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Abstract
The present study evaluates the hydrogen inducetg by in-situ hydrogen plasma charging in duasph

(DP) steel. Cold deformation of 15% is applied te material to change microstructural defects, sagh
dislocation density. The susceptibility to hydrogambrittlement is hence evaluated for two materaiditions,

i.e. DP 0% and DP 15%. Small scale tensile tegtslane inside an ESEM chamber for which in-siturbgédn
plasma charging is compared with electrochemicalrdiyen charging while uncharged samples serve as a
reference. Generally, the hydrogen effect on thetility and stress level is increased when defoiomats
applied, due to the hydrogen trapping ability o tiheformation induced defects, as confirmed byntlaér
desorption spectroscopy. Complementary in-situ tedebemical nanoindentation tests verify the more
pronounced hardness increase due to hydrogen wierdeformation is applied. A slightly increasedtlity

loss is observed when the samples are chargedasleemically, although similar tendencies are fotordooth
hydrogen charging procedures. These observatiomscanfirmed by the fractographic analysis, where th

detrimental role of MnS inclusions in the segrematine on hydrogen induced cracking is demonstratewell.

1. Introduction

The presence of hydrogen in steels is well-knowrbéodetrimental for the overall performance and emor
precisely the mechanical properties of the matsiiade ductility decreases and unpredictable failoay occur.
Consequently, insight in the interaction betweedrbgen and the material remains of crucial imparear-or
this purpose, researchers have been selectingaiffenethods to charge a specific material withrbgdn and
subsequently to compare the material’'s behavioorbefand during or after this charging procedurer F
instance, electrochemical hydrogen charging isnofieplied to evaluate hydrogen trapping, verify tigdrogen
saturation level (e.g. depending on the appliedrgihg conditions) and determine the hydrogen induce
damage. Hydrogen induced blisters and internal danmaight occur when too severe charging conditimes
applied. For instance, the appearance of blistezseased with applied charging time and currensitignas

observed by Pérez Escobar et al. [1, 2]. They paed blister mapping of commercial high strengéel, such



as a dual phase (DP), transformation induced plgstiTRIP), ferrite bainite (FB) and high strendtiw alloyed
(HSLA) steels. Next to the blister detection, thalfogen induced cracks were, in the case of DR, st
demonstrated to be linked to MnS inclusions in 8egregation line of DP steel. Other examples of
hydrogen/material interaction studies based ortrelelcemical hydrogen charging can be found in R8fs4, 5,

6]. Another, regularly used, method to charge aenwtwith hydrogen is Hgas. Gaseous hydrogen charging at
elevated temperature is for instance a prerequisittharge incoherent TiC precipitates, as showiay and
Tsuzaki [7] and Pérez Escobar et al. [8]. It miglto be very efficient to charge face centered c\(fuic)
materials due to its significantly lower hydrogefiusivity compared to body centered cubic (bcckaie More
examples can be found in Refs. [9, 10, 11, 12, R8tently, another innovative method was used hyg al.
[14] and Rogne et al. [15]. They used water vapatharge Fe-Al intermetallic alloys as® may react with Al,
producing both alumina and hydrogen to be absoirtbdte matrix.

Furthermore, also the use of in-situ hydrogen dhgrbas proven to be vital to evaluate the hydrogenced
mechanical degradation since due to the high hyraljffusion coefficient in bcc steels, an impottpart of
hydrogen will have effused from the sample whensiéx-charging would be applied. Hence, the mobile
hydrogen, assumed to be mostly trapped by dislestiwill not be able to play its detrimental r{ilé, 17, 18,
19, 20, 21]. Up to now, in-situ hydrogen chargisgeither done during high pressure hydrogen gamder
electrochemical cathodic hydrogen charging. Bo#rgimng methods complicate a possible direct higloltgion

observation of the sample during deformation bgitertesting.

