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Abstract: the problem of hydrogen embrittlement in Ultra High Strength Steels is well known. Slow 11 
Strain Rate, Four Points Bending and permeation tests were performed with the aim of 12 
characterizing innovative materials with an ultimate tensile strength higher than 1000 MPa. The 13 
hydrogen uptake, in case of automotive components, can take place during manufacturing process: 14 
during hot stamping, due to the presence of moisture that at high temperature dissociates giving 15 
rise to atomic hydrogen, or also during electrochemical treatments like cataphoresis. Moreover, 16 
possible corrosive phenomena could be a source of hydrogen during automobile life. 17 
A test campaign was performed in order to characterize two innovative Press Hardened Steels 18 
(PHS), USIBOR 1500 ® and USIBOR 2000 ®, and to establish a correlation between ultimate 19 
mechanical properties and critical hydrogen concentration. 20 
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1. Introduction 24 

The priority of maintaining and, if possible, increasing the safety of drivers and passengers 25 
collides with the necessity of reducing the CO2 emissions and so the weight of vehicles. In this contest 26 
the research and characterization of new materials with the possibility of emissions reduction are 27 
more and more diffused. To reduce thicknesses of sheets, higher tensile properties are required and 28 
a major hydrogen susceptibility is the natural consequence. 29 
Advanced high strength steels (AHSS) exhibit considerable mechanical properties and a good 30 
formability and during the production process hydrogen could be adsorbed in various phases: 31 
pickling, electroplating, cataphoresis and phosphating or even moisture during welding or heat 32 
treatment, can cause an introduction of hydrogen in the material. 33 
Press Hardened Steels (PHS) are hot formed steels and used in automobile structural and safety 34 
components and present high homogeneity of mechanical properties and excellent fatigue resistance: 35 
their manufacturing process consists mainly of an austenitizing of blanks in a oven and following 36 
martensitic quenching in the water-cooled stamping tool. 37 
The main source of hydrogen for this kind of materials is the hot stamping process: hydrogen comes 38 
from the dissociation of water at high temperature, adsorption and absorption in the steel bulk and 39 
its entrapment after water-cooling quenching. 40 
The hydrogen present in the material can diffuse and concentrate in microstructural vacancies or 41 
defects and crack the material giving rise to the so called Internal Hydrogen Embrittlement (IHE), 42 
related to hydrogen charging before service. 43 
The most known mechanisms that try to explain the interaction and behavior of hydrogen [1] with 44 
steel are HEDE (Hydrogen Enhanced DEcohesion) and HELP (Hydrogen Enhanced Local Plasticity): 45 
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the first one assumes that hydrogen gives a contribution to the tensile strength: the higher the 46 
hydrogen concentration higher the hydrogen pressure and decohesion of steel atoms; the latter 47 
suggests that hydrogen, moving towards crack tips where hydrostatic stress is higher, promotes 48 
dislocations motion and reduces the interaction energy of them with internal obstacles with 49 
consequent formation of micro-voids. 50 
Two different conditions were studied and compared in this work: on one side the Slow Strain Rate 51 
Tests, so a very slow imposed deformation of the material, in order to give hydrogen necessary time 52 
to hydrogen to concentrate in the plastic zone; on the other hand there was the study of static behavior 53 
of materials investigated by means of Four Point Bending Tests. 54 
In addition, a permeation test campaign was performed to evaluate the diffusion coefficient and its 55 
dependence on thermal treatment. 56 
The aim of this activity was to determine a practical and easy-applicable methodology to study the 57 
susceptiblity to hydrogen of Ultra High Strength Steels for automotive industry. 58 

2. Materials and Methods  59 

2.1. Materials 60 

The material under investigation [2] is a patented ultra-high strength Aluminum-Silicon coated boron 61 
steel. Two grades were studied, one with 1500 MPa of UTS and one with 2000 MPa. 62 
These materials are subjected to hot forming process and they are used in structural and safety 63 
automobile components. 64 
After the thermal treatment the microstructure is completely martensite and thus susceptibility to 65 
hydrogen embrittlement increases. 66 
 67 
 68 

