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Abstract

The permeation experiments in this study have shthah electrochemical corrosion of dual
phase steel in 2M 130, results in hydrogen evolution and absorption o&tbims in the
material. The consequence of hydrogen is speci@ tyf degradation known as hydrogen
embrittlement (HE). High susceptibility to HE depsron different microconstituents acting as
H-traps. The values of diffusion coefficient andsblubility obtained in this study have shown
that transport of diffusible hydrogen can be ralate the traps present in DP steel. The
metallographic and SEM analyses have revealed enmigll globular inclusions, acting as
reversible traps in ferrite-martensite matrix.
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1 Introduction

Hydrogen is one of the most undesirable elemertghiacan absorb in metals and alloys during
their production, processing or application. Abgiom of atomic hydrogen in high strength low-
alloyed steels causes significant loss of some er@cal properties such as deformation ability
and stress intensity factor [1].

One of the most common damage caused by absowmitiatomic hydrogen in metals is known
as HIC-hydrogen induced cracking or HE-hydrogen mtidment. Besides the change of
mechanical properties of steel, HE causes alsotstial changes such as internal cracks, surface
blisters, voids etc. [2].

It is known [3] that hydrogen sulphide and inorgacbmpounds of arsenic, antimony and
selenium accelerate the hydrogen absorption. Onother hand, different discontinuities in
material (dislocations, grain boundaries, non-ntietahclusions) act as hydrogen traps, so
hydrogen is stronger bonded in metal at such plasdshows lower diffusivity [4].

To predict the deterioration of material propertthge to hydrogen acting, it is necessary to
determine diffusion coefficient, hydrogen concetitra and concentration of hydrogen traps. It
can be achieved by different experimental meth&fisajpd one of the most common methods is
hydrogen permeation method developed by DevanatingnStachurski [6]. The principle of
electrochemical hydrogenation is that during caihqalarization of the metal membrane in a
solution (acid or alkaline) hydrogen atoms evolad collecting at the cathodic side of the
sample, i.e. at the entry side of the electrolgdl. The concentration gradient of hydrogen
atoms provides their transport by the diffusiorotigh the membrane. Hydrogen atoms which
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have been passed through the steel membrane dieeakio hydrogen ions in the anodic part of
the cell.

As the demands for weight reduction and reductibfuel consumption are further increased,
new families of high strength steel, so called alvamced high strength steel have been
developed. These new steel grades include DP (oliae), TRIP (transformation induced
plasticity), FB (ferrite-bainite), CP (complex plkasand TWIP (twinning induced plasticity)
steels [7]. These multiphase steels possess highgsh simultaneously with the increased
deformation ability and possibility of high impaatergy absorption [8].

They are produced by modern metallurgical techriebb@nd their application is especially in
area where decreasing of weight (constructiongyraobiles) is necessary. The application of
structural steels is closely connected with goothlmoation of strength, ductility and simple
production. The main goal of these steels is to aétigh strength without deterioration of
ductility. It can be achieved by the multiphase noétructure, due to combination of high
strength in one phase with the high plasticity obther phase («microstructural engineering»)
[9].

Therefore, in this work the influence of microsture on hydrogen diffusion of high strength
low-alloyed dual phase structural steel was studied

2 Materialsand Experimental Procedure

The sample was prepared from the low-carbon higdngth hot-rolled strip of dual phase DP
steel (EN 10336) and marked as DP-A. In order teehiasight in its quality the chemical
composition of examined material and carbon eqamalCE (calculated according to
International Institute for Welding-equation (1gayiven in Table 1:

CE(”W)=C+W+Cr+Mo+V+Cu+ Ni (1)

6 5 15
It can be seen from Table 1 that dual phase steeldw sulphur and phosphor content, which
provides high purity and quality of examined steaiterial, because it minimizes the possibility
of sulphides formation and other inclusions.
In order to investigate the tendency to hydrogemréttement, it is necessary to hydrogenate
the samples. The penetration of hydrogen atomsugfirahe steel materials can be accelerated
by simple laboratory procedure of electrochemicanaination of hydrogen diffusion in ferrous
materials [6].For permeation experiments the sample was cut fsteel sheet of origin
thickness into the membrane with dimensions (5% @165) cm. Anodic (exit) side of sample
was coated with nickel, so that the surface abttidation side of metallic membrane is passive
or corrosion resistant. The coating with nickel ywasformed at ambient temperature through 55
minutes and with current density of 0.5 AfdrBefore every measurement the entry side of
sample was grounded with emery paper to a 60Gigish. After that the membrane was rinsed
in distilled water and degreased in ethanol.
The experimental device for monitoring of hydrogaiffusion through metallic membrane
consists of cell for hydrogen charging (entry pamt)d oxidation cell (exit part) which are
separated with thin steel plate (sample-workingtedele),Figure 1. The entry side of sample is
hydrogenated, so it is placed in contact with fikdld with 2M H,SO, deaerated with nitrogen,
while the anodic side is placed next to anodictjgart filled with 1M NaOH. In anodic part of
the electrochemical assembly, saturated calometretde (SCE) as reference electrode and Pt-
plate as counter electrode are placed. The poteitisteel membrane in anodic (exit) cell is



