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This paper proposes a definition of a Hydrogen Embrittlement Index for assessing structural components
made by a martensitic advanced high-strength steel. A material model, including a damage model and a
fracture criterion, was developed to reproduce the tensile behaviour until fracture nucleation under different
hydrogen concentrations. The analysis of the tests with different specimen geometries demonstrated that the

maximum principal strain at fracture is correlated to hydrogen concentration, and it can be used to define the
embrittlement index for quantifying the hydrogen susceptibility of material in a wide range of notch severity.

1. Introduction

Advanced High Strength Steels (AHSS) are widely used in the
automotive industry [1-7]. Their high strength and ductility which
guarantee crashworthiness and reduce the overall body weight of the
car, thus contributing to greater passive safety and fewer polluting
emissions [8-11]. Among AHSSs, Martensitic Steels (MS-AHSS) are
used to produce automotive structural components that are crucial
for impact safety, such as the front and rear bumper beams, door
anti-intrusion bars, side sill reinforcements, and roof crossbars [12-
14]. The success of MS-AHSS is a consequence of their strength and
ductility, along with the relatively low cost [12,15]. However, due to
their microstructure, MS-AHSS are particularly susceptible to Hydrogen
Embrittlement (HE) [16].

H can be absorbed by steels either during the production processes,
such as coating, welding, heat treatments, painting [17], or in particu-
lar service conditions [12]. The presence of Hydrogen (H) in steels can
reduce strength, ductility, fatigue resistance, and fracture toughness [2,
12,17-21]. Two main distinct HE phenomena have been described in
the literature: final fracture after a significant subcritical cracking or
final fracture with no evidence of previous crack formation and stable
growth (referred to as HESC and HEFT in [22]). The former case,
which can be modelled with fracture mechanics approaches, is the most
studied in the literature, whilst HE with no subcritical crack growth
is generally associated with a reduction in ductility with no loss of
strength [12,19,23-27]. Several mechanisms have been proposed to ex-
plain the embrittling effect of H, among others: (i) HEDE (ii) HELP (iii)
HAM [21,22,24,28]. MS-AHSS components are usually manufactured
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by cold forming processes [12,29] in which significant plastic strains
and strain gradients are generated and, consequently, intense residual
stresses are present.

The residual stress and the dislocation density produced by cold form-
ing processes can affect the diffusion of H and its distribution. In
particular, H tends to accumulate in regions with tensile hydrostatic
stress, where the local H concentration can become significantly larger
than the mean value in the component [21,30]. As a consequence, even
a small average concentration of H initially present in the material [12,
24] can accumulate and severely impair the component even in the
absence of external loads, if there is sufficient time for H to diffuse and
concentrate [17]. This process may explain the sudden cracking of steel
components at some point after assembly or production, a phenomenon
usually referred to as “delayed fracture” [31,32]. Delayed fractures
have been observed by car component manufacturers at holes, fittings,
and folds [33,34]. Delayed fracture tests require a long time and costly
full-scale specimens, hence designers and steelmakers need preliminary
data from small scale and faster tests on the HE susceptibility of
materials.

Several tests have been proposed to perform this preliminary assess-
ment of the susceptibility of AHSS to HE [16,17,33,35-42]. For this
purpose, the Slow Strain Rate tensile Test (SSRT), performed under dis-
placement control on a notched specimen, is the most widely used. The
strain rate is kept low enough to allow H to migrate towards the notch
tip region where the stress is at its peak. Due to H migration strain
rate has an impact on the test results [38,43]. This test is particularly
suitable for assessing the behaviour of sheet metal in the presence of
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holes, whose boundaries are typical regions of crack initiation caused
by HE in automotive components [33].

Two main approaches are commonly employed in the relevant lit-
erature: (i) H pre-charging and SSRT in air and (ii) SSRT in an H-
inducing environment [26,44,45]. The first case is more adherent to
the phenomenon of interest since usually cracking occurs without an
hydrogenating environment, although it may require taking the H
outgassing into consideration. Standard SEP1970 [41] defines a test
specifically developed for assessing the strength properties of AHSS in
the presence of H induced by the manufacturing processes.

A Hydrogen Embrittlement Index (HEI), measuring the change of a
given property with H content, is commonly introduced to quantify the
H deteriorating effect [46]. From the definition of the HEI, a critical H
concentration [47] can be identified, which is defined as the threshold
above which an unacceptable reduction in the chosen material property
is expected, for example a 30% drop has been recommended [27].

Different methods to quantify and measure HE have been proposed,
depending on the specific test and the mechanical property of interest
[16,38,48-50]. Strength-, fracture toughness- or crack growth rate-
based approaches are commonly used to evaluate the effects of H
relevant for applications subjected to delayed fracture [43,45,51-54],
or in the fields where a damage tolerant approach is needed. The HEI
defined on the basis of quantities such as RA or elongation at fracture
are technological properties, which not only depend on the material but
also on the specimen used to calculate them. In particular, RA can be
defined only on a uniformly stressed specimen, and the elongation at
fracture changes its value when notched specimens are considered. As
a consequence, the HEI defined with one of those methods is suitable
for qualitative evaluations and comparisons between different materi-
als, but it cannot generally be considered as a rational and effective
measure of the material deterioration in the selected testing conditions.
The aim of the present work is to propose a definition for the HEI
that provides an estimation of the material deteriorating effect in the
presence of notches. The study focuses on the MS-AHSS grade 1500,
one of the most commonly used in the automotive industry. Several
researchers have highlighted that, in MS-AHSSs, H provokes only a
slight reduction in Yield Stress (YS) and Ultimate Tensile Strength
(UTS), with a significant reduction in ductility [22,55-57]. Venezuela
et al. have recently reported that the influence of H on notched spec-
imens mostly occurs at the fracture nucleation region, and that no
subcritical crack growth is expected from H-affected MS-AHSS in the
testing conditions analysed by them [56]. These observations suggest
that fracture nucleation is the most critical process affected by H. Addi-
tionally, Li et al. have argued that plastic damage is required for similar
materials to promote H induced-cracking [22,58,59]. The material was
characterized by evaluating its standard tensile properties in the SSR
regime, and the damage mechanism was identified by fractographic
analysis of the fracture surfaces. A material model was applied, which
reproduces the specimen’s behaviour up to final failure. The material
model was then used to predict the results of notched (holed and V-
notched) specimens. Data from all three tests was subsequently used to
improve the model with the addition of a fracture criterion based upon
strain. By analysing the dependence of the model parameters on the
H content, strain at fracture was found to be a promising quantity to
define a geometry independent HEL Finally, a test method suitable to
accurately estimate the proposed HEI was suggested.

