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Abstract

The adoption of advanced high-strength steels (AHSS) in the automotive industry have significantly
increased in recent years driven by weight reduction and enhanced crashworthiness. Hot dip
galvanised sacrificial coatings are regularly applied to these steels for corrosion protection. In this
investigation, the scanning vibrating electrode technique (SVET) demonstrated that hydrogen
evolution on the steel substrate is taking place when these sacrificial coatings are damaged during
service, increasing the risk of hydrogen embrittlement. The hydrogen embrittlement susceptibility of
a new generation of nano-precipitate ferritic, FNP, AHSS have been studied and compared against
conventional dual phase ferritic-martensiticc FM, AHSS at equivalent strength levels. Hydrogen
permeation tests have shown that FNP AHSS have lower effective diffusion coefficients, Deff, than
FM AHSS at equivalent strength levels. At 800 MPa strength level Deit were 1.68x107 cm?/s and
1.87x107 cm?/s for FNP800 and FM800 respectively. At higher strength levels, 1000 MPa, Dett  were
7.45x10% cm?/s and 1.45x107 cm?/s for the FNP1000 and FM1000, respectively. Slow strain rate tests
(SSRT) showed that FNP AHSS displayed over 35% higher resistance to hydrogen embrittlement than
conventional FM AHSS. Quantitative fractographic analyses confirmed that the new ferritic nano-
precipitate microstructure retains much more ductile behaviour than conventional martensitic-
ferritic even under the most severe hydrogen charging conditions tested.

Keywords: hydrogen embrittlement susceptibility; advanced high strength steels; automotive; nano
precipitate ferritic steel; ferritic martensitic steel

1. Introduction

The use of advanced high-strength steels (AHSS) in vehicle structures, chassis and suspension
components have significantly increased in recent decades from an average 2% to >15%, driven by
enhanced manufacturability, crashworthiness and weight reduction potential. Typical automotive
components manufactured with AHSS include: A-pillars, B-pillars, floor and roof cross members,
front and back crush box, battery packages, suspensions arms and many others [1-4].

Conventional Dual-Phase AHSS are widely used in safety cage components, outer body and
floor panels [5]. Its microstructure comprises an array of second-phase martensite embedded in a
ferrite matrix with strength levels typically increasing up to 1000 MPa, as martensite and bainite
volume fraction increases [6,7]. In more recent years, a new generation of AHSS have been developed
with improved hole expansion and fracture toughness characteristics. These new AHSS have a fine-
grained microstructure with nominally 100% ferrite. Within this ferrite matrix are precipitated
carbides and carbonitrides of Nb, Ti, V, and Mo. Whilst some of these micro-alloyed precipitate
promote grain refinement, a substantial amount of strength from precipitation strengthening is
gained from these carbonitrides.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Sacrificial galvanic coatings are commonly applied to these steel components to protect them
from rust and corrosion. Zn-based galvanised coatings are the most accepted in the automotive
industry [8]. However, should these coatings become damaged during service, a galvanic cell could
be generated in the presence of an electrolyte such as salty water, as depicted in Figure 1. Whilst
anodic reactions arise in the sacrificial zinc coating (Equation 1) the steel substrate becomes the
cathode, where hydrogen evolution takes place (Equation 2). Other cathodic reactions could take
place (Equations 3 and 4), depending on local pH levels.
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Figure 1. Schematic representation of hydrogen embrittlement of steels due to corrosion of a zinc sacrificial

coating.

At the cathodic surface atomic hydrogen can be absorbed directly beneath the steel substrate
following the coupled discharge-recombination mechanism [9,10]. Over time hydrogen diffuses
within the steel microstructure in sufficient quantities, increasing the risk to hydrogen embrittlement
(HE) and its associated deterioration of mechanical properties.

Automotive steel grades considered in the present study are also regularly used in the
galvanised condition, and it is therefore important to understand how hydrogen evolution and
uptake take place when the sacrificial coating becomes damaged in service. The Scanning Vibrating
Electrode Technique, SVET, has been shown to be an effective technique to quantify galvanic
corrosion on hot-dipped galvanised steels [11,12].