Acta Metallurgica Slovaca, Vol. 17, 2011, No. 21#9-137 131

maintained in the passivity area: + 200 mV vs. SB¥ PARSTAT Potentiostat/Galvanostat
(Princeton Applied Research, USA) Model 2273. k éimtry part of the experimental device the
hydrogen evolution occurs, through corrosion reactf steel with HSO,. These H-atoms can
form either hydrogen molecules leaving the solutionthe form of gaseous hydrogen, or
hydrogen atoms diffuse through the steel membraaehing the anodic side. In anodic part no
captured hydrogen at the exit side of membraneizegdin H-ions by the influence of applied
potential. The current flow between the steel membér (working electrode) and counter
electrode (Pt-electrode) is registered in a PC plotted as permeation currenpd, which
presents the measure for the amount of hydrogemlitfiases through the steel membrane.

Tablel Chemical composition of examined dual phase st®eA¥mass. %)

Type of steel Dual phase

Sample DP-A
C 0.073
Mn 1.85
Si 0.013

P 0.015

S 0.004

Al 0.047

N 0.0060

Cu 0.014

Nb 0.002

Ti 0.001

V 0.003

Cr 0.221
CE/% 0.43

For the purpose of metallographic investigationd amicrostructural characterization the steel
sample was cut in the rolling direction and predsgetiSimpliMef™ machine for hot pressing of
samples. After that, sample was grounded (emergmblp. 400, 500, 600 and 800 grit) and
polished by the “Buehler” automatic device for gnding and polishing. Such prepared sample
was observed by optical microscope with “Olympus 6X digital camera with system for
automated picture analysis (AnalySIBaterials Research Lab) to detect the inclusiorfeerA
that, the sample was etched by Nital (5 % HMOethanol) to record its microstructure.
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SEM analysis of registered inclusions and samplerastructure was carried out by scanning
electron microscope “Tescan Vega LSH” (Czech Repuldquipped with “Bruker” EDS
spectrometer.

3 Resultsand Discussion

On the basis of electrochemical diffusion measurgmetaking in consideration registered
hydrogen current at the exit side of membrapé\ land working area A/cfn the permeation
current density of atomic hydrogen i(t) was caltedeaccording to following equation [10]:

1 bAem? ?)
A

From diagram i = f (t) the steady-state permeatoment density of atomic hydrogeg and
time f{,g (Which presents a time to achieve a value of Q)68ere determined. From the obtained
values and membrane thickness L, the diffusion fmeft D was calculated according to
following equation [10]:

L [enfs] ®3)

6xt

D=

lag

The amount of atomic hydrogen passing through tehmembrane per unit area in a steady-
state condition was calculated according to Faradaw:

a(H,) =Xt [mol cm’] )
ZxF x A

where | is the current (A), t is time (s), z is tmember of exchanged electrons, F is Faraday’s

constant (96490 A s md) and A is the surface of steel membrane exposé¢a®H solution

(3.14 cn).

The volume of atomic hydrogen passing through tle¢atrsample per unit area was calculated

from the standard molar volume as follows:

V(H,)=V°(H,)xn(H,) [cn’H,cm?] (5)

Atomic hydrogen permeation flux at the steady-states obtained by the following equation
[10]:

3= Al [mol om’s] ®)

From the above parameters the sub-surface contientraf atomic hydrogen in interstitial
lattice sites on the charging side of the sampls gieen as [10]:

c,=J=*L  [molH cm’] (7)
D

The number of reversible traps,Ns calculated as [11]:

D _E
NT:NFeX[ Fe —1}xe RT
D [cm?] 8)
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where N is the number of reversible trapsdifFe (7.52 - 18 cmi®), De. is the lattice diffusion
coefficient of atomic hydrogen without traps (1.280*cns?), Dis the diffusion coefficient of
examined material, Hs the bond energy (0.3 eV), R is the universal ganstant and T is the
temperature.

The diffusion parameters for the four permeaticansients were calculated and showed in
Table 2. The permeation current density of atomic hydrogerm function of diffusion time and
normalized flux of atomic hydrogen against nornedizime are shown iRigures 2 and3.