2. Material and methods
2.1. Material

A commercial quenched and tempered MS-AHSS grade 1500 MPa
for cold stamping was selected. The material was supplied in zinc-

coated rectangular sheets, having dimensions 610 x 550 x1.52 mm.
The microstructure was examined by sectioning the sheets along the
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rolling and transverse directions. The surfaces were prepared by grind-
ing with SiC waterproof paper ranging from 320 to 1200 grits, and
mirror-polishing using a diamond slurry of 1 pm. After chemically
etching with Nital reagent (2%), the samples were examined by either
optical (Leica DMI3000 M, Leica Microsystems, Wetzlar, Germany) or
Scanning Electron Microscopy (SEM), using an FEI Quanta 450 FEG
(FEI, Hillsboro, Oregon, USA). Fig. 1(a) illustrates the microstructure
observed perpendicularly to the Rolling Direction (RD). As expected,
the material presents the typical microstructure of MS-AHSSs, consist-
ing of a martensitic matrix (grey phase) surrounding islands of ferrite
(white phase). As shown in Fig. 1(b), the matrix consists of a marten-
sitic lath phase and, since retained austenite was not detected, the
austenite was assumed to be fully transformed during quenching. All
the observations confirmed that the microstructure was homogeneous
with small and rare inclusions.

2.2. Hydrogen charging and measuring

To study the effects of H on the mechanical properties of the
alloy, the specimens were electrochemically H charged prior to tensile
tests. In order to introduce H into the specimens, zinc-coating was
removed using a solution of hydrochloric acid (50% w/w), with hex-
amethylenetetramine (5 g/L) as a corrosion inhibitor. Residues of the
coating were removed by grinding the specimens’ surfaces with SiC
500 grits waterproof paper. Finally, the samples were washed in an
ultrasonic cleaner. For the electrochemical charging, a solution of 3.5%
w/w NaCl was employed [60]. The cathodic current densities j during
charging were set to one of two values: 5 mA/cm? or 10 mA/cm?2.
These relatively low values were chosen in order to keep a low H
concentration in the specimen, thus avoiding the risk of producing a
severely damaged layer near the surface.

A preliminary estimation, according to the theoretical framework re-
ported in [61] and using data from standard permeation tests not shown
in this paper, suggested that a charging time of T, = 7 h is sufficient to
obtain a uniform H concentration in the considered media. However,
taking into account the trapping effects and the possible differences in
the boundary conditions, longer charging times were chosen in order
to increase the homogeneity of the concentration and to achieve mean
concentrations similar to those commonly produced in components
during manufacturing and service [24]. T,;, was thus chosen between
16 and 21 h.

To evaluate the effective H concentration in the material at failure,
a sample with a mass of approximately 5 g was removed from each
specimen near the fracture zone on one of the two halves of the broken
specimen immediately after the end of each mechanical test. The other
half was used for the fractographic analysis (Section 2.4).

The H concentration was measured using the hot extraction method at
a constant temperature [62] using the H analyser LECO DH603 (LECO,
St. Joseph, MI). Thermal desorption analysis was performed in order
to select the extraction temperature. For this purpose, a sample was
cathodically pre-charged in 3.5% w/w NaCl with j = 10 mA/cm? for
T, = 21 h. Fig. 3 shows the H desorption rate as a function of the
temperature during heating with a rate of 20 °C/min. As expected, about
85% of the H was released under 300 °C. This quantity was considered
to be located in reversible trap sites characterized by a low binding
energy [63], and thus assumed to have the ability to diffuse in the ma-
terial at room temperature. The concentration of this part of the total H
is called the diffusible H concentration and hereafter is indicated as Cy.
The C4 has been correlated with the loss of mechanical properties by
several authors [17,20,38,64,65]. The H released at temperatures above
300 °C can be considered as strongly trapped at room temperature.

On the basis of this analysis, a hot extraction temperature equal to
265 °C was selected in order to measure Cy.

Since the H concentration measurement can usually be performed only
after the mechanical test, which was up to one hour, in the worst
case, after the end of the H charging process, preliminary tests were
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Fig. 1. (a) Optical microscope and (b) SEM micrograph showing the microstructure of the studied alloy along a plane orthogonal to the rolling direction.

conducted to evaluate H loss during this time interval. The H desorption
rate in air was thus estimated by measuring the H concentration at
different times for two parts from the same specimen after charging.
Samples with the geometry and dimensions shown in Fig. 2 were
extracted from the sheet, prepared and H charged with the same
procedure as the tensile specimens. At the end of the H charging each
sample was split into two parts. The H concentration was measured im-
mediately after charging on one part, and after one hour of desorption
in air at room temperature on the other one.

Table 1 shows the results of the preliminary H solubility tests, and
highlights the effects of the current density j and charging time T, on
Cy4. As shown in the table, C4 ranges between 0.4 and 1.3 ppmw. The H
lost in the first hour in the air after the end of charging varies from 0.0
to 0.2 ppmw (for the largest initial concentrations), that is an average
loss of about 13% of the initial H content. Considering the loss of H,
the C4 measured at the end of each mechanical test was assumed to
be representative of the average H concentration which was present in
the material throughout the test. This simplifying assumption has the
consequence that due to H outgassing from the surface, the actual H
concentration at fracture was lower than C4. An accurate evaluation
requires a full H diffusion model, taking into account (i) the actual
boundary conditions of desorption in air (ii) the H trapping, further
complicated by increased dislocation trapping and later microvoid
trapping due to plastic strains, and (iii) stress-driven and dislocation-
driven H migration [66-71]. Such a model has significant validation
problems due to difficulty in measuring local H quantities. With regards
to (i), significant discussion and multiple models are present in the liter-
ature, some of them highlighting that the boundary conditions are also
influenced by hydrostatic stress [53,65,72-83]. Models for boundary
conditions in air usually employ Sievert’s law which, if H pressure is
kept constant, amounts to imposing a constant H concentration on the
surface. In our case this would mean imposing zero H concentration on
the surface, which would in turn result in a wrong predicted H loss of
46% against the measured 13%.