Ingress of atomic hydrogen into the steel greatly lowers its strength, ductility and toughness,
causing it to fail under loads well below those expected during service. Proposed HE mechanisms
for steels are either based on lattice decohesion, where diffusing hydrogen weakens lattice bonds, or
hydrogen induced plasticity, where diffusing hydrogen reduces the stress required for formation and
motion of crystal imperfections associated with plastic deformation, such as dislocations [13-15]. It is
also recognised that hydrogen embrittlement susceptibility increases with strength levels.
Nonetheless hydrogen diffusivity within the steel microstructure plays a key role [16]. In the present
study the hydrogen embrittlement susceptibility of the latest generation ferritic nano-precipitate
(FNP) is compared to that of more conventional dual-phase ferritic-martensitic (FM) AHSS at
equivalent strength levels via use of slow strain-rate (tensile) tests (SSRT), with hydrogen diffusion
coefficients measured using the well-established potentiostatic permeation technique [17].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2. Materials and Methods

2.1. Materials

AHSS considered in the current work include conventional ferrite-martensite dual-phase steels
with strength levels of 800 and 1000 MPa, identified as FM800 and FM1000. The new generation
ferritic nanoprecipitate AHSS at equivalent strength levels, were identified as FNP800 and FNP1000,
respectively. Chemical compositions for these steels are displayed in Table 1, with baseline
mechanical properties assessed via conventional tensile tests shown in Table 2. Microstructural
characterisation was carried out using a Zeiss Evo scanning electron microscope operating at 20 kV
accelerating voltage, 100-150 pA probe current. Grain size analysis was performed via the linear
intercept method using Matlab software [6,18]. The typical microstructure of the FM steels can be
seen in Figure 2, with the darker regions showing the ferrite () phase, and the lighter regions the
martensite (a’) phase. Relative volume fractions of each phase were estimated using segmentation
technique in Image] software [19]. Martensite volume fractions were 40% and 55% for FM800 and
FM1000, respectively. These values were comparable with the figures obtained from the literature
[20,21]. The FNP steels appear to have a 100% ferrite microstructure and an average grain size of 2.3
pum (diameter). There is little evidence of any FesC formations, either lamellar or globular, as shown
in Figure 3.

Table 1. Alloy chemistry for the steels studied in this work (figures in mass-percent).

Steel C Si Mn Cr Mo Nb Ti \Y% B
FMS800 0.136 0.236 1.692 0.553 0.003 0.024 0.021 0.003 0.0002
FNP800 0.0611 0.189 1.373 0.016 0.141 0.061 0.002 0.212 0.0002
FM1000 0.149 0.041 2.222 0.548 0.005 0.014 0.026 0.006 0.0001
FNP1000 0.1037 0.201 1.396 0.023 0.292 0.05 0.003 0.286 0.0002

Table 2. Baseline average mechanical properties of the studied steels.

Rpoz2 Rm Ag Aso
Product
[MPa] [MPa] [%] [%]
FMS800 488 (£ 2) 782 (+ 4) 12.5 (=0.1) 19.7 (£ 0.3)
FNP800 747 (+12) 826 (£ 5) 9.3(x0.3) 17.2 (x1.5)
FM1000 700 (+5) 1027 (£ 9) 7.8 (£0.3) 13.5 (£ 0.4)
ENP1000 862 (£ 8) 982 (£ 3) 8.2 (x0.1) 16.7 (£ 0.3)

500KX  SEL

Width =22.87 um

Width = 22.87 ym

Figure 2. SEM micrographs of a) FM800; b) FM1000, at 5000x magnification.
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Figure 3. SEM micrographs of a) FNP800; b) FNP1000, at 5000x magnification.

