaks 

were found for D 2 at ∼ 540 K, and for HD at about 550–590 K, 

700–730 K, 840 and 930 K. With increasing He admixture, the pro- 

gressive suppression of molecular D 2 release and decrease of HD 

formation were observed for P92 samples. However, the integral D 

retention (see Table 1 ) was on average twice as high in P92 sam- 

ples at comparable He % than in EU’97 material: 8–18 × 10 19 D/m 2 . 

To the best of our knowledge, no data are available on TDS ex- 

periments with hydrogen isotopes implanted in P92 steel by any 

method (gas, ions, electrochemically) in the literature, since the 

influence of hydrogen on industrial steels is always discussed in 

terms of tensile tests. Therefore, it is not possible to refer to any 
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Fig. 5. Typical EDX elemental mapping of EU’97 plasma exposed surface. 

Table 1 

Elemental analysis by NRA/RBS and integral retention by TDS ∗ . 

Sample He + , vol. % C O N Mo W [%] D surf. D bulk � D NRA � D TDS (D 2 + HD) He (TDS) �(TDS)/ �(NRA) 

EU’97 0 12 40 20 0 .7 3 .5 0 .8 0 .35 1 .15 7 .01 6 .1 

5 12 40 20 3 5 2 .2 0 .45 2 .65 5 .74 20 .70 2 .2 

10 12 40 20 5 6 2 .1 0 .5 2 .60 6 .00 16 .20 2 .3 

P92 0 12 40 20 3 3 .2 0 .6 0 .58 1 .18 18 .00 15 .3 

5 12 40 20 6 5 .8 1 .6 0 .65 2 .25 10 .40 13 .40 4 .6 

10 12 40 20 12 .5 7 .6 2 0 .45 2 .45 8 .00 19 .50 3 .3 

Fe 0 15 30 0 0 .3 0 .8 0 .07 0 0 .07 3 .91 55 .9 

5 15 30 0 1 .1 1 .2 1 .2 0 .08 1 .28 7 .58 18 .40 5 .9 

10 15 30 0 2 1 .1 1 .6 0 .08 1 .68 6 .42 16 .60 3 .8 

W 0 13 10 10 – – 68 188 256 .00 203 .00 – 0 .8 

5 13 10 10 – – 6 .5 1 .8 8 .30 7 .39 6 .25 0 .9 

10 6 5 10 – – 4 .1 1 .3 5 .40 6 .42 7 .55 1 .2 

∗ all values, except W concentrations, are given in 10 19 atoms/m 2 ; D surf . refers to NRA analysis with 1.4 MeV 3 He + ion beam (depth up to about 200 nm); 

D bulk refers to NRA analysis with 4.5 MeV 3 He + ion beam (depth up to about 8.6 µm). 

Fig. 6. Desorption profiles of D 2 (m / z = 4) and HD (m / z = 3) for EUROFER’97 after plasma exposure. Color codes refer to He + vol. %: black – 0, red – 5, blue (only HD, D 2 
below TDS detection limit) – 10. Hereinafter m/z represents a mass-to-charge ratio of the mass of the detected ion to its electrical charge. For simplicity, m / z are given as 

integers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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Fig. 7. Desorption profiles of D 2 (m / z = 4) and HD (m / z = 3) for P92 after plasma exposure. Color codes refer to He + vol. %: black – 0, red – 5, blue – 10. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web version of this article). 

Fig. 8. Desorption profiles of HD (m / z = 3) for iron (left) and of D 2 (m / z = 4) for tungsten (right) after plasma exposure. Color codes refer to He + vol. %: black – 0, red – 5, 

blue – 10. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 

earlier studies on hydrogen retention in P92 steel. Higher retention 

and slight differences in profiles of P92 may refer to a higher con- 

centration of some alloying elements as compared to EU’97. The 

decrease of the D retention with He admixture to the plasma in 

this study is in line with that observed for F82H RAFM steel by K. 

Yakushiji and co-workers [28] . They suggested that “He implanted 

at the near surface in RAFM steels may reduce the inward pene- 

tration of tritium”. 

The total D retention in the pure Fe samples is comparable with 

that of EU’97 samples (see Table 1 ): the values vary between 3.9–

7.6 × 10 19 D/m 2 . However, detrapped D is represented mostly by 

HD release with no clear correlation to the He admixture, as de- 

picted in Fig. 8 (left). 

In the case of W samples, He admixture to the plasma has 

a much more pronounced quantitative effect on the reduction 

of D total retention as compared to the steel and iron samples 

shown in Fig. 8 (right). The integral retention in W samples af- 

ter pure D exposure was two orders of magnitude higher than 

that of steel and iron samples: 2.0 × 10 21 D/m 2 . Upon the incor- 

poration of He + ions, the deuterium inventory dropped to 6.4–

7.4 × 10 19 D/m 2 . D outgassing in the form of HD was negligible for 

the W material. These results confirm previous investigations on 

PSI-2 [36] . 