To take into account the specific nature of higohation observation, a novel approach was recetaiyeloped
by Wan et al. [22]. Environmental scanning electnaicroscopy (ESEM) was combined with small sizestien
set-up to test the impact of hydrogen on the meachhdeformation. Nevertheless, the fugacity of togeen is
not enough at low pressure in ESEM to have adecuiagsisorption and dissociation of, Iholecules on the
material’'s surface. A conversion of this gas to hydrogen plasma beforehand increases tiredsn fugacity
and makes it possible to evaluate hydrogen endritht inside the ESEM. Hence, Wan et al. [22] coetbian
in-situ slow strain rate tensile test together viitfsitu hydrogen plasma charging inside an ESEMIuAtility
loss of about 5% was obtained and fractographitysisarevealed clearly the hydrogen induced briglatures
on the fracture surface. This type of approach wag recently only a few times considered. Hydnoggow
charging was for instance used on single crystalbldrita [23], who demonstrated that this methodbie to
charge the material with hydrogen to evaluate theérdgen embrittlement sensitivity without damagithg
sample during charging. On the contrary, a sofggmnthe flow stress of pure iron samples due tdrbgen
plasma charging was observed by Kimura and Birnbi4 All in all, this methodology offers opportities to
have a direct observation during tensile testingenin-situ hydrogen plasma charging is appliednfparison
with traditional electrochemical charging on thensamaterial has not yet been performed to veriéyeffective
hydrogen effect on the mechanical properties. Theze we will use the same established methodokgyn

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

This DP steel has been subject of many recent wi@ks26, 27, 28, 29, 30]. The material microstouet
consisting of a ferritic matrix with martensiticldaads, makes them attractive materials for automoti
applications due to their good combination of sgtbrand ductility. The typical characteristics ezalized by its
thermo-mechanical processing and the volume fraatfoaustenitic islands that transform into maritens he

strength level is principally dependent on the wmdufraction and hardness of the martensite in tife D



microstructure. A uniform distribution of martersishowed a slower rate of damage growth in nondgeir
charged conditions, whereas center-lined martefmiteation exhibited accelerated void growth aneréfiore
detrimental significances [31]. Nevertheless, tigaiicant mechanical contrast between both phésesferrite
and martensite) come with certain risks, i.e. sev@rain/stress partitioning, strain localizatiamd adamage
evolution, for instance by martensite cracking. dtinately, the risk for these potential issuesvisn increased
in the presence of hydrogen.

The automotive industry is endeavoring to loweriglehweight in order to diminish fuel consumptiondato
meet the stringent GZemission protocols while an increase in strength stiffness level is also relevant due to
more stringent safety regulations. Outstanding hates to accomplish these requirements are addamigh
strength steels. However, these grades are un&dgiynmore prone to hydrogen embrittlement. BMWéifere
even doubts the use of high-strength materialsaf@omotive applications as they point out thatIstadth a
tensile strength above 1000 MPa, may fail due @irdiyen embrittlement which impedes the use of thbdst
strength steels for body-in-white applications [32mong the advanced high strength steels, DP, TRIP
complex phase (CP), HSLA and martensitic steeldtaranain ones. The hydrogen embrittlement seityitbf
these materials was evaluated by Depover et dl.q3@ they demonstrated that HSLA steel showedifjeest
resistance to cathodic hydrogen charging till sgtan with a hydrogen induced ductility loss of ab8%. The
present carbides were assumed to play a benefa®lin improving the resistance. DP steel emledttivith
54%, while TRIP lost 60% of its ductility. DP steghs also subject of another study, where the dgmaphy
was evaluated thoroughly [30]. The hydrogen petietradepth from the edges, based on hydrogen diffys
laws, was clearly visualized since a transitiomrfra hydrogen induced embrittled zone to a ductletral area
was revealed exactly at this penetration depth.afmet al. [25] investigated the micro-cracking behavior in
martensite-ferrite DP steels in the presence ofrdneh. They clearly observed that hydrogen infleenc
considerably the damage evolution process. Bagjcdlley concluded that both the hydrogen-enhanced
decohesion (HEDE) and hydrogen-enhanced localifastigity (HELP) mechanisms contributed to the dgena

evolution in DP steels leading to an unpredictéiyidrogen induced failure.