If we employ the simplified model of evaporation proposed by Crank
[61] and calculate the evaporation constant fitting the experimental
data, we can obtain a first estimation of the H distribution in the
solubility specimen after one hour. The surface H was found to be about
20% lower than the average value. The actual loss in the specimen will
be further limited since the test invariably begins within 10 min after
the end of H charging, and since due to effect (ii) trapping is increased
by plasticity [66,67,69,70].

Table 2 shows the C4 measured after the test for each charged speci-
men. The electrochemical charging carried out on the specimens pro-
duced C4 values comparable to those obtained by the preliminary

Table 1
Results of H solubility tests.
j Ta Time in Cyq
(mA/cm?) (h) air (h) (ppmw)
16 0 0.5 0.4 0.7
5 1 0.4 0.4 0.6
21 0 0.7 0.6 0.7
1 0.6 0.5 0.6
0 1.1 1.3 0.9
19
10 1 0.9 1.2 0.8
0 11 1.3 1.0
A 1 1.0 1.1 0.9
Table 2
Post-tensile C; measured on the samples extracted from the failed specimens.
Test j Cq
type (mA/cm?) (ppmw)
5 0.2 0.5 0.7 0.8
vt 10 0.9 1.1 1.2 1.5
5 0.2 0.4 0.5 0.8
HTT 10 0.9 1.1 1.2 1.3
5 0.1 0.4 0.5 0.7
10 0.9 1.0 1.1 1.3

20
16

2

Fig. 2. Specimen geometry used for the preliminary solubility testing (dimensions in
mm).

solubility tests in the same conditions. Thus, the results of the pre-
liminary solubility tests at zero time in air represent the expected H
concentration at the end of the charging process for all specimens.
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Fig. 3. Thermal desorption analysis results. H desorption rate as a function of the
temperature for a heating rate of 20 °C/min. The sample is cathodically pre-charged in
3.5% w/w NaCl at j = 10 mA/cm?.

2.3. Mechanical testing

Mechanical SSRTs were performed according to ASTM G129-00 [42]
on both as-received and H pre-charged specimens. All the specimens
were extracted from the metal sheet by laser cutting, with the axis
orthogonal to the rolling direction. Zinc-coating was removed before
laser cutting using the procedure described in Section 2.2. Tensile
SSRTs were performed using a universal servo-hydraulic testing ma-
chine MTS 100 kN (MTS Systems Corporation, Eden Prairie, MN) under
displacement control with a cross-head speed of 0.001 mm/s. Load and
elongation were measured and stored by the Data Acquisition System
RT3 (Trio Sistemi e Misure, Dalmine, Italy) at a sample rate of 25 Hz.
The tensile properties of the as-received material were identified by
analysing the results of three nominally identical tests.

Three geometries were adopted for the specimens (Fig. 4). Each spec-
imen was charged with two values of j (5 mA/cm? and 10 mA/cm?)
in order to obtain different nominal C4 values. Each cathodic cur-
rent/geometry combination was repeated four times. A total of 33 tests
were carried out, including those performed on the as-received H free
condition.

Un-notched Tensile Tests (UTTs) were performed on specimens shown
in Fig. 4(a) in order to assess the effect of C4 on the basic mechanical
properties (uniaxial strength and ductility). MTS 634.31F-25 exten-
someter (gauge length equal to 10 mm) was used to measure the
average strain in the reduced section of the specimen during the test.
The adopted cross-head speed led to an initial strain rate of 107* s~
Holed Tensile Tests (HTTs) were performed using the specimen as
described in SEP1970 [41] and shown in Fig. 4(b). Two pins, inserted
in the outermost holes, were used to load the specimen. For this
specimen, an extensometer would have measured an averaged strain
value in a region with high strain gradients. As a consequence some
uncertainty regarding the position of the extensometer arms could have
affected the measured displacement, thus amplifying the scatter. The
increase in distance between the pins was therefore measured using
the Linear Variable Displacement Transducer (LVDT) of the servo-
hydraulic testing machine. By processing this signal, repeatable data on
the specimen’s deformation can be elaborated. More severely notched
tensile tests were also considered, using specimens with a couple of V-
notches, as shown in Fig. 4(c). These tests are denominated V-notched
Tensile Tests (VITs). The high strain concentration of the specimen
was assumed to be characteristic of the most severe notches found in
automotive components. MTS 634.12F-24 extensometer (gauge length
equal to 25 mm) was used to measure the average strain in the central
region of the VTT specimens.
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2.4. Fractographic analysis

Fracture surfaces were fractographically analysed by a stereo micro-
scope, after each test and ultrasonic cleaning. A SEM (FEI Quanta 450
FEG) was used to identify the damage mechanism. The fracture surface
was captured and the projected area was measured by image analysis
using ImageJ software [84]. The fracture initiation and propagation
regions were identified.