2.2. Effect of Galvanic Corrosion Upon Hydrogen Evolution

To examine the impact of galvanic corrosion on hydrogen evolution, the local anodic and
cathodic current densities during immersion in 0.1 M NaCl solutions were quantified using a
scanning vibrating electrode technique (SVET). One half of the surface of a 30 x 30 mm zinc-coated
coupon was ground with P1200-grit silicon carbide grinding paper to expose the steel substrate
(using ethanol as lubricant to avoid inducing corrosion prior to immersion). SVET measurements
were undertaken using a probe tip 250 um in diameter, mounted on a moving coil electromagnetic
driver connected to a 140 Hz vibrating probe [11,12,22]. Figure 4 shows a schematic of the SVET tip
and housing. Scans were undertaken every 30 minutes over the course of 24 hours to provide a series
of spatial and time-resolved current density measurements along the axis of measurement, J-, across
the surface. Data post-processing was done using Golden Surfer10 and Matlab software.

- p-metal
Electron}echanlcal housing
driver
Lock-in amplifier [ Glass
-
/ push-rod
Coaxial
cable
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R
‘ Eleclrolyte ‘ . \ﬁbratingI
Pt probe

AgCl
Sample reference
electrode

Figure 4. Schematics of the Scanning Vibrating Electrode Technique, SVET (adapted from [11]).

2.3. Hydrogen Diffusion

Hydrogen diffusion coefficients were measured using a Devanathan-Stachurski cell [17] as
depicted schematically in Figure 5.

Permeation samples had nominal thickness of 0.8 mm with charging surface area of 2.011 cm?.
The charging cell contained a 3.5% NaCl + 3 g/L. NH4SCN, pH 4.56, while the oxidation cell contained
0.1 M NaOH solution, pH 13. A charging potential of -1050 mV vs saturated calomel electrode (SCE)
was applied after preliminary desorption cycles were completed, typically after 14 hours. As
diffusing hydrogen is oxidised it generates a corresponding measurable current until it reaches
steady-state, generating a characteristic permeation curve. The current I, at time t, is converted to a
hydrogen permeation flux, J;, with the following equation [23]:

Je= (I/A)/F ()

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where A is the surface area exposed to the electrolyte in the oxidation cell, and F is the Faraday
constant (96,485 coulombs/mol). The lag time, tiag, described as the time taken when J¢/J~ = 0.63, was
used to calculate the effective diffusion coefficient, Dett, according to the following equation:

Deft = L2/(6t1ag) (6)

where L is the membrane thickness in cm. The surface concentration of hydrogen at the charging side
was calculated according to the following equation:

Co = (J-L)/D )

These parameters were used to simulate the perfect ‘Fickian’ curve, and compered to that
obtained from the experimental data. For potentiostatic charging the transient of the permeation flux
according to Fick’s diffusion is recreated by the following equation.

D.«Co N -Dn2m?t (8)
J= 3 1+22 cos(mn) Exp ?
n=1
Thin
Cathodic Region Membrane Anodic|Region
S
Icathode Tanode
Recorder Recorder
Potentiostat Potentiostat

Figure 5. Schematic of Devanathan-Stachurski permeation cell setup.

2.4. Embrittlement Indices, EI, and Slow Strain Rate Test, SSRT

Mechanical property degradation due to hydrogen was assessed using slow strain-rate tensile
tests, SSRT. Sample nominal thickness was 0.8 mm and the total length 64 mm. SSRT were carried
out at a nominal strain-rate of 8.33 x 10-¢ /s. For SSRT involving hydrogen charging, a bespoke cell
was placed around the sample gauge length with approximately 30 mL of 3.5% NaCl + 3g/L. NH4sSCN.
Samples were potentiostatically polarised at-1050 mV versus a saturated calomel reference electrode,
SCE, with a platinum foil counter electrode. Hydrogen pre-charging was undertaken for 2 hours. The
hydrogen embrittlement index, EI, was assessed according to the decrease in time-to-failure, TTF,
calculated according to the following equation:

Embrittlement Index = (Time to failure in air — Time to failure in hydrogen) | Time to failure in air (9)

