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Abstract 
The present study evaluates the hydrogen induced damage by in-situ hydrogen plasma charging in dual phase 

(DP) steel. Cold deformation of 15% is applied on the material to change microstructural defects, such as 

dislocation density. The susceptibility to hydrogen embrittlement is hence evaluated for two material conditions, 

i.e. DP 0% and DP 15%. Small scale tensile tests are done inside an ESEM chamber for which in-situ hydrogen 

plasma charging is compared with electrochemical hydrogen charging while uncharged samples serve as a 

reference. Generally, the hydrogen effect on the ductility and stress level is increased when deformation is 

applied, due to the hydrogen trapping ability of the deformation induced defects, as confirmed by thermal 

desorption spectroscopy. Complementary in-situ electrochemical nanoindentation tests verify the more 

pronounced hardness increase due to hydrogen when cold deformation is applied. A slightly increased ductility 

loss is observed when the samples are charged electrochemically, although similar tendencies are found for both 

hydrogen charging procedures. These observations are confirmed by the fractographic analysis, where the 

detrimental role of MnS inclusions in the segregation line on hydrogen induced cracking is demonstrated as well. 

1. Introduction  
The presence of hydrogen in steels is well-known to be detrimental for the overall performance and more 

precisely the mechanical properties of the material since ductility decreases and unpredictable failure may occur. 

Consequently, insight in the interaction between hydrogen and the material remains of crucial importance. For 

this purpose, researchers have been selecting different methods to charge a specific material with hydrogen and 

subsequently to compare the material’s behavior before, and during or after this charging procedure. For 

instance, electrochemical hydrogen charging is often applied to evaluate hydrogen trapping, verify the hydrogen 

saturation level (e.g. depending on the applied charging conditions) and determine the hydrogen induced 

damage. Hydrogen induced blisters and internal damage might occur when too severe charging conditions are 

applied. For instance, the appearance of blisters increased with applied charging time and current density, as 

observed by Pérez Escobar et al. [1, 2]. They performed blister mapping of commercial high strength steels, such 
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as a dual phase (DP), transformation induced plasticity (TRIP), ferrite bainite (FB) and high strength low alloyed 

(HSLA) steels. Next to the blister detection, the hydrogen induced cracks were, in the case of DP steel, also 

demonstrated to be linked to MnS inclusions in the segregation line of DP steel. Other examples of 

hydrogen/material interaction studies based on electrochemical hydrogen charging can be found in Refs. [3, 4, 5, 

6]. Another, regularly used, method to charge a material with hydrogen is H2 gas. Gaseous hydrogen charging at 

elevated temperature is for instance a prerequisite to charge incoherent TiC precipitates, as shown by Wei and 

Tsuzaki [7] and Pérez Escobar et al. [8]. It might also be very efficient to charge face centered cubic (fcc) 

materials due to its significantly lower hydrogen diffusivity compared to body centered cubic (bcc) metals. More 

examples can be found in Refs. [9, 10, 11, 12, 13]. Recently, another innovative method was used by Deng et al. 

[14] and Rogne et al. [15]. They used water vapor to charge Fe-Al intermetallic alloys as H2O may react with Al, 

producing both alumina and hydrogen to be absorbed in the matrix. 

Furthermore, also the use of in-situ hydrogen charging has proven to be vital to evaluate the hydrogen induced 

mechanical degradation since due to the high hydrogen diffusion coefficient in bcc steels, an important part of 

hydrogen will have effused from the sample when ex-situ charging would be applied. Hence, the mobile 

hydrogen, assumed to be mostly trapped by dislocations, will not be able to play its detrimental role [16, 17, 18, 

19, 20, 21]. Up to now, in-situ hydrogen charging is either done during high pressure hydrogen gas or under 

electrochemical cathodic hydrogen charging. Both charging methods complicate a possible direct high-resolution 

observation of the sample during deformation by tensile testing. 