3. Experimental results
3.1. Un-notched tensile tests

3.1.1. Force-elongation curves

Fig. 5(a) shows the force versus elongation (F-u) curve measured
for the UTT specimens in the as-received and H charged conditions.
The measured C4 (value in ppmw) is reported at the end of each
curve. Of the three C; = 0.0 ppmw curves, only one at is shown
in the figure since the difference among them was less than 2%. As
expected, H significantly affects the F-u curve and the effects depend
upon C4. The most relevant impact is observed on the material duc-
tility, especially on the elongation at fracture. H does not seem to
appreciably change the elastic properties and it barely influences the
static strain-hardening behaviour at low strains. On the other hand, the
post-necking behaviour (present for approximately C4 < 0.9 ppmw),
driven by damage associated with plasticity, is significantly affected.
These results are in agreement with common findings in the relevant
literature. [21,36,57,65,85].
In Fig. 5(b) the main tensile properties obtained from the analysis of
each test are plotted as a function of Cy4. In the range analysed, H
negligibly reduces YS (from 1371 to 1318 MPa) and UTS (from 1584
to 1508 MPa). On the other hand, the Elongation at fracture (El) and
the Reduction in Area (RA) are strongly reduced by the presence of
H. In particular, El drops from 9.2% to 1.2%; and RA is reduced until
about 1 ppmw (from 36% to 5%). These results highlight that H, in
the analysed range of Cg4, affects the ductility much more than the
strength for this material. Those results suggest that no significant sub-
critical cracking is present in the UTT specimens. In fact, all curves
follow, within reasonable experimental dispersion, the same path up
until failure.

3.1.2. Fractographic analysis

Fig. 6 shows the UTT specimens after failure for the as-received
condition (a,e) and with different C; values (b-d,f-h). Fig. 6(a-d)
shows lateral profiles of some of the tested specimens. In the as-
received condition a cup-cone fracture was observed, which is typical
for ductile metallic materials (Fig. 6(a)). A progressive transition from
ductile to brittle fracture features can be seen with increasing Cy.
Fig. 6(e-h) shows the frontal view of the fracture surfaces. Solid lines
represent the edges of the projected cross-section fractured area, and
the dashed lines represent the edges of the undeformed cross-section.
The projected fracture surfaces tend to be undeformed as Cy increases.
Fig. 7 shows the fracture surface SEM micrograph of the UTT specimens
for the as-received conditions and for two H charged conditions in the
interval explored. For the specimens with C4 < 0.5 ppmw, the fracture
initiates in the innermost region (identified by the letter A) of the cross-
section, where the hydrostatic stress reaches its maximum (Fig. 7(a)),
and then propagates through the thickness (identified by the letter B).
Both fracture initiation and final fracture regions of the as-received
specimen are characterized by the presence of microvoid coalescence
dimples (Fig. 7(b,c)).
As shown in Fig. 7(e) for C4 = 0.5 ppmw, fracture nucleates at
inclusions producing quasi-cleavage facets. This feature, called fisheye,
is located in a portion of the surface with ductile features character-
ized by microvoid coalescence dimples. Fisheyes, in addition to being
nucleation points due to precipitates and H accumulation [86,87],
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Fig. 4. Specimen geometry and dimensions (in mm) of the specimens (thickness t = 1.52 mm): (a) un-notched, (b) holed and (c¢) V-notched.
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Fig. 5. Experimental results from un-notched tensile tests. (a) Force vs. elongation (F-u) curves (the number on each curve indicates the measured Cy in ppmw). (b) Main
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Fig. 6. Fracture surface morphology of Un-notched specimens with 0.0 ppmw (a,e), 0.5 ppmw (b,f), 0.9 ppmw (c,g) and 1.5 ppmw (d,h) of C4. Lateral views (a,b,c,d) and axial
views (e,f,g,h). The solid white lines indicate the edges of the projected cross-sectional fractured area, the dashed lines represent the edges of the undeformed cross-section.

can be formed during final fracture together with the surrounding
ductile features [88,89]. The final fracture, far from the initiation point,
appears ductile (Fig. 7(f)).

Fig. 7(g) shows the fracture surface for C; = 1.5 ppmw. The fracture
initiates on the edge of the cross-section (region A) and propagates
towards the centre (region B). The morphology in the fracture ini-
tiation region A is characterized by quasi-cleavage with intergranu-
lar fracture features (Fig. 7(h)). However, in the rest of the surface

(Fig. 7(i)) the crack propagation is still dominated by microvoid nu-
cleation and coalescence dimples, surrounding uniformly distributed
fisheye features.

In conclusion, for the tested material, a transition of the damage
mechanism in the crack nucleation region from microvoid coalescence
dimples to quasi-cleavage can be observed as C,4 increases. The rest of
the fracture surface is characterized by mostly microvoid coalescence
for all specimens, with the appearance of fisheyes with increasing Cg.
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Fig. 7. Fracture surfaces SEM micrographs of the un-notched specimens with Cy = 0.0 ppmw (a—c), 0.5 ppmw (d-f), and 1.5 ppmw (g-i). Features such as microvoid coalescence
(pointed out by the marker “MVC”), intergranular fracture (“IG”), quasi-cleavage (“QC”), and fisheye (“FE”) can be detected.

Since quasi-cleavage features are linked to significant plastic activ-
ity [56,57,90,91], in spite of the appearance of intergranular features,
the fracture mechanism is governed by plasticity for each C4 anal-
ysed, thus indicating that H likely interacts with dislocation mobility,
similarly to the HELP mechanism [21,24]. The average size of the
microvoid coalescence dimples tends to increase with increasing Cy
(Fig. 7(c,f,i)). This also indicates the uniform influence of H on the
entire cross-section. In addition, the migration of the fracture initi-
ation region from the centre to the sides of the specimen suggests
that surface effects (e.g. roughness, edges) become more relevant with
increasing Cy. A similar behaviour was observed by Venezuela et al.
in MS-AHSS [56,57]. Kan et al. [71] have shown that H transport
towards the centre of the specimen due to hydrostatic stress gradient
can significantly influence the test results. In their case, they found
extensive brittle fracture at the centre due to slower strain rates and
higher H concentration, but in principle the results agree that fracture
initiation from the centre can be expected for some hydrogen-charged
un-notched tensile tests.

3.2. Notched tensile tests

3.2.1. Holed tensile tests

Three HTTs were performed on the as-received material in order
to obtain the reference F-u curve. Fig. 8 reports the experimental
force versus displacement (F-u) curves from H charged HTT. The test

rig compliance was neglected. A standard deviation of 0.4 kN on the
maximum measured force (1.7% of the mean) was determined.

