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Abstract: The aim of this contribution is to present a com-

prehensive approach to study the extent of hydrogen entry

into a hot-dip-galvanized DP1000 steel, which is exposed

to corrosive conditions. For this purpose, the Z100 coating

was immersed in 5%sodium chloride solution at room tem-

perature. The distribution of hydrogen and the spots of in-

creasedhydrogenentryweredetectedwith scanningKelvin

probe (SKP) and scanning Kelvin probe force microscopy

(SKPFM). Effects of hydrogen inserted during corrosion on

the mechanical properties were determined in slow-strain

rate tests (SSRT). Hydrogen quantification was achieved

via thermal desorption mass spectrometry (TDMS), giving

additional insights into the mobility of the inserted hydro-

genwithin thesteel bydistinguishingdiffusibleand trapped

hydrogen.

Keywords: Hydrogen embrittlement, Corrosion, Zn-based

coatings, Dual-phase steel, Hydrogen analysis

(In situ) Bestimmung des Wasserstoffeintrages in

galvanisierten Dualphasenstahl unter korrosiven

Bedingungen

Zusammenfassung: Das Ziel dieses Beitrags ist die me-

thodenübergreifende Analyse des Wasserstoffeintrages

in feuerverzinkten Dualphasenstahl (DP1000) unter korro-

siven Bedingungen. Dazu wurde die Z100 Beschichtung

der Proben einer Korrosion durch Immersion in 5% Na-

triumchloridlösung bei Raumtemperatur ausgesetzt. The

resultierende Wasserstoffverteilung in der Probe sowie
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Bereiche mit erhöhtem Wasserstoffeintrag konnten mittels

Rasterkelvinsonde undRasterkraft-Kelvinsondenmikrosko-

piedetektiertwerden. DieAuswirkungdesWasserstoffs auf

diemechanischen Eigenschaften wurde in Langsamzugver-

suchen analysiert. Die Quantifizierung des eingetragenen

Wasserstoffs erfolgte mittels Thermischer Desorptions-

Massenspektrometrie, die zusätzlich Einblicke in die Be-

weglichkeit des Wasserstoffs im Metallgitter ermöglichte,

indem zwischen frei beweglichem Wasserstoff und Was-

serstoff, immobilisiert in Fallen, unterschieden werden

konnte.

Schlüsselwörter: Wasserstoffversprödung, Korrosion,

Zink-basierte Beschichtungen, Dualphasenstahl,

Wasserstoffbestimmung

1. Introduction

Theanalysisof hydrogenenteringsteel structuresandcom-

ponents under corrosive conditions is an essential element

to assess the risk of hydrogen embrittlement related fail-

ure of steel in service life, e.g. in the automotive industry

[1]. Even though hydrogen detection is a highly complex

task, several techniques were developed to characterize the

hydrogen amount, its distribution, and its impact on me-

chanical properties, especially of materials that are prone

to hydrogen embrittlement such as advanced high strength

steels [2].

The present contribution utilizes localized and global hy-

drogen detection techniques as well as mechanical tests to

study the corrosive hydrogen entry using the example of

galvanized DP1000 corroding in sodium chloride solution.
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TABLE 1

Composition of DP1000 steel according to EN 10346

Grade Cmax

%
Simax

%
Mnmax

%
Pmax

%
Smax

%
Altotal
%

Cr+Momax

%
Ti+Nbmax

%
Vmax

%
Bmax

%

HCT980X 0.2 1 2.5 0.08 0.015 0.015–2.0 1.4 0.15 0.2 0.005

2. Experimental Procedure

A hot-dip galvanized dual-phase steel (DP1000) with the

composition shown in Table 1, was investigated. The aver-

age thickness of the Z100 coating was approximately 7µm,

while the thickness of the samples was 1.2mm. The hydro-

gen diffusion coefficient of the investigated steel gradewas

determined to 1.5× 10–6 cm2s–1 in a previous work [3].

SKPmeasurements were performed with an instrument

fromWicinski-Wicinski GbR using a 180µm diameter Cr-Ni

tip and a tip-sample distance of 15µm to scan the surface.