To take into account the specific nature of high resolution observation, a novel approach was recently developed 

by Wan et al. [22]. Environmental scanning electron microscopy (ESEM) was combined with small size tensile 

set-up to test the impact of hydrogen on the mechanical deformation. Nevertheless, the fugacity of hydrogen is 

not enough at low pressure in ESEM to have adequate physisorption and dissociation of H2 molecules on the 

material’s surface. A conversion of this H2 gas to hydrogen plasma beforehand increases the hydrogen fugacity 

and makes it possible to evaluate hydrogen embrittlement inside the ESEM. Hence, Wan et al. [22] combined an 

in-situ slow strain rate tensile test together with in-situ hydrogen plasma charging inside an ESEM. A ductility 

loss of about 5% was obtained and fractographic analysis revealed clearly the hydrogen induced brittle features 

on the fracture surface. This type of approach was until recently only a few times considered. Hydrogen glow 

charging was for instance used on single crystals by Narita [23], who demonstrated that this method is able to 

charge the material with hydrogen to evaluate the hydrogen embrittlement sensitivity without damaging the 

sample during charging. On the contrary, a softening in the flow stress of pure iron samples due to hydrogen 

plasma charging was observed by Kimura and Birnbaum [24]. All in all, this methodology offers opportunities to 

have a direct observation during tensile testing while in-situ hydrogen plasma charging is applied. Comparison 

with traditional electrochemical charging on the same material has not yet been performed to verify the effective 

hydrogen effect on the mechanical properties. Therefore, we will use the same established methodology as in 

Ref. [22] in the current work on a DP steel grade.  

This DP steel has been subject of many recent works [25, 26, 27, 28, 29, 30]. The material microstructure, 

consisting of a ferritic matrix with martensitic islands, makes them attractive materials for automotive 

applications due to their good combination of strength and ductility. The typical characteristics are realized by its 

thermo-mechanical processing and the volume fraction of austenitic islands that transform into martensite. The 

strength level is principally dependent on the volume fraction and hardness of the martensite in the DP 
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microstructure. A uniform distribution of martensite showed a slower rate of damage growth in non-hydrogen 

charged conditions, whereas center-lined martensite formation exhibited accelerated void growth and therefore 

detrimental significances [31]. Nevertheless, the significant mechanical contrast between both phases (i.e. ferrite 

and martensite) come with certain risks, i.e. severe strain/stress partitioning, strain localization and damage 

evolution, for instance by martensite cracking. Unfortunately, the risk for these potential issues is even increased 

in the presence of hydrogen.  

The automotive industry is endeavoring to lower vehicle weight in order to diminish fuel consumption and to 

meet the stringent CO2-emission protocols while an increase in strength and stiffness level is also relevant due to 

more stringent safety regulations. Outstanding candidates to accomplish these requirements are advanced high 

strength steels. However, these grades are unfortunately more prone to hydrogen embrittlement. BMW therefore 

even doubts the use of high-strength materials for automotive applications as they point out that steels with a 

tensile strength above 1000 MPa, may fail due to hydrogen embrittlement which impedes the use of the highest 

strength steels for body-in-white applications [32]. Among the advanced high strength steels, DP, TRIP, 

complex phase (CP), HSLA and martensitic steels are the main ones. The hydrogen embrittlement sensitivity of 

these materials was evaluated by Depover et al. [33] and they demonstrated that HSLA steel showed the highest 

resistance to cathodic hydrogen charging till saturation with a hydrogen induced ductility loss of about 8%. The 

present carbides were assumed to play a beneficial role in improving the resistance. DP steel embrittled with 

54%, while TRIP lost 60% of its ductility. DP steel was also subject of another study, where the fractography 

was evaluated thoroughly [30]. The hydrogen penetration depth from the edges, based on hydrogen diffusivity 

laws, was clearly visualized since a transition from a hydrogen induced embrittled zone to a ductile central area 

was revealed exactly at this penetration depth. Koyama et al. [25] investigated the micro-cracking behavior in 

martensite-ferrite DP steels in the presence of hydrogen. They clearly observed that hydrogen influenced 

considerably the damage evolution process. Basically, they concluded that both the hydrogen-enhanced 

decohesion (HEDE) and hydrogen-enhanced localized plasticity (HELP) mechanisms contributed to the damage 

evolution in DP steels leading to an unpredictable hydrogen induced failure. 

The aim of this work is to gain insight in the hydrogen embrittlement behavior of DP steel by observing the 

hydrogen effect by in-situ hydrogen plasma charging. The plasma charging will be compared with conventional 

electrochemical charging and both will be compared with reference tensile tests performed without hydrogen. 