Student’s t-test was used to determine whether there were statistically significant differences
between test populations. Comparing the means of the two data populations enables calculation of a
test statistic, t, through the equation:

t= ((m1-m2)) / (sV((1/m1 1/m2))) (10)

where mi1 and mz represent the means of the two data sets, and ni1 and n2 the number of measurements
in each set. s is calculated from the standard deviations of the two populations:

s2=(s12+s22) /2 (11)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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where s1 and sz represent the standard deviations of the two data sets. The test statistic, t, is then
compared with tabulated values for a 95% confidence level with ((n1 -1) + (n2-1)) degrees of freedom.
If the test statistic < t-distribution, with a 95% confidence level the datasets belong to the same
population, i.e. acceptance of the null hypothesis [24].

Weibull distributions were used to show the probability of survival of a group of specimens before
failure through hydrogen embrittlement. The time-to-failure data for each set of product-test condition
pairs was compared with a mean time-to-failure of the un-charged condition for each of the steels. The
Weibull model was adapted for analysis through brittle failure, in showing that the probability of a
specimen not failing within a specified time, t, is calculated according to the following equation [24]:

Pe=1-Pp=ext (12)

where P (s is the probability of survival, P the probability of failure and x the shape parameter known
as the Weibull slope. x is the probability per unit time, t, that a crack forms of sufficient severity to
cause failure of the specimen and is deduced from the negative gradient of a plot of In P versus t.
As there is a minimum time for a critical crack to initiate, i, the graph is displaced along the time axis
by this amount, i.e. when P¢) =1, In P = 0 and t=t;, modifying equation (12) to become [25]:

Pe=1-Pp=exttd (13)

2.5. Fractography

Fracture surface analysis was undertaken by SEM. Images were then analysed using Image]
software. Regions of the fracture surface were assigned a colour depending on the dominant features
observed in a particular location. Quasi-cleavage (QC) facets and regions of intergranular (IG)
fracture represented a more brittle fracture mode, whereas micro void coalescence (MVC), shear
voids, and tear ridges (TR) occurred in more ductile failures. Trans granular (TG) cracks can be found
in both ductile and brittle regions, and typically occur where both mechanisms are present, as shown
in Figure 6. Fractographic quantitative assessment was carried out using Matlab software.

Figure 6. Classification of fracture surface features.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results and Discussion

3.1. Effect of Galvanic Corrosion Upon Hydrogen Evolution

Figure 7 shows a selection of contour plots of SVET scan data displaying regions of cathodic
(blue) and anodic (red) activity as galvanic corrosion process in the relatively weak 0.1 M NaCl
solution. Regions with relatively high localised anodic activity, current density up to 6.01 A/m?, take
place as the Zn sacrificial coating is corroded in a localised manner. At the exposed steel substrate a
wide region with cathodic current densities (blue) is shown with a maximum cathodic current density
of -0.53 A/m?. This current density is indicative of cathodic polarisation at the steel surface that
promotes hydrogen evolution, albeit in competition with a diffusion-limited oxygen reduction
reaction [26]. After 2.5 hours, the anodic regions (red) begin to expand, but with lower intensity,
indicating that localised pitting has ceased and corrosion of the zinc has become more general. The
cathodic regions periodically develop some localised regions of increased cathodic current density,
particularly after about 14 hours, peaking around 20 hours. After 24 hours, both anodic and cathodic
activity had reduced intensity from peak current densities in these localised, previously high-
intensity regions. Figure 8 shows the averaged anodic and cathodic current densities, l. and I,
respectively, calculated according to Equation (14) (the equivalent for anodic current density with
respect to time, Jay, calculated using Jzxy) > 0)

y
X
I=AJ > f f [JZ(W)<0] dx dy (14)
0
0
Jz
Scan 0 -0h Om Scan 28 - 14h Om Scan 48 - 24h Om A/mA2
0 ) )~ 0 —— 6
1 . { f e . ® ' 55
. L4 . v 5
‘ ° . 45
P . 7 ® 7 ‘ i