The atmosphere in the sample compartment of the instru-

ment was kept at 40% relative humidity and 25°C through-

out the experiments. To enable correlation of themeasured

contact potential difference (CPD) with electrochemical po-

tentials, the tip was calibrated prior to the measurement

against a copper/saturated copper sulphate solution. The

SKP scan side of the sample was pickled with inhibited,

1:1 diluted hydrochloric acid solution (including 4.5g l–1

hexamethylenetetramine) to remove the Zn coating, while

the hydrogen entry side was treated with an engraving in-

strument to introduce a 5mm long and 200µm broad line

defect. For the SKP measurements the coated sample side

with the line defect was brought in contact with a hydrogel

corrosion patch carrying 5% NaCl solution. Further details

of the experimental procedure are described elsewhere [4].

A detailed procedure of sample preparation and mea-

surement parameters for SKPFM experiments are de-

scribed elsewhere [5]. In order to induce corrosion at the

hydrogen entry side, a 10µl droplet of 1M NaCl solution

was applied prior to the measurement start. Changes

in potential or CPD, respectively, were then recorded by

a continuous scanning of the prepared steel surface on the

hydrogen exit side.

Slow-strain rate tests were conducted with a tensile

testing machine (ZwickRoell) with a strain rate of 1.10–6 s–1.

A corrosion cell was attached to the middle part of the

sample and, for some of the samples, filled with 5% NaCl

solution. The samples, produced by milling, had a total

length of 250mm, a parallel length of 120mm and were

20mm broad.

Fig. 1: SchematicofSKP and
SKPFMmeasurements to
monitor hydrogen,which is
enteringasteel sampleun-
der corrosiveconditionsand
permeating towards theexit
side, via changes in thecontact
potential difference (CPD)

Hydrogenquantificationwasperformedvia thermaldes-

orption mass spectrometry (TDMS) with a Bruker Galileo

G8 with an IR furnace, coupled to a GAM200 mass spec-

trometer from InProcess Instruments. Samples with a size

of 55× 20mm2 were heated up to 900°C with a heating rate

of 20K min1. Prior to the measurements, the zinc coat-

ing was removed by pickling in inhibited HCl, as described

above.

3. Results and Discussion

Among theavailablemethods for localizedhydrogendetec-

tion in metals, SKP and SKPFM are especially useful tools

for ironandsteel samples. As ironoxide layers interactwith

hydrogen (Fe3+ is reduced to Fe2+ [6]), the local hydrogen

concentration is reflected by a decrease in contact potential

difference (CPD), measured with SKP and SKPFM (Fig. 1).

Usually, the hydrogen is originating from the interior of the

samples and/or from the reverse sample side, where it is in-

troduced either by cathodic polarization or corrosion. Both

techniques are non-destructive and can be applied in atmo-

sphere without the need of applying electrolyte solution as

in standard electrochemical methods. Stable conditions

at the scanned sample side are essential to guarantee that

observed potential changes are solely caused by hydrogen.

Using SKP, larger areas of several cm2 can be scanned in

a reasonable time frame. Therefore, it can be used to detect

regionswith increased hydrogen entry rates, e.g. at defects

in protective coatings on steel (Fig. 2).

Compared to SKP, the AFM-based SKPFM-technique of-

fers a much higher spatial resolution: utilizing an AFM can-

tilever with a tip size of several nm, coated with a conduc-

tive layer, both the topography and theCPD can bemapped

of areas in the range of ca. 100µm2. This makes it an

ideal tool to study hydrogen related CPD changes within

the microstructure. For this purpose, samples have to be

prepared carefully by etching and electropolishing in or-

der to reveal the microstructure without introducing too

pronounced features, such as steps, on the surface that

could lead tomeasurement artefacts. The individual grains

and phases can be distinguished in the topography image,
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Fig. 2: SKPsurfacescans(15× 10mm2)ontheuncoated,uncorrodedsteelsurfacefrominitialstateto48hafterstartofcorrosionoftheZ-coatedhydrogen
entryside,whereanartificial linedefectwasengraved toexpose thesteel surface