Fractography will help elucidating the obtained hydrogen induced ductility loss and will reveal the impact of the 

different hydrogen charging procedures on the tensile specimen. This comparison will serve as a validation for 

the plasma charging procedure used by Wan et al. [22]. The effect of cold deformation and hence the increase in 

dislocation density is aimed to be assessed, since dislocations are known to play a decisive role in the hydrogen 

embrittlement in specific cases [20, 34, 35, 36, 37, 38]. 

2. Experimental procedure 
Hydrogen induced mechanical degradation of DP600 steel will be studied in this work. Hot and cold rolling was 

done till a final thickness of 1.2 mm, which was followed by subsequent annealing via industrial annealing 

parameters required to obtain the desired microstructure, i.e. a ferrite-martensite combination. The chemical 

composition of the considered grade is presented in Table 1. Deformation of 15% was applied by cold rolling on 

the material in order to increase the dislocation density, because of its relevance in the hydrogen related failure. 
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Consequently, two different conditions are compared with each other: the as-received condition (DP 0%) and the 

cold deformed (DP 15%) condition.  

Electron backscatter diffraction (EBSD) was performed to get a quantitative indication on the increase in 

dislocation density by the applied deformation. The examinations were executed on the transversal direction 

plane. The samples were ground and polished up to 1 µm, followed by an additional step using colloidal silica 

(Struers OPU suspension). This final step was performed long enough to remove the layers affected by polishing 

with coarser particles. The SEM utilized for EBSD measurements was an FEI Quanta 450 with field emission 

gun (FEG). The following settings were applied: acceleration voltage of 20 kV, emission current of 200 µA, 

specimen tilt of 70° and a scan step size of 80 nm on a hexagonal scan grid. In this study, the Geometrically 

Necessary Dislocation (GND) density was calculated by the TSL-OIM Data Analysis V7 software. The GND 

density was calculated using local misorientations below 5° and a second neighbor misorientation averaging. 

Before determination of the GND density, a clean-up procedure of neighbour confidence index (CI) correlation 

was applied. CI quantifies the reliability of the pattern indexation and the minimum was set at 0.1. As such, a 

partition was obtained from which the martensitic islands were removed. Hence, the GND density in the ferritic 

grains could be determined. 

Table 1: Chemical composition of DP600 steel in wt%.  

Material/Element C Mn Si Cr + Mo Other 

DP steel 0.07 1.50 0.25 0.4-0.8 200-250 ppm Al, 10-15 ppm S,  

10-20 ppm P, 15-20 ppm N  

Tensile samples were machined by waterjet cutting with their tensile axis along the rolling direction. A dogbone-

shaped specimen was used with gauge geometry of 5 mm x 2 mm x 0.6 mm, as illustrated in Figure 1. Grinding 

to #4000 emery paper was followed by 3 µm and 1 µm diamond paste polishing. Subsequently, electropolishing 

was done to assure a smooth surface finish without residual deformation. The sides of the samples were grinded 

and subsequently polished as well. The tensile module from Kammrath & Weiss GmbH was used to perform the 

mechanical tests inside a Quanta 650 ESEM. An engineering strain rate of 10-4 s-1 was chosen in order to give 

hydrogen plasma sufficient time for adsorption, absorption and diffusion. Hydrogen plasma charging was done 

using an Evactron Model 25 Zephyr Plasma Cleaner with gaseous H2 as process gas from a hydrogen generator. 

The plasma source was operated at a forward power of 14 W at 13.56 MHz maximum and a reverse power of 0.5 

W. A constant gaseous hydrogen flow rate of 250 ml/min from the hydrogen generator was used as the source 

gas. The pressure in the ESEM chamber was around 40 Pa and the working pressure increased to 80 Pa when 

plasma was excited. These conditions are similar to the ones used by Wan et al. [22]. Vesel et al. [39] measured 

a density of hydrogen atom of about 2.5 × 1021 atom/m3 in comparable plasma formation conditions. This shows 

that atomic hydrogen is the main expected constituent of the plasma in the vicinity of the source. The fugacity of 

dissociated hydrogen atoms will be far above 80 Pa, as reported by Bond et al. [40] and can reach values as high 

as several MPa. According to the conclusions in Ref. [41], hydrogen embrittlement does not occur with 

insufficient hydrogen concentration. Therefore, the hydrogen amount in this work showed to be enough to cause 

hydrogen induced degradation (cf. section 4). Furthermore, the interaction of plasma with the materials happens 

at a location remote from the plasma glow. The surface is thus prevented from heating, contaminating and 

damaging effects. The experimental setup in the ESEM chamber is illustrated in Ref. [22]. Hydrogen plasma 

charging was done for 2 hours and continued during the tensile test. 
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For sake of comparison with a more established conventional hydrogen charging method, tensile tests were also 

performed after electrochemical hydrogen charging. Charging was done in a borax/glycerol based electrolyte 