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

hydrogen effect by in-situ hydrogen plasma chargirtge plasma charging will be compared with coniosrat

electrochemical charging and both will be companétth reference tensile tests performed without bgen.

Fractography will help elucidating the obtained togkn induced ductility loss and will reveal thepiat of the
different hydrogen charging procedures on the kersgiecimen. This comparison will serve as a vébdafor

the plasma charging procedure used by Wan et 2]l. The effect of cold deformation and hence tterdase in
dislocation density is aimed to be assessed, slisbgcations are known to play a decisive rolehia lhydrogen
embrittlement in specific cases [20, 34, 35, 36,381.

2. Experimental procedure

Hydrogen induced mechanical degradation of DP6€€ still be studied in this work. Hot and cold modf was
done till a final thickness of 1.2 mm, which wadldwed by subsequent annealing via industrial alinga
parameters required to obtain the desired microstre, i.e. a ferrite-martensite combination. THeroical
composition of the considered grade is presentddbie 1. Deformation of 15% was applied by coldimg on

the material in order to increase the dislocatiensity, because of its relevance in the hydrogktes failure.



Consequently, two different conditions are compawvét each other: the as-received condition (DP @¥%g) the
cold deformed (DP 15%) condition.

Electron backscatter diffraction (EBSD) was perfechito get a quantitative indication on the increase
dislocation density by the applied deformation. Eh@aminations were executed on the transversattaire
plane. The samples were ground and polished uppim,ifollowed by an additional step using colloiddica
(Struers OPU suspension). This final step was pesd long enough to remove the layers affecteddbiglng
with coarser particles. The SEM utilized for EBS[2asurements was an FEI Quanta 450 with field eamssi
gun (FEG). The following settings were applied: edetation voltage of 20 kV, emission current of 208,
specimen tilt of 70° and a scan step size of 80onna hexagonal scan grid. In this study, the Geodcadty
Necessary Dislocation (GND) density was calculdigdhe TSL-OIM Data Analysis V7 software. The GND
density was calculated using local misorientatibetow 5° and a second neighbor misorientation aega
Before determination of the GND density, a clearpupcedure of neighbour confidence index (Cl) datren
was applied. ClI quantifies the reliability of thatiern indexation and the minimum was set at 0sl séch, a
partition was obtained from which the martensisiands were removed. Hence, the GND density irfetréic
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 cuttiitly tieir tensile axis along the rolling directiohdogbone-
shaped specimen was used with gauge geometry of % &xmm x 0.6 mm, as illustrated in Figure 1. @y

to #4000 emery paper was followed by and 1um diamond paste polishing. Subsequently, electisipiolg
was done to assure a smooth surface finish witremitlual deformation. The sides of the samples \gereled
and subsequently polished as well. The tensile meoilom Kammrath & Weiss GmbH was used to perfonm t
mechanical tests inside a Quanta 650 ESEM. An eeging strain rate of 10s* was chosen in order to give
hydrogen plasma sufficient time for adsorption,capson and diffusion. Hydrogen plasma charging wase
using an Evactron Model 25 Zephyr Plasma Cleantr gaseous Has process gas from a hydrogen generator.
The plasma source was operated at a forward poinlef W/ at 13.56 MHz maximum and a reverse powe.5f

W. A constant gaseous hydrogen flow rate of 250ninl/from the hydrogen generator was used as theesou
gas. The pressure in the ESEM chamber was arourRh4ind the working pressure increased to 80 Pa whe
plasma was excited. These conditions are simildheémnes used by Wan et al. [22]. Vesel et al} [38asured

a density of hydrogen atom of about 2.5 **om/ni in comparable plasma formation conditions. Thisveh
that atomic hydrogen is the main expected constitaEthe plasma in the vicinity of the source. Thgacity of
dissociated hydrogen atoms will be far above 80aBagported by Bond et al. [40] and can reachegafis high

as several MPa. According to the conclusions in. R&f], hydrogen embrittlement does not occur with
insufficient hydrogen concentration. Therefore, liydrogen amount in this work showed to be enoogtatse
hydrogen induced degradation (cf. section 4). Furtiore, the interaction of plasma with the matsri@ppens

at a location remote from the plasma glow. Theaagfis thus prevented from heating, contaminatimgd) a
damaging effects. The experimental setup in theNESBamber is illustrated in Ref. [22]. Hydrogen giea

charging was done for 2 hours and continued duhiedgensile test.