Fig. 3: SKPFMscan results
measuredonthehydrogenexit
side (zinc coating removed,
electropolished)ofaDP1000
sample. Changesofaverage
CPDand relativeCPDvalues
due topermeatinghydrogen,
inserted into theZ-coated side
of thesampledue to corrosive
processes
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Fig. 4: Resultsof slow-strain rate tests (SSRT)performedonZ100coated
DP1000under immersion in5%NaCl incomparisontoresultsofanuncor-
rodedreferencesampleandapre-corrodedsample,whichwasimmersed
into5%NaCl48hprior to theSSRT. Asnoextensometer isused inSSRT
with corrosion cell attached, thestress-strain curve recordedwithexten-
someter is added

while changes in the SKPFM-scan result can be due to per-

meating hydrogen. In case of the experiment, depicted in

Fig. 3, hydrogen was inserted on the Z-coated sample side

due to corrosion after application of a 10µl droplet of 1M

NaCl solution. For comparison of CPD changes of the fer-

rite and martensite phases, the average CPD of 3 grains

each were plotted over time. A slightly larger and faster de-

clineof potential couldbeobserved for ferritic grains,which

could be due to higher diffusion rates in ferrite. However,

the difference between the hydrogen induced changes be-

tween the phases is small as the sequence of grains/phases

in the interior of the sample, which hydrogen has to pass

before it arrives at the exit side,might have a homogenizing

effect.

Slow-strain rate tests are, in many cases, the method of

choice for determining the effect of hydrogen on the me-

a b

Fig. 5: Hydrogen thermaldesorption spectraofDP1000-Z100after straining to4%elongationduring immersion in5%NaCl in comparisonwithanon-
corroded,non-strained referencesample: aHmassfluxand temperatureversus time,bHmassfluxversus temperature

chanical properties of a steel sample. In this contribution,

tensile test specimens were corroded in situ by immers-

ing the sample in 5% NaCl while straining. Compared to

a non-corroded reference as well as a sample, which was

corroded prior to tensile testing by immersion in 5% NaCl

for 48h, a difference in elongation can be observed (from

13.49% to average 5.24%) for in situ corroding samples,

while the tensile strength is only subtly reduced (from 1026

to 938MPa). The difference in results between in situ and

pre-corroded samples suggest that the detrimental effect of

hydrogen is maximized when its presence is directly cou-

pled to the application of stress and that the corrosive entry

of hydrogen is a highly reversible process (Fig. 4).

Regarding the SSRT results it is important to determine

the hydrogen concentration in the sample before fracture

occurs. Therefore, in another SSRT experiment under

corrosive conditions, the tensile test was stopped at an

elongation of 4%. The sample was dried and immediately

stored in liquid nitrogen until its preparation for TDMS

measurement. Compared to a non-corroded reference, the

thermal desorption spectrum of the corroded and strained

sample shows increased amounts of diffusible hydro-

gen (+0.047ppm), which is visible in a temperature range

between 50 and 250°C, but also increased amounts of

trapped hydrogen above 350°C (0.289ppm vs. 0.121ppm).

Trapped hydrogen in the reference sample has its origin

in the production process, while the diffusible hydrogen is

exclusively introduced in this case due to corrosive degra-

dation processes occurring on the sample surface and can

be seen as main cause for the change in elongation (Fig. 5).

4. Conclusions

The present contribution shows the inevitable need of

combining different methods for the investigation of hy-

drogen embrittlement related material degradation and

for obtaining deeper insights into hydrogen-material inter-

actions. For corrosive hydrogen entry, SKP measurements

can indicate the locations where hydrogen entry is favor-
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able and the evolution of hydrogen entry over time. SKPFM

gives additional insights into diffusion pathwayswithin the

microstructure. Deteriorative effects of hydrogen have to

be clarified in mechanical tests, such as slow-strain rate

tests, complemented by hydrogen quantification measure-

ments inorder to establish a connection between hydrogen

concentration and mechanical behavior.

All of the described experiments and methods are fre-

quently conducted under relatively harsh conditions to re-

veal the sample performance in the worst case and might

not reflect the reality in detail. However, this approach can

serve as a basis for assessing the risk of a hydrogen em-

brittlement related failure of a material in service.
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