[42] at a current density of 10 mA/cm2 for 2 hours. After hydrogen charging, tensile specimens were put within 2 

minutes in the ESEM chamber and the same tensile test was performed, without the application of plasma 

charging. Both hydrogen charging procedures, i.e. in-situ plasma charging and electrochemical cathodic 

charging, are compared with tensile tests done without any hydrogen charging. Consequently, the effect of 

electrochemical hydrogen charging, which is well-known, can be compared with the novel hydrogen plasma 

charging procedure. All tests were done under the same vacuum condition in the ESEM. 

 
Figure 1: Tensile sample geometry in mm (thickness = 0.6 mm). 

The effect of both hydrogen charging procedures on the mechanical properties is evaluated by comparing the 

observed stress-strain curves with tensile tests performed without hydrogen charging. The corresponding degree 

of hydrogen induced mechanical degradation was determined as defined in Equation 1, with εch and εun being the 

total elongation of the hydrogen charged and uncharged tensile sample, respectively. Hence, the %HE varies 

between 0 and 1, with 0 meaning that there is no ductility loss and the material is insensitive to HE. When an 

index of 1 is obtained, the ductility drop is 100% and HE is maximal. 

 

(1) 

Complementary in-situ electrochemical nano-indentation tests were done to evaluate the hydrogen effect on the 

hardness of the materials. Hence, the impact of the modified dislocation density on the nanomechanical response 

could be assessed. These tests were done using a Hysitron TI 950 TriboIndenter® system with an integrated 

small-size electrochemical cell. Detailed information about the electrochemical cell integrated into the nano-

indenter device can be found in [5]. The sample surface was prepared by grinding and polishing to 1 µm, 

followed by subsequent electropolishing, similarly as for the tensile specimens. The in-situ nano-indentation 

tests were done after cathodic charging in the same borax/glycerol solution and were compared with indents 

done in air. A conical indenter tip was used for the nano-indentation. The used load function consisted of a 

loading segment with a 8000 µN/s loading rate and a 0.5 s holding time at peak forces of 2000 µN and 2750 µN. 

The unloading rate was also at 8000 µN/s. The surface was always imaged using scanning probe microscopic 

imaging before and during charging to assure that the surface roughness remained intact upon charging, ensuring 

reliable nanomechanical data. The measured load-displacement curves were analyzed to extract the hardness 

[43], as given in Eq. 2. Pmax is the maximal applied load, while Ac is the projected contact area evaluated from 

the contact depth and the tip area function.  

� � ����
��

 
(2) 

Further characterization on the amount of charged hydrogen was only done for the electrochemically charging 

condition, due to practical reasons. Thermal desorption spectroscopy (TDS) was first done to identify both the 

%�
 � 100 ∙ �1 − ��ℎ
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hydrogen trapping sites and their corresponding activation energy. Therefore, three different heating rates were 

used (200°C/h, 600°C/h and 1200°C/h). The samples were analysed about two minutes after hydrogen charging, 

similarly as the tensile tests. To determine the activation energy (Ea) of hydrogen traps related to the peaks 

observed in the TDS spectra, the method based on the work of Lee et al. [44, 45, 46] was used. Equation (3) is a 

simplification of the original formula of Kissinger [47], where Φ is the heating rate (K/min), Tmax (K) the TDS 

peak temperature, Ea (J/mol) the detrapping activation energy for the specific H trap associated with Tmax and R 

(JK-1mol-1) the universal gas constant. After TDS measurements were performed using different heating rates, 

the spectra were deconvoluted and the corresponding peak temperatures for a trap were determined. Plotting 

ln(Φ/Tmax
2)) vs. (1/Tmax) allows to obtain the Ea corresponding to that specific trap. 