2 3 4 5 6 7 8 9 W o 1 2 3 4 5 6 7 8 9 W o 1 2 3 4 5 6 1T 8 9 1 -0.5
Distance (mm) Distance (mm) Distance (mm) 4

Figure 7. SVET contour plot of a galvanised steel sample with coating partially damaged to expose the steel
substrate, with the corresponding optical image. Contour plot shows scan taken at time = 0, 14, and 24 hours

immersion in 0.1 M NaCl solutions. Contour lines displayed every +0.25 A/m? current density.
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Figure 8. The area-averaged anodic and cathodic current densities, I and I, respectively. Left - Area-averaged

anodic current density over 24 hours; Right - area-averaged cathodic current density over 24 hours.
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The measured total anodic current density shows greater stability over the 24 hour duration of
the test than the maximum current density plot indicating there is significant sacrificial corrosion of
the zinc coating as the immediate pitting behaviour subsides and continuing throughout. Cathodic
current density measurements show a degree of fluctuation but measure consistently higher than the
anodic current density, as illustrated in Figure 9. The most strongly cathodic areas showed current
density below -0.3 A/m?, of a similar order to cathodic current densities seen during potentiostatic
hydrogen charging (at -1050 mV SCE in 3.5% NaCl) for both permeation and slow strain-rate tests.
By applying Faraday’s Law, it is possible to calculate an estimate for the total hydrogen evolved at
the exposed steel surface according to equation:

Q=[5 - dt (15)

=
where Q is the total charge in C/m? and tm the scan time in seconds, with integration performed
numerically and assuming that J« is constant between scans. Figure 10 shows calculated values for
hydrogen evolved at the exposed steel surface over the duration of the experiment. The total
hydrogen evolved over 24 hours was > 1.6 x 10 mols.H.
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Figure 9. Estimated hydrogen evolution over the duration of the experiment.

3.2. Hydrogen Diffusion

Permeation curves for FM800 and FNP800 AHSS are shown in Figure 10. For FM800 the
breakthrough time, to, was 1,033 seconds, the lag time, tiag, was 4,397 seconds and the maximum flux,
J, was 2.2 x10-11 mol/cm?/s. The calculated mean effective diffusion coefficient, Detr, was 1.87x107
cm?/s, and the maximum hydrogen concentration at the charging surface, Co, was 8.51x10-¢ mol/cm?.
The FNP800 steel showed a t» value of 3,373 seconds, a tg of 6,682 seconds and J- of 1.68x10-1
mol/cm?/s. The calculated mean effective diffusion coefficient, Detr, was 1.68x107 cm?/s, and the
maximum hydrogen concentration at the charging surface, Co was 8.21x10¢ mol/cm?2.

— 2.50E-11 — 2.00E-11
(2] (2]
E %

2.00E-11 — -
2 2 1.50E-11 L=
) o L
E 15011 E ’
! 5 1.00E-11
T [
c 1.00E-11 p=
2 i’ 2 5.00E-12 7
S 5.00E-12 () ' g ©00E pr
£ ,l e==Permeation flux £ [) ===Permeation flux
5 s = = Simulated flux ° ,’ = = Simulated flux
a. 0.00E+00 a. 0.00E+00

0 5000 10000 15000 0 5000 10000 15000 20000 25000
Time (seconds) Time (seconds)

Figure 10. Hydrogen permeation flux (solid line) for left: FM800 and right: FNP800 membranes with 0.8 mm
nominal thickness, charged at -1050 mV (SCE) in 3.5% NaCl + 3 g/L NHsSCN.
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For AHSS at 1000 MPa strength, permeation curves in Figure 11 show that the FM1000 steel had
tv of 1,481 seconds, a tiag of 5,445 seconds and a J- of 1.93x10-1! mol/cm?/s. The calculated mean effective
diffusion coefficient, Deif was 1.45x107 cm?/s, and the maximum hydrogen concentration at the
charging surface, Co, was 9.14x10¢ mol/cm? . The FNP1000 AHSS had t» of 6,628 seconds, a tng of
13,944 seconds, J~ of 1.20x10-"" mol/cm?/s, Dett of 7.45x10-% cm?/s, and Co of 1.54x10- mol/cm?. Figure
12 shows the differences between effective diffusion coefficient calculated from data obtained in
permeation tests.