For sake of comparison with a more established eotimnal hydrogen charging method, tensile teste waéso
performed after electrochemical hydrogen chargiDigarging was done in a borax/glycerol based elltéro
[42] at a current density of 10 mA/érfor 2 hours. After hydrogen charging, tensile smens were put within 2
minutes in the ESEM chamber and the same tensitewas performed, without the application of plasma
charging. Both hydrogen charging procedures, iesitu plasma charging and electrochemical cathodic
charging, are compared with tensile tests doneowittany hydrogen charging. Consequently, the efféct
electrochemical hydrogen charging, which is welbdm, can be compared with the novel hydrogen plasma

charging procedure. All tests were done under &neesvacuum condition in the ESEM.
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Figure 1: Tensile sample geometry in mm (thickness 0.6 mm).

The effect of both hydrogen charging procedureshenmechanical properties is evaluated by compatirg
observed stress-strain curves with tensile testeeed without hydrogen charging. The correspogdiegree

of hydrogen induced mechanical degradation wagméted as defined in Equation 1, with ande,, being the

total elongation of the hydrogen charged and umggthtensile sample, respectively. Hence, the %Hieva
between 0 and 1, with 0 meaning that there is radildy loss and the material is insensitive to HEhen an

index of 1 is obtained, the ductility drop is 10@%d HE is maximal.

%HE = 100 - (1 - i”) (1)

gun
Complementary in-situ electrochemical nano-indémtatests were done to evaluate the hydrogen effiethe

hardness of the materials. Hence, the impact ofmbeéified dislocation density on the nanomechaniesponse
could be assessed. These tests were done usingitioHyTl 950 Tribolndent&rsystem with an integrated
small-size electrochemical cell. Detailed inforratiabout the electrochemical cell integrated ifte hano-
indenter device can be found in [5]. The sampldaser was prepared by grinding and polishing tpmn,
followed by subsequent electropolishing, similaaly for the tensile specimens. The in-situ nanortat®n
tests were done after cathodic charging in the shamax/glycerol solution and were compared witheims
done in air. A conical indenter tip was used fog tlano-indentation. The used load function corsistea
loading segment with a 80QMN/s loading rate and a 0.5 s holding time at pea&els of 200N and 275QN.
The unloading rate was also at 8Q0Us. The surface was always imaged using scanniolgepmicroscopic
imaging before and during charging to assure tiastirface roughness remained intact upon chargirsyiring
reliable nanomechanical data. The measured logdadisment curves were analyzed to extract the kardn
[43], as given in Eq. 2. R« is the maximal applied load, while. #s the projected contact area evaluated from
the contact depth and the tip area function.

Prax (2)
Ac

Further characterization on the amount of chargattdgen was only done for the electrochemicallyrgimay

H=

condition, due to practical reasons. Thermal desmrspectroscopy (TDS) was first done to idenbfyth the



hydrogen trapping sites and their correspondiniyain energy. Therefore, three different heatiatgs were
used (200°C/h, 600°C/h and 1200°C/h). The sampkre @nalysed about two minutes after hydrogen ahgrg
similarly as the tensile tests. To determine thévation energy (B of hydrogen traps related to the peaks
observed in the TDS spectra, the method basedeowdhk of Lee et a[44, 45, 46] was used. Equation (3) is a
simplification of the original formula of Kissing¢47], where® is the heating rate (K/min), i (K) the TDS
peak temperature,,£J/mol) the detrapping activation energy for thedfic H trap associated with,,I, and R
(JK™mol™) the universal gas constant. After TDS measuresneetre performed using different heating rates,
the spectra were deconvoluted and the correspombialg temperatures for a trap were determinedtifjot

IN(D/Tma?)) VS. (1/Tmay allows to obtain the Forresponding to that specific trap.