 

(3) 

Additionally, hot extraction was performed to determine the hydrogen content. The samples were analysed also 

about two minutes after hydrogen charging and the measurements were done at 300°C to determine the 

diffusible hydrogen content, similarly as in our previous work. The system comprises an infrared furnace in 

which a pre-weighted sample is heated. At this temperature, the metallic sample is heated and releases its 

hydrogen  as gaseous H2. The latter is taken up by a nitrogen flow and the mixture (N2–H2) is sent to a thermal 

conductivity measuring cell. The thermal conductivity of the mixture depends on the H2 concentration because 

of the significant difference in conductivity of H2 and N2. The software calculates the hydrogen concentration of 

the sample based on the thermal conductivity variation and appropriate calibrating.  

3. Materials characterization 
The as-received DP600 steel is a ferritic-martensitic dual phase steel with approximately 23.6% of martensite. 

The corresponding grain sizes were about 7 µm for the ferritic phase and about 2 µm for the martensitic phase, 

as shown in Figure 2. Cold deformation clearly induced slip bands in the ferritic grains, based on the image 

quality maps shown in Figure 2. Applying deformation should result in an increase in dislocation density [20, 48, 

49]. This was evaluated by determining the GND, as described in the experimental procedure. The ferritic grains 

were considered by making a partition in the EBSD data with CI > 0.1. As such, the martensitic islands are 

excluded from the GND determination of the ferritic grains. The results are presented in Table 2. A significant 

increase, about doubling, in dislocation density was observed in the ferritic grains due to the applied deformation 

of 15%. 

  
   (a)     (b) 
Figure 2: Image quality map obtained by EBSD analysis of the as-received DP 0% (a) and cold deformed 

DP 15% (b) material. Rolling direction (RD) and normal direction (ND) is indicated. 
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Table 2: Geometrical necessary dislocation (GND) density for DP 0% and DP 15% 

Material GND density (1012 m-2) 

DP 0% 108 

DP 15% 192 

4. Hydrogen induced mechanical degradation 
Two material conditions (DP 0% and DP 15%) were evaluated under two different hydrogen charging 

conditions, i.e. in-situ plasma charging and electrochemical charging in the borax/glycerol solution. Both 

charging conditions were compared to tensile tests performed without hydrogen charging. Tests were at least 

performed twice to check the reproducibility. The corresponding stress-strain curves are presented in Figure 3. 

The related degree of hydrogen embrittlement is summarized in Table 3. When considering the tests performed 

without hydrogen charging, a yield strength of about 350 MPa (0.2% offset) and ultimate tensile stress of 600 

MPa is obtained for DP 0%. This is in good agreement with previous reported results on this grade [30] and 

typical for DP materials in general. When 15% of cold deformation was applied, the yield strength increased 

significantly, together with a decrease of ductility. Both can be linked to the increase in dislocation density, 

resulting in a harder material and as confirmed by the GND determination (cf. Table 2).  

When the materials were charged in-situ with plasma, a rather limited effect of hydrogen was observed. The 

strength level increased slightly, while ductility was only reduced to a small extent for DP 0%. A similar 

although consistently larger effect on both the strength level and obtained ductility was observed for DP 15%. 

These results were correlated to the specimens which were charged electrochemically prior to tensile testing. 

Similar findings were obtained since strength level was increased while ductility was reduced due to hydrogen 

charging. This tendency was again more pronounced when cold deformation was applied (DP 15% vs. DP 0%). 

The effect of the strength level was however more persistent for plasma charging whereas the effect on ductility 

was higher for electrochemical charging procedure. A slight hardening effect due to plasma charging was also 

observed by Wan et al. [22]. Similar hardening effect on the yield strength due to electrochemical hydrogen 

charging was also reported in [33, 50]. The effect seems to be larger when in-situ plasma charging is done, as 

this implies the continuous supply of plasma during tensile test. This hydrogen source was absent during 

deformation when the sample was charged ex-situ electrochemically. As in-situ plasma charging continues 

during deformation, which is concentrated at the surface of the specimen, the effect on the yield strength is more 

pronounced. The increase of the yield strength and flow stress can be attributed to solid solution strengthening 

by hydrogen, as hydrogen might pin the dislocations [38, 51, 52, 53]. This will be further evaluated by in-situ 

nanomechanical indentation. Also the different impact of both charging procedures on hydrogen induced 

ductility loss will be addressed further when considering the hydrogen trapping capacity and the fractography of 

the tensile specimens. However, based on the obtained degrees of hydrogen embrittlement as summarized in 

Table 3, it was observed that electrochemical charging deteriorated the materials’ ductility more than plasma 

charging and that the hydrogen effect was generally more pronounced for DP 15%, probably due to the 

deformation induced defects, as discussed in the following section.  
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Figure 3: Stress-strain curves for DP 0% and DP 15% in the uncharged (vacuum), hydrogen plasma 

charged and electrochemically hydrogen charged condition. 