— 2.50E-11 — 1.20E-11

0 »

N I

g 2.00E-11 E 1.00E-11

© >~ ©°

£ 1.50€-11 £ B00FT2
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o == Simulated flux ° ’ == Simulated flux
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0 5000 10000 15000 20000 0 5000 10000 15000 20000 25000 30000
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Figure 11. Hydrogen permeation flux (solid line) for left: FM1000 and right: FNP1000 membranes with 0.8 mm
nominal thickness, charged at -1050 mV (SCE) in 3.5% NaCl + 3 g/L NH4SCN.

5.0E-07
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m Pre-charged - FNP

Effective diffusion
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5.0E-08
800 1000
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Figure 12. Calculated effective diffusion coefficient, Dett, compared to nominal tensile strength for the different

microstructures.

The fully-ferritic FNP steels have shown to have much lower effective diffusivities than the
equivalent ferrite-martensite FM steels at same strength levels. FNP steels exhibit clear differences
between the permeation curves simulated according to Fick’s laws and the measured permeation
flux, as shown in Figures 10 and 11. The initial rising transient is displaced to a longer (delayed)
breakthrough time, tv, before rising more steeply than the simulated Fick’s curves. This increase in to
has been previously reported to be caused by a higher overall hydrogen trap density [27,28].
Permeation curves for FM steels at equivalent strength levels did not show a delay in tv. Indicating
that the FNP steels contain a greater trap density than the equivalent strength FM steels.

As diffusible hydrogen saturates the irreversible traps before filling reversible traps or diffusing
through the lattice, the overall hydrogen diffusivity is impacted to a greater degree by the presence
of irreversible traps compared to reversible ones [29]. The overall shape of the permeation curve
between t» and ], however, is unlikely to be influenced by the presence of strong traps [30]. FNP
steels might contain a relatively high density of irreversible trap sites, not necessarily high densities
of reversible trap sites.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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FNP steels are alloyed with Nb, V and Mo resulting in the formation of nano precipitates
including NbV, NbVMo, and carbide/carbo-nitride. These precipitates suppress the formation of
second phase FesC maintaining a fine-grained, fully-ferritic microstructure [31]. It has been reported
that such precipitates could act as irreversible traps, particularly if precipitates are very fine [13].
Depover [32-34] showed that Ti, V, Mo carbides are able to trap a significant amount of hydrogen in
steels containing 0.1 — 0.3 wt.% C [35]. The lower relative diffusivity of the FNP steels could be
associated to the presence of these nanoprecipitates in the microstructure.

FM steels with shallower permeation transients indicate the presence of low irreversible trap
densities and higher density of reversible traps, more clearly illustrated in “normalised” permeation
curves seen in Figure 13. FM steels contain substantial volume fractions of martensite, formed via a
displacive transformation, resulting in high dislocation densities. Numerous studies have shown that
dislocations represent reversible hydrogen traps, decreasing the gradient of the rising transient, but
not impacting the overall effective diffusivity, Det, to the same degree as irreversible traps [36-39].
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Figure 13. Normalised hydrogen permeation curves for left: 800 MPa, and right: 1000 MPa tensile strength steels,

respectively.

3.3. Slow Strain Rate Tests & Fractography

A considerable reduction in ductility for FM800 steel due to hydrogen charging can be seen in
Figure 14. The mean total elongation dropped from 18.9%, in the dry condition, to 9.4% in the
hydrogen charged condition. The mean TTF value for the dry condition was 6.3 hours, reducing to
3.1 hours for the dry and hydrogen charged condition, respectively. Weibull plots in Figure 15
showed that TTF values were consistent for each test condition. Student’s t-test results showed with
a 95% confidence that there is a statistically significant difference between the two populations, dry
and hydrogen charged conditions.
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Figure 14. Engineering stress-elongation curves for slow strain-rate tests for FM800 under each condition.
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Figure 15. Simplified Weibull plots for FM800 slow strain-rate tests, showing differences in “survival’ times for
the test specimens. Changes in gradient reflect the range of times that a FM800 specimen could be expected to

‘survive’ under the specified test conditions.