After an initial linear response, a non-linear trend of the F-u curve with
decreasing slope can be observed up to a maximum, where necking
starts. A post-necking descending trend leading to specimen failure is
observed. Similarly to the un-notched specimens, the presence of H
reduces the displacement at fracture. In fact, as C4 increases up to
0.5 ppmw, the last region of the curve characterized by necking pro-
gressively tends to disappear and the maximum and fracture points tend
to overlap. For C4 > 0.9 ppmw the transition to brittle macroscopic
behaviour is completed, and fracture occurs in the linear regime. As
shown in Fig. 8(b), the most significant effect of C4 is the drop in
material ductility. It can be concluded that H affects the HTT in the
same way as with the UTT.

The analysis of the fracture surfaces of the HTT specimens confirms
this similarity (Fig. 9). The main difference is the position of the
fracture nucleation site (region A), which, due to the geometry, is
located at the notch root for any H concentration. Fig. 9 (a—c) shows
the fractography of the HTT with C4 = 0.0 ppmw. Fracture initiation
was at the notch root and the fracture surface was characterized by
ductile dimples. Fig. 9 (d—f) shows the fractography of the HTT with
C4 = 1.3 ppmw. Fracture initiation at the notch root was characterized
by a transition from intergranular, quasi-cleavage to ductile dimples.
The rest of the fracture surface showed ductile dimples with some
fisheyes and secondary cracks along the rolling direction probably due
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Fig. 8. Holed tensile test results. (a) Experimental force vs. elongation F-u curves (the number on each curve indicates the measured C4 value in ppmw). (b) Force and displacement

values at maximum force (u, F,.,) and fracture conditions (u;, F) as functions of Cg.
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Fig. 9. Fracture surface SEM micrographs of the holed tensile test specimens with 0.0 ppmw (a-c) and 1.3 ppmw (d-f). Region A refers to the crack nucleation site, region B to
the crack propagation. Features such as microvoid coalescence (pointed out by the marker “MVC”), intergranular fracture (“IG”), quasi-cleavage (“QC”), and fisheye (“FE”) can

be detected.

to aligned precipitates. The intermediate specimens showed the same
trend that was found for UTT: a progressive appearance of brittle
features. It can be concluded that the influence of H does not seem
to be significantly changed in presence of notches with moderate stress
concentration.

3.2.2. V-Notched tensile tests

Fig. 10(a) shows the force versus elongation (F-u) curves obtained
from the VTT specimens for the as-received material and different Cy4
values. The effect of H on the tensile curves is similar to that obtained
with HTT specimens (Fig. 8). Again, there are three distinct regions in
the F-u curves: a linear response, a non-linear behaviour characterized
by a decreasing slope up to a maximum, and a descending part up to
the final fracture. As the last part of the curve has a weak decreasing
trend, the force at failure is only slightly smaller than the maximum
value. As Cy4 increases, the second and third regimes tend to disappear.

For C4 > 0.7 ppmw, the fracture occurred at the maximum force,
thus indicating the absence of the third regime. In Fig. 10(b) the force
and displacement values corresponding to the maximum and fracture
conditions are plotted versus Cy.

Fig. 11 shows the fracture surface SEM micrograph of the VTT
specimens in as-received conditions (a—c) and for C4 = 1.3 ppmw (d—
f). On the left: a macroscopic view of the fracture surface. For both
conditions, the fracture initiates at the notch tip (Fig. 11(a,d)). The frac-
ture surface features are similar to those observed in un-notched tensile
specimens. In the as-received conditions, the whole observed fracture
surface is characterized by the presence of microvoid coalescence dim-
ples (Fig. 11(b,c)). For the C4 = 1.3 ppmw, the fracture initiation region
has brittle features characterized by the presence of quasi-cleavage
(Fig. 11(e)). The final fracture shows fisheyes surrounded by microvoid
coalescence dimples.
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Fig. 10. V-Notched tensile test results. (a) Experimental force vs. elongation (F-u) curves (the number on each curve indicates the measured diffusible H concentration C4 in
ppmw). (b) Force and displacement values at maximum force (4,4, F,,,) and fracture conditions (u,, F,) as functions of Cg.
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Fig. 11. Fracture surface SEM micrographs of the V-notched tensile test specimens with 0.0 ppmw of diffusible H concentration (a—c) and 1.3 ppmw (d-f). A macroscopic view
of the fracture surface it is presented on the left, where the arrows indicate the fracture propagation direction. The fracture initiation region is shown in the centre, and on the
right the fracture region far from it. Features such as microvoid coalescence (pointed out by the marker “MVC”), quasi-cleavage (“QC”), and fisheye (“FE”) can be detected.

4. Discussion

The results obtained from UTTs (Fig. 5 (a,b)) reveal that, in tensile
tests, H mostly influences the necking and post-necking response, since
the F-u curves follow the same path for every C4 at least up until
necking is reached. A progressive transition from ductile to brittle
macroscopic behaviour was observed. Fractographic analysis shows
that away from the fracture nucleation area, the damage process and
final fracture are driven by plasticity for each specimen and for each Cy,
since there are always microvoid dimples and quasi-cleavage features.
The final fracture nucleation sites exhibit prominent brittle quasi-
cleavage or intergranular features as C,4 increases, the former of which
is still linked to significant localized plastic flow [56,57,90,91].
Similar remarks apply to the results for HTT and VTT. Only the HTT
and VTT specimens with C4 > 1.3 ppmw show fracture nucleation sites
dominated by quasi-cleavage, with no significant plastic damage.

In order to identify a suitable test-independent material property to be
used for the evaluation of the HEI, an H-dependent material model was
developed that captures the whole mechanical response observed in the
performed tests up to failure. The material model includes the following
components:

* true o — ¢ elastoplastic law
» damage model
« fracture criterion

The first two components in the model were first calibrated using the
UTT test data, since this test provides the most direct information.
The model was then used to predict the experimental data in HTT
and VTT tests, and it was validated by comparing experimental and
predicted results up to, but not including, specimen failure.