Table 1 Chemical compositions of the two steels (wt %) 69 

 C Si Mn P S Al B Ti Cr 

USIBOR 1500 ® 0,19 0,21 1,13 0,015 0,008 0,0038 0,003 0,031 0,19 

USIBOR 2000 ® 0,38 0,19 1,21 0,013 0,006 0,032 0,0032 0,024 0,28 

 70 
Mechanical properties of the two materials are shown in Table 2: 71 
 72 

Table 2 Mechanical properties of materials under investigation 73 

 RP,02 [MPa] Rm [MPa] A50 [%] 

1500 Grade 1252 1485 7,3 

2000 Grade 1510 1881 6,2 

 74 
The difference in mechanical properties has to be imputed to a major content of C in USIBOR 2000 75 
®. 76 

2.2. Hydrogen Charging 77 

A charging by electrochemical way was achieved, immerging the samples in a solution and imposing 78 
a current between cathode (the sample) and anode (platinum mesh) simulating the cataphoresis 79 
process. Used solutions containing NaCl and NH4SCN [3], the variation and combination of current 80 
and solution’s composition, in particular in terms of recombination’s poison, allowed to vary the 81 
hydrogen concentration absorbed by the material. 82 
In this work NH4SCN varied in the range of 0,03-0,3 % and current in the range of 0,25-1 mA/cm2 to 83 
avoid surface damage. 84 
Every sample was further treated by introducing it in the laboratory furnace and heating material at 85 
the temperature of 150 °C for 10 minutes simulating paint baking industrial process: in this way a 86 



Metals 2019, 9, x FOR PEER REVIEW 3 of 11 

 

uniform hydrogen distribution was achieved inside the material and, according to [4], not a 87 
considerable amount of hydrogen was desorbed. 88 
In Figure 1 the electrochemical device for hydrogen charging is depicted: 89 
 90 
 91 

 92 
Figure 1 Electrochemical cell for hydrogen charging 93 

2.3. Slow Strain Rate Tests 94 

The slow strain rate tests were performed referring to ASTM G129 [5] setting a crossbar velocity of 95 
0,001 mm/s; the very slow rate corresponds to a very low deformation rate: in this way hydrogen is 96 
able to migrate towards the following fracture zone. 97 
The geometrical and dimensional characteristics according to[6] of the sample used in these tests are 98 
shown in Figure 2: 99 

 100 
Figure 2 SSRT sample 101 

2.4. Four Point Bending Tests 102 

The experimental method provided four point bending (4PB) tests to evaluate the susceptibility of 103 
the steel to delayed fracture due to hydrogen; 4PB tests were carried out referring to ASTM F-1624 104 
[7]; the dimensions of samples used in those tests are represented in  105 
Figure 3. 106 

 107 

Figure 3: Dimensions and geometry of (a) four point bending test samples without hole and (b) with 108 

The loading consists of increasing the stress to which the material is subjected progressively, always 109 
in the elastic range, starting from 50% of Rp,02; this load was maintained for 24 h, then it was 110 
increased every 2 hours up to 90%. 111 

(a) (b) 
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It must be noticed that in case of rupture the hydrogen content was immediately evaluated by hot 112 
extraction method to correlate the concentration of hydrogen to the critical load. 113 

Once reached the 90% of Rp,02, the final test was to keep the sample in this condition for other 24 114 
hours. If the sample didn’t fail it was declared safe. 115 

In Figure 4 is shown the device to carry out the four point bending tests. 116 
 117 