Table2 Hydrogen diffusion parameters for examined DP-A&lste

Permeation 1st 2nd 3rd 4th
is{uAcm? 1.62 1.77 1.92 2.02

tiag/S 16002 12666 11610 10560
n(Hp)x107molcm? 1.85 1.92 1.96 1.96
V(H2)*x10%cnH,cm® 4.15 4.29 4.39 4.39
Dx107/cnfs? 2.84 3.58 3.91 4.30
Jx10"/molcm?®s? 1.68 1.83 1.99 2.09
Cox1¢F/molHcm® 9.76 8.43 8.40 8.02
Ny x10%/cm? 3.38 2.68 2.45 2.23

From the values in Table 2 it can be noticed th#fuglon parameters are three orders of
magnitude lower than that in crystal latticeseFe (D, =1.28 - 10 cnf s%) [11]. It means that
traps are present which slow down the transpoH-atoms through a membrane. The number
of reversible traps in examined material was oafenagnitude 1, which confirms the above
mentioned fact. Namely, it is known that decreasiigD.; and increasing of £strongly
depends on hydrogen trapping. The most frequempthearing traps are different defects in the
material such as dislocations, grain boundaries]t].
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Fig.2 Time dependence of atomic hydrogen permeation mutineough membrane of DP-A steel

In Figures 2 and 3 the four curves are showed:fitisé curve presents hydrogen transport
through the metal membrane which has never beearitact with corrosive medium, while the
other permeation transients differ from the firgtchuse the membrane has already been in
contact with medium and to some extent alreadydyeinated.

It can be seen from the Figure 2 that hydrogenrdlesbin DP-steel at first permeation transient
needs 180 minutes to diffuse to the opposite sfdéed membrane. When all traps are filled,



Acta Metallurgica Slovaca, Vol. 17, 2011, No. 21#9-137 134

steady-state flux of atomic hydrogen is establishiethe exit side of membrane, which can be
seen asgjafter 368 minutes. Every following permeatiomsignt needs less time to reach the
opposite side of the membrane, because only thersitle traps are slowing down the hydrogen
transport [10]. Namely, hydrogen atoms in irrevaisiraps are tightly bonded and they can be
driven out from the material only at temperatur@8-350 °C. Hydrogen atoms in reversible
traps are weakly bonded and they can move by diffufor a long time through a crystal lattice
until they reach the other side of membrane [17, Bich hydrogen is called diffusible
hydrogen. The hydrogen trapped in reversible tizgrs be driven out from sample already at
room temperature and completely at temperatureviatel12-270 °C. Diffusible hydrogen is
dangerous because it can move through a crystaleldor a long time until it finds a suitable
place, but it also can move from one place to aradimd cause an additional stress in a crystal
lattice and consequently the delayed fracture.

‘* 1st permeation=— 2nd permeation+— 3rd permeation—~— 4th permeatioﬂ'n
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Fig.3 Normalized time dependency of normalized flux afmaic hydrogen foDP-A steel
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Fig4 a) Optical micrograph of globular inclusion in DPsfeel, b) SEM micrograph of globular inclusionD-A
steel

However, differences in calculated diffusion partare between the first and the other
permeation transients weren’t very big, which ledsonclusion that examined DP-steel is not
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characterized with a great number of irreversibdgpg. Namely, although the first permeation
transient needs longer time (Figures 2 and 3), lwiidicates to presence of irreversible traps,
the steeper curve of the first permeation transiedicates to a small number of irreversible
traps (Figure 3) [10]. Observations by optical mgmope and scanning electron microscope
prove these constatatioRiur es 4-6).

Since examined dual phase steel has very low caabdrsulphur content, irreversible traps such
as carbides and inclusions are not expected [12.14B Accordingly, SEM analysis of dual
phase steel revealed a very small number of globatdusions with dimensions from 24
(Figure 4), while elongated MnS-inclusions havéx@en registered.
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Fig.6 Microstructure of DP-A steel etched by Nital: a)MsEnicrograph and b) BSE micrograph

However, by analysing thgne-grainedmicrostructure of examined ferrite-martensite D&ekt
(grain size No. 13Figures 5 and 6), it can be concluded that revierditaps dominating
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diffusible hydrogen behaviour are dislocations gndin boundariesNamely, high density of
dislocations and numerous grain boundaries proadger paths of atomic hydrogen through a
crystal lattice and slower hydrogen penetratiothéoopposite side of membrane.

4 Conclusions

By the electrochemical method of hydrogen permeatiiffusion, the diffusion parameters of
high strength dual phase DP steel were determinddhee following was concluded:

Diffusible hydrogen accumulated in the reversilslgps (G) contributes to the lower value of
the diffusion coefficient (D).

The low diffusion coefficient of atomic hydrogen P steel indicates the presence of a great
number of traps in comparisondere.

Reversible traps dominate in the structure, what loa seen from the difference in diffusion
parameters between the first permeation transrahttze following ones (D, & Ny).

A few globular inclusions revealed by the metallggric and SEM analysis confirm that
irreversible traps are not present in a significanmnber.

By analysing thdine-grainedmicrostructure of examined ferrite-martensite D&ektit can be
concluded that reversible traps dominating difflesibydrogen behaviour are dislocations and
grain boundaries.
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