Figure 16 shows FNP800 mean total elongation dropped from 18.9%, in the dry condition to
12.8%, in the hydrogen pre-charged condition, although one of the tests (pre-charged test 3) appears
to have persisted to a significantly higher elongation than the others for the same conditions. It could
be argued that the reduction in ductility during the pre-charged tests on FNP800 is within the scatter
of the dry test condition, showing substantially less obvious reduction in elongation than for the
equivalent strength FM steel. Student t-test results showed with a 95% confidence that there was no
statistically significant difference between the conditions tested, although the Weibull suggests two
distinct populations when compared according to TTF.
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Figure 16. Left: SSRT stress-elongation curves for FNP80O for the different charging conditions; right: simplified
Weibull plots showing differences in survival times for FNP800.

SSRT curves for FM1000 are shown in Figure 17. A severe loss of ductility is shown for the
hydrogen charged condition, with mean total elongation dropping from 18.5%, in dry tests, to just
4.6% for hydrogen charged tests. The mean TTF was reduced from 22,158 seconds to 5,418 seconds.
FM1000 experienced a large drop in performance in the presence of hydrogen, and this is validated
in the output of the t-tests. FNP1000 SSRT curves are shown in Figure 18. The mean total elongation
was reduced from 17.4% to 10.0%, for the dry and hydrogen charged conditions respectively. TTF
mean values decreased from 20,762 seconds in the dry condition, to 11,633 seconds for the hydrogen
charged condition.
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Figure 17. Left: SSRT stress-elongation curves for FM1000 for the different charging conditions; right: simplified
Weibull plots showing differences in survival times for FM1000.
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Figure 18. Left: SSRT stress-elongation curves for FNP1000 for the different charging conditions; right: simplified
Weibull plots showing differences in survival times for FNP1000.

Embrittlement indices for all AHSS considered are summarised in Table 3. It is clear that at a
given strength level, the fully-ferritic FNP AHSS showed significantly lower hydrogen embrittlement
susceptibility than the conventional ferritic-martensitic FM AHSS. It is notable that within strength
levels this shows a more clear correlation with the relative effective diffusivity as shown in Figure 19.
Differences in hydrogen embrittlement susceptibility between FNP and FM steels at equivalent
strength levels are due to the distinctive microstructures.
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Figure 19. Embrittlement indices (bars, left y-axis) with overlaid effective diffusion coefficients (diamonds, right

y-axis) of the steels in this study.
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Table 3. Mean embrittlement indices and output from Student's t-test for SSRTs. All t-tests based on time-to-

failure in the pre-charged versus dry conditions.

Product Mean Embrittlement Index % t-statistic p-value Power
FM800 50.30% (+ 3.5%) 11.773 2.98x10+ 1
FNP800 32.40% (+16.7%) 2.168 0.096 0.38
FM1000 75.60% (+ 0.6%) 66.706 3.03x107 1
FNP1000 43.80% (+ 11.5%) 5.186 6.58x10- 0.97

Several studies on dual-phase steels have shown that the ferrite-martensite microstructure may
be inherently susceptible to hydrogen embrittlement. Koyama [40] found that hydrogen charging
facilitates the nucleation of cracks in the martensite phase by decreasing the critical strain required
for such an initiation (via the mechanism known as hydrogen-enhanced decohesion (HEDE)),
promoting cracking at the ferrite/martensite boundaries, and trans-granular failure. Takashima [41]
also found that where stress is sufficiently high, cracks will propagate through the martensite,
avoiding the ferrite phase and causing a unique fracture surface with irregular roughness. Trans-
granular cracking in the ferrite phase and cracking at ferrite/martensite boundaries are mechanisms
more commonly associated with hydrogen-enhanced localised plasticity (HELP).