 118 
Figure 4 Four point bending tests equipment 119 

2.5. Permeation Tests 120 

Permeation tests referred to ISO 17081:2004 [8] were carried out with the aim of characterizing 121 
material in terms of diffusion coefficient and by means of an innovative instrument patented by 122 
Letomec S.r.l that uses a solid state hydrogen-sensitive sensor [9]: sample was located between an 123 
electrochemical cell and the probe of the instrument and a current between cathode (sample) and 124 
anode (a platinized titanium mesh) was applied, as the discharge of hydrogen occurred in the 125 
surface in contact with solution of 3% NaCl and 0,3% NH4SCN and current density was 0,5 126 
mA/cm2, then hydrogen was adsorbed and diffused through the specimen thickness, reaching the 127 
outside surface where the solid state sensor detected it. In Figure 5 appears the scheme of the 128 
instrument. 129 

The reaction of hydrogen discharge takes part in the sample’s surface � in contact with the 130 
solution: 131 

��� +�+ �� →��
��132 
+ ���																																																																																																																																					(�) 133 

In this way, according to Volmer’s theory [10], the atom of hydrogen could be adsorbed by the 134 
material and, in a second moment, be absorbed in the bulk or recombine to give molecular 135 
hydrogen (moving away in the form of gas bubbles). 136 

The absorbed hydrogen reaches the outside surface where the sensor’s probe is applied, leaves the 137 
sample and passes through the probe and is detected: as a result, the typical permeation curve is 138 
obtained. 139 
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 140 

Figure 5 Innovative instrument patented by Letomec S.r.l 141 

 142 

2.5. Hydrogen Measurement 143 

For 4PB and SSR tests the concentration of hydrogen was evaluated by hot extraction method by 144 
means of Leco DH603 instrument: samples were heated at 265 °C in order to guarantee the complete 145 
desorption of diffusible hydrogen. 146 

 147 

3. Results 148 

3.1. Slow Strain Rate Tests 149 

The Slow Strain Rate tests were carried out on hydrogen pre-charged samples : after the sample 150 
fracture the content of hydrogen was measured, details in the previous paragraphs. 151 

In Figure 6 and Figure 7 were reported the two characteristics of the two different materials. 152 

 153 

Figure 6 SSRT for USIBOR 1500 ® 154 
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 155 

Figure 7 SSRT for USIBOR 2000 ® 156 

In the figures above, CH,C  represents the critical concentration obtained by the inflection point of 157 
the regression curve, correspondent to parameter ��.The error bars depend on the sensitivity of 158 
Leco DH603, equal to � 0,1 ppmw while on the y-axis the error value is 5 %, derived from 159 
uncertainty on the measure of the sample’s thickness. 160 

3.2. Four Point Bending Tests 161 

In Figure 8 are shown the 4PB test results for USIBOR 1500 ® while in Figure 9 those related to 162 
USIBOR 2000 ®; the CH,C is again the critical concentration found as the inflection point (and equal to 163 
�� in the regression equation); as for the SSR tests the materials presented a first asymptote for low 164 
concentrations, a dramatic fall for a critical concentration and a second asymptote meaning a 165 
saturation effect [11] 166 
 167 

 168 
Figure 8    (a) No hole samples                                      (b) Hole samples        USIBOR 1500 ® 169 

 170 
Figure 9    (a) No hole samples                                     (b) Hole samples         USIBOR 2000 ® 171 

 172 

3.3. Permeation Tests 173 
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Sample thickness was equal to 1,4 mm in this particular case for both materials, the two steels were 174 
both undergone to permeation tests before and after hot stamping treatment to study the effect of 175 
microstructure transformation. In Figure 10 are compared the results: 176 

 177 

Figure 10:(a) Permeations cure before hot stamping              (b) Permeations curve after hot stamping 178 

As said before, in Table 3 are shown the diffusion coefficients for the two different materials under 179 
investigation: according to international literature [12], the differences underlined before are 180 
evident. 181 

 182 

Table 3 Diffusion coefficient for the two grades steels as a function of thermal treatment 183 

 Diffusion coefficient (m2/s) 

 Before Hot Stamping After Hot Stamping 

4,50E-11 

 

3,25E-11 

1500 Grade 3,39E-10 

  

2000 Grade 1,36E-10 

 184 

3.3. SEM Images 185 

In Figure 11 SEM images are shown and typical intergranular fracture surface is illustrated: 186 