Table 3: Summary of the HE degree of DP 0% and DP 15% for plasma and electrochemical charging. 

HE (%) Plasma Borax/Glycerol 

DP 0% 2 4 

DP 15% 5 19 

The impact of hydrogen was also verified by in-situ electrochemical nano-indentation tests. The nanomechanical 

response of individual ferritic grains were tested since these grains underwent the cold deformation and showed 

an increased dislocation density (cf. Figure 2 and Table 2). The corresponding load-displacements curves of 

multiple indents at peak force of 2000 µN, both in air and during in-situ hydrogen charging, are presented in 

Figure 4 (a). When considering the tests performed in air, a lower displacement was found for DP 15% due to its 

increased dislocation density and hence higher hardness level. Hydrogen charging resulted in decreased 

indentation depth for both conditions. The effect was, however, more persistent when deformation was 

performed. To evaluate the hydrogen effect at the same indentation depth for both DP 0% and DP 15%, the force 

peak level was increased to 2750 µN for the DP 15% material. As such, the air tests contained the same 

displacement and the effect of hydrogen could be assessed with the same reference condition. The related force-

displacement curves are shown in Figure 4 (b). A similar tendency was found and the hardness values were 

determined according to Eq. 2 and represented in Figure 5. At first, the hardness level was significantly 

increased for DP 15% due to the increased dislocation density. Secondly, the effect of hydrogen was clearly 

more pronounced for DP 15% compared to DP 0%. This hardening effect was also observed in the stress-strain 

curves (cf. Figure 3) and the increased dislocation density can be set responsible for this. Since the effect is 

larger for DP 15%, the hydrogen/dislocation interaction is clearly responsible for this hardening effect, 

confirming the dislocation pinning effect by hydrogen. 
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(a)       (b) 

Figure 4: Representative load-displacement curves for DP 0% (black) and DP 15% (red) in air and during 
in-situ hydrogen charging (bolt) at peak force of 2000 µµµµN (a). Peak force was increased to 2750 µµµµN for DP 

15% (green) to evaluate the hardness increase due to hydrogen (b). 

 
Figure 5: Hardness determination for DP 0% and DP 15% in air and during in-situ hydrogen charging 

based on the nanomechanical load-displacement curves obtained from Fig. 4 (b). 

5. Evaluation of the applied deformation on the hydrogen trapping capacity  
The hydrogen related characterization was performed for the samples which were electrochemically charged in 

the borax/glycerol based electrolyte to have an indication on the amount of (diffusible) hydrogen and the 

available hydrogen trapping sites. The actual hydrogen content was determined by hot extraction, as shown in 

Figure 6 (a). The results showed that saturation was reached after two hours of charging and that rather low 

amounts of hydrogen were found. When the same material was charged in a H2SO4 based electrolyte, 

considerably higher amount of diffusible hydrogen (2.32 wppm) was obtained, which consequently resulted in 

an increased hydrogen induced ductility loss [30, 33]. The rather low hydrogen amount charged into the 

materials can be held responsible for the limited observed HE% (cf. Table 3). However, the use of the 

glycerol/borax electrolyte was opted for this study to allow a comparison with the plasma charging method, for 

which quite similar results were found. In addition, the surface condition is also unaffected by the glycerol/borax 

solution, as demonstrated by Hajilou et al. [42], compared to severe charging by the sulphuric acid based 

electrolyte. This allows a direct observation without additional surface polishing inside the ESEM chamber. The 

use of an acidic solution would deteriorate the surface state significantly. Furthermore, the reduced resistance 

against hydrogen embrittlement for DP 15% compared to DP 0% is in correspondence with the higher amount of 

diffusible hydrogen charged in the cold deformed material. Next to the effective amount of hydrogen charged 

into the material, also the effective hydrogen trapping site(s) plays a crucial role to understand the observed 

hydrogen embrittlement degrees.  
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Therefore, TDS was done for both DP steel conditions (cf. Figure 6 (b)). Since detection of hydrogen can be 

done two minutes after charging, the TDS setup is able to capture the mobile hydrogen, mostly trapped by 

dislocations, as well, which is a main advantage of this TDS device as compared to the other TDS device used in 

previous work [20, 54]. The corresponding spectrum at a heating rate of 600°C/h is shown in Figure 6 (b). 