Evidence for these mechanisms in the FM AHSS can be found in the fractographic analysis.
Fracture surface features, categorised and assigned colours according to the logic described in Figure
6, are summarised in Table 4. For all specimens tested in the dry condition, virtually the entire surface
shows the presence of micro-void coalescence (MVC), considered to be typical of plastic deformation.
In contrast, regions with the highest hydrogen concentrations closest to the charging surfaces,
widespread quasi-cleavage (QC) and intergranular cracking (IG), both indicative of a decohesion
initiation and propagation. Regions further from the charging surfaces there is still the presence of
(MVC), but with widespread trans-granular (TG) cracks.

Table 4. Surface feature classification within fractured SSRT specimens.

Dry condition H

FMS800

FNP800

FM1000 1% 2%
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FNP1000

Brittle fracture features are more prevalent in the FM steel than the FNP steels of equivalent
strength levels, with increased visible damage near the charging surfaces. There is a greater
prevalence of visible damage towards the specimen centres and comparatively more widespread
transverse cracks, contributing to FM1000 showing nearly 100% prevalence of brittle features. In the
most severely embrittled FM1000, QC facets are still apparent even at the very centre of the specimen.
However, the presence of TG cracks and MVC in regions also containing QC might suggest that
hydrogen may be lowering the critical stress for dislocation motion, proposed in the HELP
mechanism [40].

Mixed modes of fracture are also observed in the single-phase FNP steels, but not to the extent
observed in the FM steels. With EI of 32% and 44% for FNP800 and FNP1000 respectively, typically
brittle fracture features covered up to 36% and 46% respectively. However, only at the regions
adjacent to the charging surfaces where hydrogen concentrations are at a maximum, are features such
as QC and IG prevalent, in stark contrast to the equivalent FM specimens. Differences in
embrittlement index and fracture features observed between FNPs and FMs steels are a clear
indication of the inherently better performance of the FNP microstructure in presence of hydrogen.
These differences in resistance to degradation do not result exclusively from lower effective
diffusivity per se, but from a combination of lower local diffusivity through presence of strong traps
and the fully-ferritic microstructure being inherently more resilient than the dual-phase
microstructure containing martensite. In other words, there are differences in critical hydrogen
concentration between the two microstructures.

4. Conclusions

SVET scans carried out have shown that hydrogen evolution due to galvanic corrosion takes
place on the steel substrate when the Zn sacrificial coating becomes damage in 0.1 M NaCl solution.
The measured current density at the most strongly cathodic regions was equivalent to that for
potentiostatic charging at -1050 mV (SCE) in a 3.5% NaCl + 3g/L NH4SCN solution used for both the
hydrogen permeation and slow strain-rate tests.

Hydrogen permeation test have shown that FNP AHSS have lower effective diffusion
coefficients, Det, than FM AHSS of equivalent strength level. At 800 MPa strength level The mean Des
were 1.68x107 cm?/s for the FNP800, and 1.87x107 cm?/s for the FM800. At higher strength levels, 1000
MPa, Deit was 7.45x108 cm?/s for the FNP1000 and 1.45x107 cm?/s for the FM1000, respectively.
FNP1000 lower Det values are attributed to the high density of micro-alloyed carbide
nanoprecipitates that behave like irreversible hydrogen traps. This was shown in the permeation
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curves deviations from simulated lattice diffusion curves where the breakthrough time, t», were much
longer that those for the modelled Fick’s equation.

For a given strength level, FNP AHSS were substantially more resistant to hydrogen
embrittlement than conventional FM AHSS. The FNP800 and FNP1000 showed embrittlement
indices of 32% and 44%, respectively. Whereas, FM800 and FM1000 had embrittlement indices of 50%
and 76%, respectively, under the same conditions. These differences in susceptibility are attributed
to the lower diffusivity found in FNP steels. For higher diffusivity there is increased susceptibility to
hydrogen embrittlement for both FNP and FM AHSS.
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