   187 

Figure 11      (a) USIBOR 1500 ®                                          (b) USIBOR 2000 ® 188 

For both pictures the magnification is 5000x and the hydrogen content, absorbed by the samples, 189 
was 2,1 ppmw and 0,5 ppmw, respectively. 190 

 191 
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3.4. FEM Simulation 192 

The FE model was simplified representing a quarter of the sample considering symmetry planes. 193 
Loading cylinders and sample were linked together with contact elements, which allowed the 194 
contact region to move in function of the deformed shape, taking into account the non-linearity of 195 
geometry (big displacements). For holed specimens FEM simulation returned a stress concentration 196 
factor value close to 2. 197 

In Figure 12 is shown the quarter of sample and with a red dot is highlighted the node 198 
correspondent to the maximum of hydrostatic stress. 199 

 200 

Figure 12 FEM images representing point of maximum hydrostatic load (red dot) 201 

4. Discussion 202 

4.1. Hydrogen diffusion and degradation  203 

The diffusion phenomenon is regulated by the Fick’s laws and even the movement of hydrogen 204 
atoms inside a steel can be described by means of Fick’s equations. Experimental tests 205 
demonstrated a behaviour a little far from the ideal theory: this difference is due to the presence of 206 
hydrogen traps inside the metals lattice such as dislocations, grain boundaries, precipitates and so 207 
on.  208 
Traps influence the diffusion of atoms in the bulk and they are divided in two categories: reversible 209 
and irreversible, depending on their own binding energy related to the traps (irreversible are those 210 
traps that release hydrogen at a temperature higher than 1000 °C while, according to literature, the 211 
reversible hydrogen leaves steel at a lower temperature, in particular for USIBOR it is equal to 265 212 
°C [13]). 213 
According to McNabb et al. (1963) model [14], traps saturate and the equations that rule this 214 
phenomenon are shown below [12]: 215 
 216 

��
�
��
��
�� � �

���
��� �  !

�"
�� �  #

�$
���"

�� � %!�(1 � ") � '"												�$
�� � %#�(1 � $)																						

																																																																																																																																						(2) 217 

 218 
Where � is the hydrogen concentration (atoms/m3), � the hydrogen diffusion coefficient (m2/s) in 219 
pure iron,  ! and  # are the concentration of reversible and irreversible traps respectively 220 
(atoms/m3), " represents the occupied reversible traps fraction while $ refers to irreversible traps, 221 
� and � the time and space variables; %!  is the trapping rate for reversible traps (m3/atoms s), %# 222 
is the same for irreversible traps and ' is the release rate for reversible traps. 223 

As it can be noticed in table 4 and according to [12], traps are dislocations generated from the phase 224 
transformation during the quenching process and the diffusion is always faster in USIBOR 1500 ® 225 
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than USIBOR 2000 ® for the major quantity of carbon in the second one; moreover the thermal 226 
treatment reduces the diffusion coefficient of hydrogen. 227 

The embrittling process [15] is related to the interaction of atomic hydrogen with interatomic bonds 228 
and when the cohesive strength of the material is overcome, the crack propagation occurs, referring 229 
to the I mode of crack growth according to mechanical fracture. At the crack tip, the presence of a 230 
high pressure gradient increases the solubility of hydrogen in the lattice due to lattice expansion, 231 
resulting in a hydrogen flux towards this region. 232 
According to HEDE model the cohesive strength is affected only by lattice hydrogen �) and its 233 
dependence is shown in the following equation: 234 
 235 
*+,(�)) � *+,(1 − -./0 + -�/0��																																																																																																																																							(3� 236 
 237 
With -. and -� empiral constants and /0 defined as: 238 
 239 

/0 = �)
�) + exp 5−∆789:

																																																																																																																																																							(4� 240 

 241 
Where ∆7 is equal to 30 kJ/mol, R the gas constant and T absolute temperature. 242 
The hydrogen concentration tends to accumulate next to the crack tip because of higher hydrostatic 243 
stresses, according to the well known Beck’s law [16]: 244 