d(In TTZX ) g, ®)
71 .~ "%Rr
d(Tmax ) R

Additionally, hot extraction was performed to detére the hydrogen content. The samples were arthbise
about two minutes after hydrogen charging and tleasurements were done at 300°C to determine the
diffusible hydrogen content, similarly as in ourepious work. The system comprises an infrared ftena
which a pre-weighted sample is heated. At this enaiprre, the metallic sample is heated and releigses
hydrogen as gaseous.Hhe latter is taken up by a nitrogen flow and thigture (N—H,) is sent to a thermal
conductivity measuring cell. The thermal condudtyiwf the mixture depends on the Ebncentration because
of the significant difference in conductivity okbldnd N. The software calculates the hydrogen concentratfo

the sample based on the thermal conductivity viariaind appropriate calibrating.

3. Materials characterization

The as-received DP600 steel is a ferritic-martensital phase steel with approximately 23.6% oftemsite.
The corresponding grain sizes were abounvfor the ferritic phase and aboufith for the martensitic phase,
as shown in Figure 2. Cold deformation clearly irelh slip bands in the ferritic grains, based onithage
quality maps shown in Figure 2. Applying deformatghould result in an increase in dislocation dgrf20, 48,
49]. This was evaluated by determining the GNDdescribed in the experimental procedure. The fewgitains
were considered by making a partition in the EBSfadwith CI > 0.1. As such, the martensitic islaads
excluded from the GND determination of the ferrfi@ins. The results are presented in Table 2 gAifitant
increase, about doubling, in dislocation densitg whserved in the ferritic grains due to the apptieformation
of 15%.

Figure 2: Image quality map obtained by EBSD analyis of the as-received DP 0% (a) and cold deformed
DP 15% (b) material. Rolling direction (RD) and nomal direction (ND) is indicated.



Table 2: Geometrical necessary dislocation (GND) deity for DP 0% and DP 15%

Material GND density (10" m?)
DP 0% 108
DP 15% 192

4. Hydrogen induced mechanical degradation

Two material conditions (DP 0% and DP 15%) wereleatad under two different hydrogen charging
conditions, i.e. in-situ plasma charging and etmtiemical charging in the borax/glycerol solutidoth
charging conditions were compared to tensile tpetformed without hydrogen charging. Tests werteast
performed twice to check the reproducibility. Th@responding stress-strain curves are present&thire 3.
The related degree of hydrogen embrittlement ismsarized in Table 3. When considering the testsoperéd
without hydrogen charging, a yield strength of ab®s0 MPa (0.2% offset) and ultimate tensile strels600
MPa is obtained for DP 0%. This is in good agreenwéth previous reported results on this grade [80{
typical for DP materials in general. When 15% ofldcdeformation was applied, the yield strength éased
significantly, together with a decrease of dugtiliBoth can be linked to the increase in dislocatiensity,

resulting in a harder material and as confirmedheyGND determination (cf. Table 2).

When the materials were charged in-situ with plasaaather limited effect of hydrogen was observEde
strength level increased slightly, while ductiliyas only reduced to a small extent for DP 0%. Ailsim
although consistently larger effect on both thersgth level and obtained ductility was observedd&r 15%.
These results were correlated to the specimenshwhiere charged electrochemically prior to tensdsting.
Similar findings were obtained since strength lewak increased while ductility was reduced dueyidrdgen
charging. This tendency was again more pronoundezhveold deformation was applied (DP 15% vs. DP.0%)
The effect of the strength level was however masigtent for plasma charging whereas the effeatumtility
was higher for electrochemical charging procedérslight hardening effect due to plasma charging akso
observed by Wan et al. [22]. Similar hardening effen the yield strength due to electrochemicalrbgdn
charging was also reported in [33, 50]. The eff@ms to be larger when in-situ plasma chargirpie, as
this implies the continuous supply of plasma durtegsile test. This hydrogen source was absenngluri
deformation when the sample was charged ex-sitotrelthemically. As in-situ plasma charging contisiue
during deformation, which is concentrated at thdase of the specimen, the effect on the yieldgftle is more
pronounced. The increase of the yield strengthflovd stress can be attributed to solid solutiorsgthening