In general, the main mechanisms and sites of hydrogen trap- 

ping in industrial and fission plant steels are described well [10–

12,37] . This includes trapping on grain boundaries, point and line 

defects, voids, non-metallic inclusions and Laves phases. One of the 

trapping mechanisms in steels is the accumulation of hydrogen by 

metal carbides, e.g. Fe, Cr, V, Ti, Mo or mixed carbides. They are 

usually incorporated as fine particles in the steel microstructure 

along grain boundaries and form strong C –H bonds on interfaces 

(see overview tables with detrapping energies [38–41] ). A num- 

ber of studies visualized the localization of trapped hydrogen iso- 

topes around non-metallic inclusions by tritium microautoradio- 

graphy (with transmission electron microscopy (TEM)) and atom 

probe tomography (APT) [42–44] . 

Both studied steels possess a considerable amount of Cr as one 

of the major alloying elements. Therefore, in view of the lack of 

experimental data for RAFM steels and EU’97, particularly on the 

mechanisms and visualization of hydrogen retention, it is reason- 

able to apply this available knowledge. If D retention by point de- 

fects in the steel subsurface were to be the case in this work, most 

of the retained D should then be located within the NRA detec- 

tion range (up to 8.6 µm). D trapping on Cr carbide interfaces and 

grain boundaries in the bulk steel material at high fluence plasma 

exposure could be a good hypothesis. 
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This hypothesis needs an additional explanation. At first, it 

seems that the modification of surface morphology affects the ac- 

curacy of NRA results. The NRA evaluation was made assuming a 

flat surface, but studied materials acquired porous surfaces after 

plasma exposure, with quite an inhomogeneous top layer. For D- 

NRA this is irrelevant, as the first resolution point is much thicker 

than this modified layer and cannot be resolved. The NRA errors 

are significant, 25% + 0.1 × 10 15 D/cm ², but still smaller than the 

NRA/TDS ratios derived in Table 1 . Secondly, according to TDS data 

in Table 1 , total D retention in both Fe and EU’97 was compa- 

rable. In the ion influence region (column “D surf” in Table 1 ), 

Fe and EU’97 have similar amounts of D. However, at the greater 

depth, a higher content of bulk carbon and carbides in the steel 

correlates well with the higher D bulk content resolved by NRA 

(column “D bulk” in Table 1 ). In pure iron, hydrogen is predomi- 

nantly trapped at grain boundaries [45–48] . The grain size in EU’ 

97 is smaller than in pure iron, 0.5–2 µm and 40–50 µm, respec- 

tively (see Materials & Methods ), which suggests the presence of 

more grain boundaries in the steel. However, this does not result in 

higher total D retention in EU’97 as compared to Fe. D trapping at 

grain boundaries and at carbide interfaces in FM steels represents 

co-existing mechanisms which do not exclude each other. Trap as- 

signment is usually performed on the basis of detrapping activa- 

tion energies and desorption peaks (see overview tables from [38–

41] ): lowest values are ascribed to grain boundaries, vacancies and 

dislocations, highest - to carbides. 

Summary 

The integration of desorption spectra shows that the RAFM 

steel EU’97 as well as P92 steel retain deuterium in the range of 

10 19 D/m 2 upon simultaneous exposure to low-temperature D + / 

D + + He + plasma with high fluences ≥ 10 26 D/m 2 . D was mostly 

trapped in the material bulk at depths > 8.6 µm, thus demonstrat- 

ing its fast diffusion in the ferritic-martensitic steels studied. 

Steel surface roughening and enrichment with W due to pref- 

erential sputtering is assumed not to play a critical role in total 

deuterium retention after exposure to pure D + or mixed D + + He + , 

at least at such a low energy of the incident ions as 40 eV, since 

implanted deuterium penetrated more deeply than the ion dam- 

age layer. However, it cannot be excluded that surface defects and 

deposits influence the recombination of D and H species to some 

extent during desorption. 

An increase of the He content in the D plasma revealed sim- 

ilarities in D detrapping behavior in both EU’97 and P92 steels. 

He promoted D release via HD, which was formed almost exclu- 

sively, with suppression of D 2 desorption. The integral D retention 

in EU’97 decreased moderately upon He admixture, while for P92 

D retention dropped more than twice as much. The D spectra of 

both steels displayed one D 2 desorption peak and at least three 

HD maxima. High peak values together with an analysis of com- 

mon mechanisms of hydrogen retention in steels allow us to as- 

sume that the grain boundaries and interfaces of Cr carbides may 

serve as D trapping sites. In the case of a lack of EU’97 material, it 

seems reasonable to further model the behavior of this material by 

the exposure of P92 steel. At exposure to mixed D + + He + , D reten- 

tion in W takes place in the near-surface layer and is only formally 

comparable with that of FM steels. 
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