Firstly, DP 15% contained more H compared to DP 0% as was also seen by hot extraction. Secondly, a distinct 

shoulder in the beginning of the spectrum is clearly observed when cold deformation was applied. Only a limited 

indication for this shoulder is detectable for DP 0%. Depover et al. [20] recently correlated this first shoulder in 

the TDS spectrum to hydrogen trapped by dislocations by varying the deformation degree in Fe-C-X alloys. This 

indicates that the deformation induced defects such as dislocations, represented by the increase in GNDs, were 

able to weakly trap hydrogen. Finally, the TDS peak of DP 15% is slightly shifted to higher temperatures and 

hydrogen peak values, which can be related to a decrease in hydrogen diffusivity caused by the applied cold 

deformation [20, 49, 55]. Consequently, more hydrogen is trapped at dislocations for DP 15%. This hydrogen 

has been confirmed to play a detrimental role in hydrogen embrittlement, which has been associated with the 

HELP mechanism [20]. Deconvolution of the DP 15% TDS spectrum into two separate peaks enables to 

determine the corresponding activation energies, based on the Kissinger Equation. Peak 1 corresponds to an Ea 

of about 25 kJ/mol and with hydrogen trapped at dislocations. Similar Ea ‘s for hydrogen trapped at dislocations 

were obtained in other studies [7, 55, 56, 57]. The second peak with an Ea of about 30 kJ/mol is linked to the 

grain boundaries [58] in the dual phase microstructure.  

 
(a)       (b) 

Figure 6: Hot extraction results versus applied charging time for DP 0% and DP 15% (a).  
TDS spectra for DP 0% and DP 15 % at a heating rate of 600°C/h. 

6. Fractographic analysis 
Despite the fact that only a limited, yet consistent effect of hydrogen was observed in the stress-strain curves, an 

increased hydrogen effect was present when deformation was applied for both charging procedures. This was 

associated to the increased density and the specific trapping ability of the dislocations, as demonstrated above. 

The fracture surfaces of the tensile specimens were also analyzed to further verify and validate the impact of 

hydrogen for both charging procedures. Direct ESEM observation enabled to capture the fracture initiation to 

occur from the center of the sample (cf. Figure 7 (a)), indicating a ductile failure mode affected by the high stress 

triaxiality in the center of the tensile sample [59]. Figure 7 (b) presents the fracture surface of DP 0%, charged 

electrochemically with hydrogen. The white arrows indicate the hydrogen induced brittle area, whereas the 

central zone failed by ductile microvoid coalescence. The hydrogen affected regions on the fracture surfaces for 

all conditions were determined, as shown in Figure 8. From the edges onwards, a hydrogen embrittled, more or 
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less rectangular, area can be identified. The corresponding distances, from both top/bottom and left/right, are 

summarized in Table 4. The distances of the hydrogen affected regions corresponded well to the observed 

degrees of hydrogen embrittlement (cf. Table 3), which confirms the hydrogen impact on the mechanical 

properties. Representative detailed ESEM images of the brittle and ductile regions on the fracture surface of DP 

15% are shown in Figure 9. As hydrogen might effuse from the samples during the tensile test in the case of 

electrochemical charging, the hydrogen induced brittle area can also be correlated to the hydrogen diffusivity. 

Besides the higher amount of hydrogen for DP 15%, also its hydrogen diffusivity is lower due to the increased 

dislocation density. In addition, this material condition showed a lower testing, and hence decreased hydrogen 

effusion, time compared to DP 0%. This might account for the increased hydrogen induced brittle area for DP 

15%. This diffusivity effect does, however, not play a role when plasma charging was applied, since plasma 

charging continued during the test. 

    
(a)      (b) 

Figure 7: ESEM images of side view (a) and fracture surface (b) of DP 0% charged electrochemically. The 
arrows indicate the hydrogen affected zone. 