With regards to the definition of the fracture criterion, experimental
data from all tests were subsequently used.
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Fig. 12. Approximation of the experimental true stress - true plastic strain data, black solid line, with the model in Eq. (1), red dashed line, (a); extrapolation of the constitutive

curve up to a strain value of 60% (b).

4.1. Elastoplastic stress—strain relationship

The basic elastic behaviour of the material and its strain hardening
law have to be identified. Some researchers have found that elastic
parameters [92] or yield stress [93,94] may be influenced by H. For
the tested material no such effect appears to have been measured,
as confirmed by other researchers [22,55-57]. Consequently it would
seem that the elastoplastic behaviour is not significantly influenced by
H.

Up to the maximum force point of the averaged UTT F-u curve for
Cq = 0.0 ppmw the true stress-true plastic strain (o,, ¢, ,) curve was
calculated as:

F u
= —(1+ =
o Ao( “0)
and
O
=In(1+2£)- 2
Etpl ( uo) E
where uj is the initial gauge length, A the initial cross-section area and
E Young’s modulus.
The experimental data were fitted by employing various analytical
expressions proposed in the literature. The best results were obtained
with the following combination of Swift’s and Voce’s hardening laws,

which has been widely used for modelling the hardening behaviour of
sheet metals [95-97]:

o, =0+ Ki(gg + e,’p,)" + K,[1 — exp(—Jg, )] (D
with:

oy = 1020 MPa, K| = —40.6 MPa, K, = 742.3 MPa,

g0 =3.7-107% n=-0.36, 4 = —4864

The Swift component is needed in order to represent the hardening
part at the end of the curve, since the Voce term rapidly converges
to a constant value. The Voce term models the rapid increase in flow
stress for very small plastic strains. The proposed approximation is able
to represent the mechanical behaviour of the tested material, at least
up to the necking point, with less than 0.5% error. The high level of
accuracy further suggests that Eq. (1) can be tentatively extrapolated to
investigate the material response at large plastic strains, approaching
the fracture nucleation. Fig. 12 demonstrates the agreement between
experimental and calculated o, — g,y curve (a), and the extrapolated
constitutive curve up to 60% (b). As expected, the UTT with C4 =
0.0 ppmw can be correctly reproduced by using exclusively Eq. (1), with
the exception of the last 0.3 mm of the curve, where the specimen has
a slightly lower strength than predicted. This stress reduction can be
explained by a spread of damage due to the high level of plastic strain.

4.2. Gurson’s model

The experimental evidence suggests that plastic damage can be
modelled by adopting Gurson’s model as modified by Tvergaard and
Needleman (GTN model) [98,99]. Gurson’s and the GTN models have
already been employed by various researchers for the modelling of
HE [100-104]. According to the model, the yield locus ® is influenced
by the void volume fraction f as follows:

2
®(oy,0,,1) = <ﬁ> +2fq, cosh( 3020 > — (1 +qsf?) @
oy 20,

where o, is the Von Mises equivalent stress, o, is the hydrostatic stress,
oy is the material flow stress in the absence of voids, and q,, q, and
q3 are material constants [105]. The increasing time rate f of the void
volume fraction is obtained by the sum of two contributions: the growth
rate of voids fg and the nucleation rate of new voids f,, given by:

fy=(1-0ey, 3)

fo fnEP eXp(—l<Ep_eN>2> 4)
SuV2r 2\ sy

where £P is the time rate of the equivalent plastic strain &P, fy is the
volume fraction of void nucleating particles, ¢y and Sy are the mean
strain and the standard deviation of the nucleation rate of voids, and
éik is the trace of the plastic strain rate tensor. The GTN model is
completely defined when the parameters f;,, q;, q,, q3, €n> fx> Sy are
given. Since damage initiation and evolution are influenced by Cy, in
principle all the parameters in the GTN model may depend on it.

Since the manufacturing process does not generate initial porosity,
it is reasonable to assume that f, = 0.

The parameters q;, q, and q3, as indicated by Tvergaard [105],
are dimensionless constants equal to 1.5, 1.0 and 2.25, respectively.
As a consequence ¢y, fy and Sy are the model parameters to be
determined for each Cy. For the sake of simplicity we assume that Cy4
is homogeneous and constant throughout the test and in the whole
domain. This assumption, which is not unreasonable considering the
level of the expected outgassing (see subsection Section 4.4) allows to
model the process by using the available commercial software.

In order to identify these parameters, an optimization algorithm was
adopted that minimizes the mean square root difference between exper-
imental and predicted F-u curves. A three-dimensional Finite Element
Model (FEM) was set up, implemented in Ansys® Academic Research Me-
chanical, release 19.1, in a domain reproducing the specimen geometry
as shown in Fig. 13(a). The model employed 8-nodes structural solid el-
ements having three degrees of freedom at each node. Symmetries were
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Fig. 13. Finite element model geometries of the un-notched (a), V-notched (b) and holed specimen (c).
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Fig. 14. Comparison between experimental and simulated un-notched tensile test force vs. elongation (F-u) curves for measured C4 values varying from 0.0 to 1.2 ppmw. As
described in Section 4.4, experimental and simulated nucleation points refer to the process of estimating the fracture nucleation strain ¢; from the curves, while diamonds are the

fracture nucleation points predicted by the fitted ¢; = f(Cy) law (Eq. (6)).

exploited to minimize the computational cost of the model, as shown
in Fig. 13. To account for manufacturing variability, the geometry of
each specimen was measured before the test and reproduced in the FEM
model. Since no fracture criterion was introduced, the numerical sim-
ulation was allowed to progress beyond the experimentally observed
failure condition. Fig. 14 compares the experimental and simulated F-u
curves of the UTTs for some Cy, using the identified model parameters.
The good agreement confirms the validity of the proposed model and
of the identification procedure adopted.