� = �) exp <=>*>89 ?																																																																																																																																																													(5� 245 

Where => is the molar volume of hydrogen in the lattice, equal to 2E-06 m3/mol, *> is the 246 
hydrostatic tension, R the gas constant, T the absolute temperature, �) the concentration of 247 
hydrogen without stress and � the concentration near the crack tip in presence of stress [17]. 248 
The accumulation of hydrogen in potential cracking initiation sites depends on the strain-stress 249 
time gradient and diffusion coefficients [18]: 250 
 251 
��
�� = �∇�� + � =>

8(9 − 9B� ∇�∇' + �
=>

8(9 − 9B� �∇
�'																																																																																										(6� 252 

 253 
Where � is the hydrogen concentration, � the diffusion coefficient, 9B the absolute zero 254 
temperature, ' the hydrostatic stress. 255 
In international literature it is possible to find various studies of numerical and theorical simulation 256 
in order to explain the hydrogen embrittlement phenomena [18]. 257 
In automotive industry very thin thickness (0,5-2E-03 m) sheets are used and for this reason a more 258 
practical approach is reasonable. 259 
The extrapolation of a regression curve, figure 6 and figure 7, able to describe the behavior of the 260 
steel[19,20] and the correspondent equation were derived: 261 

D9E	(�F-� = �. −�� ∙ -HI�J <�> −��
�K

?																																																																																																																(7� 262 

From the function’s study the point where the second derivative is equal to zero has abscissa equal 263 
to �> = �� and this is very close to the value of critical hydrogen concentration, obtained 264 
according to [21], for both steels.  265 

The same was done for the Four Point Bending Tests and from the mathematical expressions, 266 
critical hydrogen concentration was found for both materials, summarized in Table 4: 267 
 268 

Table 4 Critical Hydrogen Concentration for the different mechanical tests 269 

 USIBOR 1500® USIBOR 2000® 
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4PB Hole 0,61 0,37 

4PB No Hole 0,71 0,54 

SSRT 0,74 0,64 

 270 
The worst conditions are given by the presence of hole in 4PB samples; differently from the SSR 271 
specimens where the deformation rate is higher than the diffusion and the hole creates an intensity 272 
factor really near to 1: for this reason, the accumulation of hydrogen in the SSR sample is negligible 273 
while a more emphatic effect can be noted in the 4PB with hole. The 4PB without hole samples 274 
showed a concentration closer to SSRT specimens, even though the difference in test time duration, 275 
due to the absence of stress gradient. 276 
In Figure 13 is represented the evolution of hydrogen concentration at the crack tip as a function of 277 
test time. 278 

 279 
Figure 13 Hydrogen accumulation at the crack tip during the test. Note: simulation is related to USIBOR 1500® 280 

5. Conclusions 281 

From the different mechanical tests on USIBOR 1500 ®and USIBOR 2000 ®, the following conclusions 282 
can be summarized: 283 

• These steels are sensitive to the hydrogen delayed fracture and the grade 2000 is quite more 284 
sensitive than grade 1500. 285 

• The 4PB tests with hole are the most severe because the failure occurs with a minimum 286 
average concentration. 287 

• The hydrogen diffusion strongly decreases after hot stamping and quenching process 288 
because of the martensite formation; moreover, because of the higher amount of carbon, 289 
grade 2000 has a slower diffusion. 290 

• The differences in critical hydrogen concentration values for the mechanical tests is due to 291 
two factors: 292 

1. The effect of deformation rate in the SSRT that gives a minor time to hydrogen to 293 
diffuse near the crack tip. 294 

2. The presence of the hole in the 4PB samples induces tension gradients that, coupled 295 
to time, create hydrogen accumulation near the crack tip. 296 

• Finally, the 4PB with hole is absolutely the most realistic test to simulate the risk of hydrogen 297 
embrittlement for this type of materials; however the SSR test can represent a quick method 298 
to compare different materials behavior in presence of hydrogen. 299 
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