 Electrochemical charging Plasma charging 

DP 0% 

  

DP 15% 

  

Figure 8: ESEM images of the fracture surfaces of DP 0% and DP 15%, both charged electrochemically 

in borax/glycerol and by hydrogen plasma. 
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(a)      (b) 

Figure 9: High magnification ESEM images of DP 15% charged electrochemically revealing the brittle (a) 
and ductile (b) regions in detail. 

Table 4: Summary of the hydrogen affected regions based on Figure 8. 

In addition, a peculiar line is observed in the samples’ center for all conditions, even the one without hydrogen 

charging. This is a result of the segregation line which typically is present for DP steels. Impurities, such as S, 

tend to segregate in this central line, forming MnS inclusions. In the presence of H, these MnS inclusions can 

initiate H induced cracking [60]. This has been shown for this DP steel in previous research  [2, 30, 59]. Figure 

10 shows a detailed image of this central line for the uncharged, electrochemical charged and plasma charged 

condition of DP 0%. Especially when charged with borax/glycerol, a distinct embrittled crack is revealed, where 

MnS inclusions were found in [30, 59]. Figure 11 illustrates the presence of these inclusions in the H induced 

crack in the central segregation line, as reported in [59].  Since saturation over the entire thickness was 

confirmed for the electrochemical charging procedure (cf. Figure 6 (a)), hydrogen is present in this central line, 

and will cause hydrogen induced cracking. In the case of plasma charging, a limited and rather similar effect on 

this central line is observed as compared to the uncharged condition. Therefore, one could assume that plasma 

charging mainly charges the surface and subsurface areas. During the necking stage, hydrogen plasma continues 

charging the material, which increases its penetration depth. However, these results indicate that plasma charging 

might not have saturated the entire specimen, which was clearly the case for the samples charged 

electrochemically (cf. Figure 6(a)). Consequently, this might account for the increased hydrogen induced 

ductility loss for the samples charged electrochemically compared to plasma charged specimens (cf. Figure 3).  

   
(a)    (b)    (c) 

Figure 10: SEM images of fracture surface at the central embrittled line for the (a) uncharged, (b) 
electrochemically hydrogen charged  and (c) hydrogen plasma charged tensile specimen. 

H affected zone (µµµµm) Borax/glycerol Plasma 

    

DP 0% 100 ± 6 80 ± 6 70 ± 5 60 ± 5 

DP 15% 120 ± 8 110 ± 7 110 ± 7 95 ± 6 
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(a)    (b) 
Figure 11: SEM image (a) of MnS inclusions in the hydrogen induced crack observed in the central 

segregation line on the fracture surface of hydrogen charged DP steel, revealed by EDX analysis (b) [59]. 

7. Conclusion 

The present work evaluated the hydrogen induced ductility loss in DP steel by performing small scale tensile 

tests inside an ESEM chamber. Cold deformation of 15% was performed to induce microstructural defects, 

resulting in an increased dislocation density, and to verify their effect on the obtained hydrogen embrittlement 

susceptibility. Hence, two material conditions, i.e. DP 0% and DP 15%, were considered. In-situ hydrogen 

plasma charging was compared with electrochemical hydrogen charging whereas uncharged samples were used 

as a reference. The impact of hydrogen on the mechanical properties, both on ductility as stress, increased with 

cold deformation. Thermal desorption spectroscopy demonstrated that this effect was correlated to the hydrogen 

trapping ability of the deformation induced defects, i.e. a higher dislocation density was obtained after cold 

deformation. The more pronounced hardness increase due to hydrogen was verified by in-situ electrochemical 

nanoindentation.  Furthermore, a rather small increase in hydrogen embrittlement sensitivity was found when the 

samples were charged electrochemically compared to hydrogen plasma charging. However, quite similar 

tendencies were observed for both charging procedures. Direct ESEM observation of the fractography confirmed 

the observations since the distances of the hydrogen affected regions corresponded to the obtained degrees of 

hydrogen embrittlement. In addition, the detrimental role of MnS inclusions in the segregation line on hydrogen 

induced cracking was only clearly witnessed for the electrochemical charging procedure, which indicates that 

plasma charging is mainly acting on the surface and subsurface of the tensile specimen.  
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