by hydrogen, as hydrogen might pin the dislocati®& 51, 52, 53]. This will be further evaluatey in-situ
nanomechanical indentation. Also the different iotpaf both charging procedures on hydrogen induced
ductility loss will be addressed further when cdesing the hydrogen trapping capacity and the dgretphy of
the tensile specimens. However, based on the @otadegrees of hydrogen embrittlement as summaiized
Table 3, it was observed that electrochemical dhgrgeteriorated the materials’ ductility more thalasma
charging and that the hydrogen effect was genenmaltye pronounced for DP 15%, probably due to the

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

charged and electrochemically hydrogen charged coiitgbn.

Table 3: Summary of the HE degree of DP 0% and DP5P4 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-gltectrochemical nano-indentation tests. The nacbargcal
response of individual ferritic grains were tess@te these grains underwent the cold deformatimhshowed

an increased dislocation density (cf. Figure 2 @athle 2). The corresponding load-displacements esuf
multiple indents at peak force of 20Q0l, both in air and during in-situ hydrogen chargiage presented in
Figure 4 (a). When considering the tests performedr, a lower displacement was found for DP 1596 tb its
increased dislocation density and hence higher nessi level. Hydrogen charging resulted in decreased
indentation depth for both conditions. The effecasw however, more persistent when deformation was
performed. To evaluate the hydrogen effect at #mesindentation depth for both DP 0% and DP 15%fdice
peak level was increased to 270 for the DP 15% material. As such, the air tesiatained the same
displacement and the effect of hydrogen could lsess®d with the same reference condition. Theetkfatce-
displacement curves are shown in Figure 4 (b).Ailar tendency was found and the hardness valugs we
determined according to Eg. 2 and represented gur€&i5. At first, the hardness level was signiftban
increased for DP 15% due to the increased dislmtadensity. Secondly, the effect of hydrogen waarty
more pronounced for DP 15% compared to DP 0%. fihidening effect was also observed in the streasist
curves (cf. Figure 3) and the increased dislocatiensity can be set responsible for this. Sinceeffect is
larger for DP 15%, the hydrogen/dislocation intéac is clearly responsible for this hardening effe

confirming the dislocation pinning effect by hydesg
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Figure 4: Representative load-displacement curve®f DP 0% (black) and DP 15% (red) in air and during
in-situ hydrogen charging (bolt) at peak force of 200uN (a). Peak force was increased to 273N for DP
15% (green) to evaluate the hardness increase due tiydrogen (b).
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Figure 5: Hardness determination for DP 0% and DP %% in air and during in-situ hydrogen charging

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

5. Evaluation of the applied deformation on the hytbgen trapping capacity

The hydrogen related characterization was perforfoethe samples which were electrochemically cldrm

the borax/glycerol based electrolyte to have aricatibn on the amount of (diffusible) hydrogen aie
available hydrogen trapping sites. The actual hyelnocontent was determined by hot extraction, asvshn
Figure 6 (a). The results showed that saturatios sached after two hours of charging and thateraw
amounts of hydrogen were found. When the same mhtelas charged in a 430, based electrolyte,
considerably higher amount of diffusible hydrog@r32 wppm) was obtained, which consequently redute
an increased hydrogen induced ductility loss [38]. Ihe rather low hydrogen amount charged into the
materials can be held responsible for the limitdxdeoved HE% (cf. Table 3). However, the use of the
glycerol/borax electrolyte was opted for this studyallow a comparison with the plasma charginghmet for
which quite similar results were found. In addititime surface condition is also unaffected by tlyeagol/borax
solution, as demonstrated by Hajilou et al. [42)mpared to severe charging by the sulphuric acekda
electrolyte. This allows a direct observation withadditional surface polishing inside the ESEMmbar. The
use of an acidic solution would deteriorate thdam state significantly. Furthermore, the reducesistance
against hydrogen embrittlement for DP 15% comp#wddP 0% is in correspondence with the higher arhotin
diffusible hydrogen charged in the cold deformedaral. Next to the effective amount of hydrogeraded
into the material, also the effective hydrogen piag site(s) plays a crucial role to understand dbhserved

hydrogen embrittlement degrees.