10

The mean nucleation strain ey was found to be reasonably repro-
duced by a linear function of Cy in the examined range (Fig. 15(a)):

en(%)=—106-C4+141  C4<08 )

The identified parameters fy and Sy were equal to 0.012 and 0.05,
respectively. The damage associated with microvoid nucleation and
growth does not significantly affect the F-u curve when C4 > 0.8 ppmw.
For this reason, only the points in the interval between 0.0 and
0.8 ppmw of C4 were considered.
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Fig. 15. Constitutive model parameters as a function of the average diffusible H concentration (Cy). (a) Void nucleation strain (ey) calculated reproducing un-notched tensile tests
and linear fit from Eq. (5). (b) First principal strain at fracture (&;) from simulated fracture nucleation points and fit from Eq. (6).

4.3. Notched tensile tests simulation

The constitutive model was subsequently used to simulate VTTs
and HTTs. The geometries (Fig. 13(b,c)) of the two specimens were
reproduced by a FEM similar to the one used for the UTTs. For HTTs,
a correction term for the test rig compliance was necessary, since the
model assumed rigid pins and did not include any other part of the
test rig. For this purpose, the test rig was assumed to be a linear
spring in series with the specimen. The equivalent spring constant k
was estimated by comparing the experimental data and the numerical
predictions in the linear regime. A compliance correction equal to kF
was added to the simulated displacement on each HTT curve. Fig. 16
and Fig. 17 compare the experimental and simulated F-u curves from
HTTs and VTTs, respectively. The model shows a good agreement with
experimental results for the notched specimens. The ability to quan-
titatively reproduce the experimental results for all the three types of
notched specimens suggests that none (including the most severe) had
experienced significant sub-critical crack growth. Indeed, sub-critical
crack growth has been mostly detected when performing in-situ charg-
ing and with slower strain rates [26,45,52,106] than our 10~* s~!, while
in the present work the specimens were electrochemically pre-charged
and then mechanically tested in air. Furthermore, in the investigated
case the occurrence of an extensive sub-critical crack growth would
imply that the crack front would need to stop while propagating from
the specimen surface, subjected to the outgassing effect, towards brittle
areas with higher H concentration.

4.4. Fracture criterion

As no significant subcritical crack growth was observed nor ex-
pected in the tested conditions, the focus was on the conditions for
crack nucleation. In order to introduce fracture nucleation into the
model, a fracture criterion was needed. In the literature various ap-
proaches have been used to model fracture [107] For the tested ma-
terial, the experimental results show that C; does not significantly
affect tensile strength, whereas ductility properties are affected. A
strain-based fracture criterion therefore seems a simple yet appropriate
approach, and it has already been implemented to study HE [94,108—
110]. Since stress is predominantly uniaxial where the fracture initi-
ation occurs, the associated strain component, namely the maximum
principal strain (e, ), is the simplest promising quantity to be used as a
fracture predictor. Hence, according to the implemented criterion, the
fracture initiation critical condition is reached when ¢, = ¢;, where
e is a material property representing strain at fracture nucleation,
whose value depends on Cy. Crack initiation is quickly followed by final
fracture.
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In order to estimate ¢, each experimental curve was inspected for signs
of failure, such as a significant downward slope change or, possibly,
sudden force drop. This location on each F-u curve was marked as the
“experimental fracture nucleation” point. The nearest simulated point
on the F-u curve was subsequently identified and its corresponding
maximum nodal ¢; value was exported from the FEM as an estimation
of &-.

Fig. 15(b) shows the dependence of ¢; upon C4. Two regimes can
be identified. For C; < 0.9 ppmw, strain at fracture steeply de-
creases (from 42% to about 5%) following a linear trend, while for
C4 > 0.9 ppmw the slope of the fitting curve significantly reduces. To
reproduce this dependence, a hyperbola was fitted with one horizontal
asymptote at e, = 0:

1 o

£
53.119( = )

Cy=08778(1 — =Ly + 6)
£f0
where gy = 40.7% is &; at Cq = 0.0 ppmw. It is worth remarking that
C4 is the H concentration measured by hot extraction method and not
the local H concentration at the fracture nucleation site. In Figs. 14, 16
and 17, a hollow diamond marks the location on the simulated F-u
curves where fracture nucleation is predicted by using Eq. (6), or the
“Predicted fracture nucleation” point.
Fig. 18 shows the correlation between predicted and experimental F
and u values at fracture nucleation for each curve.
Fig. 19 shows the contour plots of ¢, for UTTs at fracture initiation for
three values of Cy.
Fig. 19(a, b) compares the conditions at fracture initiation in the
specimen in the as-received conditions and with C4 = 0.5 ppmw. The
€, is at its maximum in the centre of the specimen. This phenomenon
occurs for specimens showing necking (up to 0.8 ppmw). In specimens
with a higher C4 (from 0.8 to 1.3 ppmw), as can be seen in Fig. 19(c),
the ¢, is uniform throughout the gauge length of the specimen with
a slight strain concentration on the external surface. In the tested
conditions, the point of maximum first principal strain coincides with
the fracture initiation point observed by fractographic analysis. It is
worth mentioning that if H was continuously created on the surface
during the test, the surface would probably represent the fracture
initiation point for each H-charged specimen.
Fig. 20 shows the void volume fraction f at fracture initiation for the
specimen in as-received condition (a—c) and with C4 = 0.5 ppmw (d-f).
With the same Cy, the void volume fraction value at fracture is similar
for all types of tests. However, as the notch severity increases, the
volume of material subject to high void volume fraction decreases, until
it can be safely assumed that porosity, and therefore the GTN damage
model, has no significant impact on the macroscopic F-u curve.
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Fig. 16. Comparison between three experimental and simulated holed tensile test force
vs. elongation F-u curves for a few measured diffusible H concentration (C,) values in
ppmw. As described in Section 4.4, experimental and simulated nucleation points refer
to the process of estimating the fracture nucleation strain &; from the curves, diamonds
are the fracture nucleation points predicted by the fitted &; = f(Cy) law (Eq. (6)).