Therefore, TDS was done for both DP steel conditifaf. Figure 6 (b)). Since detection of hydrogam de
done two minutes after charging, the TDS setupble & capture the mobile hydrogen, mostly trappgd
dislocations, as well, which is a main advantagthisf TDS device as compared to the other TDS éewsed in
previous work [20, 54]. The corresponding spectraima heating rate of 600°C/h is shown in Figurehp (
Firstly, DP 15% contained more H compared to DP&3%vas also seen by hot extraction. Secondly,tenctis
shoulder in the beginning of the spectrum is cleablserved when cold deformation was applied. @rliynited
indication for this shoulder is detectable for DR.Mepover et al. [20] recently correlated thistfishoulder in
the TDS spectrum to hydrogen trapped by dislocatipnvarying the deformation degree in Fe-C-X aloyhis
indicates that the deformation induced defects sasctislocations, represented by the increase iDsGMere
able to weakly trap hydrogen. Finally, the TDS pe&lOP 15% is slightly shifted to higher temperatiand
hydrogen peak values, which can be related to aedse in hydrogen diffusivity caused by the appteti
deformation [20, 49, 55]. Consequently, more hydrogs trapped at dislocations for DP 15%. This bgén
has been confirmed to play a detrimental role idrbgen embrittlement, which has been associateld tivé
HELP mechanism [20]. Deconvolution of the DP 15% STBpectrum into two separate peaks enables to
determine the corresponding activation energiesedb@n the Kissinger Equation. Peak 1 correspands tg
of about 25 kJ/mol and with hydrogen trapped dbdations. Similar g's for hydrogen trapped at dislocations

were obtained in other studies [7, 55, 56, 57]. $deond peak with an,©f about 30 kJ/mol is linked to the
grain boundaries [58] in the dual phase microstmact
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Figure 6: Hot extraction results versus applied chajing time for DP 0% and DP 15% (a).
TDS spectra for DP 0% and DP 15 % at a heating ratef 600°C/h.

6. Fractographic analysis

Despite the fact that only a limited, yet consisteffiect of hydrogen was observed in the stressrstiurves, an
increased hydrogen effect was present when defarmatas applied for both charging procedures. Was
associated to the increased density and the spéaifiping ability of the dislocations, as demaaisi above.
The fracture surfaces of the tensile specimens waks@ analyzed to further verify and validate thgpact of
hydrogen for both charging procedures. Direct ES&tMervation enabled to capture the fracture ifdtiato
occur from the center of the sample (cf. Figura)j, (ndicating a ductile failure mode affectedthg high stress
triaxiality in the center of the tensile sample][SRigure 7 (b) presents the fracture surface of@# charged
electrochemically with hydrogen. The white arrowslicate the hydrogen induced brittle area, whetbas
central zone failed by ductile microvoid coaleseernthe hydrogen affected regions on the fracturtases for

all conditions were determined, as shown in Fidiirérom the edges onwards, a hydrogen embrittlede rar
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less rectangular, area can be identified. The sparding distances, from both top/bottom and Igfify are
summarized in Table 4. The distances of the hydroaféected regions corresponded well to the obskrve
degrees of hydrogen embrittlement (cf. Table 3)jctvhconfirms the hydrogen impact on the mechanical
properties. Representative detailed ESEM imagékeobrittle and ductile regions on the fracturefae of DP
15% are shown in Figure 9. As hydrogen might effiiteen the samples during the tensile test in thee oaf
electrochemical charging, the hydrogen inducedlérérea can also be correlated to the hydrogdnsilfty.
Besides the higher amount of hydrogen for DP 159%a &s hydrogen diffusivity is lower due to thecieased
dislocation density. In addition, this material ddion showed a lower testing, and hence decrehgdbgen
effusion, time compared to DP 0%. This might ac¢dan the increased hydrogen induced brittle aggralP
15%. This diffusivity effect does, however, notyla role when plasma charging was applied, sinasnph

charging continued during the test.