5. Hydrogen embrittlement index

The HEI measures the reduction of a chosen material property
linked to failure (¢) in an H-charged specimen ¢; y, relatively to the
same property in the H-free case ¢y by the following formula:
brr—drn

f.F

HEI = 7

Various tests and material properties have been used to quantify
the degradation of the material mechanical properties due to H. The
reduction in area RA observed in standard tensile tests is often chosen
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force vs. elongation (F-u) curves for a few measured diffusible H concentration (Cy)
values in ppmw. As described in Section 4.4, experimental and simulated nucleation
points refer to the process of estimating the fracture nucleation strain & from the
curves, diamonds are the fracture nucleation points predicted by the fitted &; = f(Cy)
law (Eq. (6)).

for ¢¢ [16]. Among other possible choices for ¢; are maximum stress,
fracture toughness, elongation at fracture, uniform elongation. As RA
is a technological property, it manifestly depends upon the adoption of
a standardized specimen and test rig. Therefore, in principle, it cannot
be compared with results obtained from holed or notched specimens.
The definition of the HEI can be improved by basing it upon a suitable
constitutive parameter, which behaves consistently over different tests.
Two mechanical properties have a significant dependence on Cy: the
mean void nucleation strain ey and the maximum principal strain at
fracture ¢;. However, ey, is a parameter that controls elastoplastic
damage, and is only able to model the most ductile material behaviour.
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Fig. 19. Contour plot at fracture initiation of the first principal strain on the half-thickness plane for the un-notched tensile tests for diffusible H concentration (Cy) values ranging
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Fig. 20. Contour plot at fracture initiation of the void volume fraction for the un-notched (a,d), holed (b,e) and V-notched (c,f) specimens for diffusible H concentration (Cy)
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specimen were mirrored along its longitudinal axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

o8 O
0.8 %
206t ¢) -
S Iy
m
T 04} c ™ 1
[ |
m UTT
i A HTT|]
021 o A ® VTT
O RA
0 0 . .
0 0.5 1 1.5
Cd (ppmw)

Fig. 21. Comparison between the HEI calculated from the first principal strain at
fracture ¢; (full, coloured markers) and from the percentage reduction in area RA
(hollow, black circles). The solid black line is the HEI calculated from Eq. (6).

Strain at fracture nucleation ¢; is the quantity controlling the onset
of final fracture observed in the experimental tests. Accordingly, it is
reasonable to adopt this quantity in order to define a more general HEI.

Fig. 21 shows the HEI calculated by choosing ¢y = & for all the
three testing conditions, compared with the HEI calculated from the
reduction in area, RA, in UTTs. They show a similar trend but with
significant differences. The HEI calculated from RA underestimates the
value calculated from &; in the entire C4 range examined. There is also
more scattering. These issues may be due to the greater difficulty in
determining the fracture area of the tensile specimen. Fracture surfaces
are often not flat, and significant differences between the actual and
projected fracture surface of the specimen can occur. In addition, if
the material is severely embrittled, the area contraction is small and
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difficult to measure. The HEI identified through the first principal strain
at fracture was found to be more conservative and more precise, and
was consistent throughout the three tests. The critical H concentration,
defined according to this HEI and to the 30% criterion, was about 0.3
ppmw.

With C4 < 0.9 ppmw the HEI follows a linear increasing trend. Above
this threshold, most of the material ductility is lost.

The proposed procedure to evaluate the HEI is summarized in the
following points:

« standard tensile SSRT with the as-received material is adopted

« standard tensile testing under H charged conditions with subse-
quent H content measurement is necessary

« the elastoplastic ¢ — £ curve from the as-received test has to be
obtained

» employing an optimization approach, the parameters of a dam-
age model and a fracture criterion (based upon critical ¢;) are
deduced from the experimental results.

This process requires the implementation and the solution of a non-
linear FE analysis, with an appropriate damage model. However, for the
tested material, plastic damage does not seem to significantly influence
the material response when severely notched specimens are involved.
As a consequence, V-notched testing could be selected to assess the
HEI based upon principal strain at fracture. In this case, no prior
evaluation of a damage model is necessary. The results indicate that for
low concentrations of H, when the material retains sufficient ductility
to be of industrial use, the strain at fracture exhibits a reasonably
linear dependence on the H concentration. As a consequence, a limited
number of tests are needed to obtain preliminary data on the trend of
the HEI dependence on H concentration.

6. Conclusions
This paper discusses H embrittlement in MS-AHSS and attempts to

identify a mechanical property that can correctly represent the material
degradation determined by H in different conditions (e.g. notches of
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different severities), due to internal hydrogen. The following main
conclusions can be drawn:

1.

2.

7.

For the tested MS-AHSS grade, in agreement with other works, H
reduces the ductility without significant loss of tensile strength.
Thus a strain-based approach to the HEI can be used.

A material model, consisting of a constitutive ¢ — ¢ law and
damage model that was set-up using standard (un-notched) ten-
sile tests, is suitable to identify the parameters by which the
behaviour of notched specimens can be accurately reproduced
by a common FE model up to failure.

. The same material model is able to reproduce the behaviour

of H-charged specimens of all tests, by assuming that H pro-
motes the onset of plastic damage by influencing a parameter
of Gursons damage model.

. Local maximum principal strain data, obtained from FEM, at

the experimentally observed failure is related to the measured
average H concentration by an unique relationship despite the
different notch severity.

. The HEI defined by the local maximum principal strain at failure

seems an accurate and useful approach by which a geometry-
independent description of HE in sheet metal can be obtained
(provided the material exhibits a similar HE behaviour in the
standard qualification tests and a comparably slow hydrogen
egress). Additionally, this approach was found to be more con-
servative and accurate than the method based on the reduction
of area.

. The proposed procedure to estimate the HEI requires: tensile

testing of H-free un-notched specimens along with severely
notched specimens tested in both H-free and H-charged condi-
tions.

A HEI definition that is more conservative and less affected
by the presence and severity of notches allows for a better
management of quality assessment, material comparisons, HE
risk evaluation and the design of structural components.
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