T——

— 500 pm —
() (b)
Figure 7: ESEM images of side view (a) and fractursurface (b) of DP 0% charged electrochemically. Té
arrows indicate the hydrogen affected zone.

Electrochemical charging Plasma charging

DP 0%

S

DP 15%

500 um—— =500 pm——

Figure 8: ESEM images of the fracture surfaces of B 0% and DP 15%, both charged electrochemically
in borax/glycerol and by hydrogen plasma.
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4 — 10pm— ‘,{

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

H affected zone gm) Borax/glycerol Plasma

«— —

— vt h— vt
DP 0% 100+ 6 806 705 605
DP 15% 120+8 110+7 110+7 95+6

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

In addition, a peculiar line is observed in the gls center for all conditions, even the one withbydrogen
charging. This is a result of the segregation liféch typically is present for DP steels. Impustisuch as S,
tend to segregate in this central line, forming Mn8usions. In the presence of H, these MnS inghsscan
initiate H induced cracking [60]. This has beenwghdor this DP steel in previous research [2,38), Figure
10 shows a detailed image of this central linetf@ uncharged, electrochemical charged and plasmaed
condition of DP 0%. Especially when charged withaxdglycerol, a distinct embrittled crack is revelwhere
MnS inclusions were found in [30, 59]. Figure 1lustrates the presence of these inclusions in thiedHced
crack in the central segregation line, as repoited59]. Since saturation over the entire thiclaegas
confirmed for the electrochemical charging procediaf. Figure 6 (a)), hydrogen is present in thdateal line,
and will cause hydrogen induced cracking. In th&eaaf plasma charging, a limited and rather singféect on

this central line is observed as compared to thehanged condition. Therefore, one could assumeplaama
charging mainly charges the surface and subsudas. During the necking stage, hydrogen plasmtnees
charging the material, which increases its penetratepth. However, these results indicate thamiacharging
might not have saturated the entire specimen, whigs clearly the case for the samples charged

electrochemically (cf. Figure 6(a)). Consequentlyis might account for the increased hydrogen ieduc

Figure 10: SEM images of fracture surface at the cgral embrittled line for the (a) uncharged, (b)
electrochemically hydrogen charged and (c) hydrogeplasma charged tensile specimen.
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(a) (b)
Figure 11: SEM image (a) of MnS inclusions in the ydrogen induced crack observed in the central
segregation line on the fracture surface of hydrogecharged DP steel, revealed by EDX analysis ([§9].

7. Conclusion

The present work evaluated the hydrogen inducedilitypidoss in DP steel by performing small scaénsile
tests inside an ESEM chamber. Cold deformation 586 was performed to induce microstructural defects,
resulting in an increased dislocation density, tmderify their effect on the obtained hydrogen ettlement
susceptibility. Hence, two material conditions,. il@P 0% and DP 15%, were considered. In-situ hyeinog
plasma charging was compared with electrochemigditdgen charging whereas uncharged samples wede use
as a reference. The impact of hydrogen on the nmécdlaproperties, both on ductility as stress, éased with
cold deformation. Thermal desorption spectroscaaypahstrated that this effect was correlated tchilurogen
trapping ability of the deformation induced defedts. a higher dislocation density was obtaine@ra€old
deformation. The more pronounced hardness incréaseto hydrogen was verified by in-situ electrocluam
nanoindentation. Furthermore, a rather small emean hydrogen embrittiement sensitivity was fowmen the
samples were charged electrochemically comparethyttrogen plasma charging. However, quite similar
tendencies were observed for both charging proesddirect ESEM observation of the fractographyficored

the observations since the distances of the hydredfected regions corresponded to the obtainededsgof
hydrogen embrittlement. In addition, the detriméndée of MnS inclusions in the segregation linetorogen
induced cracking was only clearly witnessed for éfectrochemical charging procedure, which indisdtet

plasma charging is mainly acting on the surfacesadurface of the tensile specimen.
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