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ABSTRACT 

This master thesis was performed at the R&D department at Gestamp HardTech AB in 
Luleå. Gestamp HardTech is a global leader in the development and manufacturing of 
safety components for the automotive industry and the production is based on the press 
hardening technique.  

Hydrogen is known to cause degradation of steel and this may be seen as either a 
decrease in ductility or as spontaneous fracture for internally or externally stressed 
components. Studies of the hydrogen diffusion out of steels are of great importance for 
the steel industry as this provides more knowledge about the hydrogen degradation 
phenomenon and better possibilities of preventing problems caused by hydrogen.  

The purpose of this thesis was to study how the diffusible hydrogen content in uncoated, 
Al-Si pre-coated and zinc electroplated boron steel changes with time after press 
hardening. The influence of post heat treatments on the diffusible hydrogen content was 
also examined.   

In order to study the hydrogen diffusion out of boron steel, hydrogen was introduced 
into sample pieces. The introduction methods were electrochemical charging, charging 
in a laboratory furnace by varying the dew point temperature and zinc electroplating. 
The samples were then stored at room temperature and heat treated to accelerate the 
hydrogen diffusion out of the samples.  

Hydrogen charging in a furnace by varying the dew point temperature was established 
to be the most suitable charging method. Linear correlations between the diffusible 
hydrogen content in the samples and the dew point temperatures in the furnace were 
found. 

The hydrogen diffusion behavior of press hardened boron steel proved to be different 
for uncoated, Al-Si pre-coated and zinc electroplated boron steel. Post heat treatments 
were shown to be effective in accelerating the hydrogen diffusion out of Al-Si pre-
coated and zinc electroplated boron steel.  
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1 INTRODUCTION 

1.1 Background 

It is widely acknowledged that hydrogen causes degradation in steel due to hydrogen 
absorption and diffusion. This can be seen in either a decrease in ductility or as 
spontaneous fracture for an internally or externally stressed component [1]. The 
phenomenon often origins from different types of cleaning and coating processes or 
from hydrogen absorption during fabrication. Serious consequences and heavy expenses 
can arise due to breakdowns caused by hydrogen embrittlement. The cost to reduce the 
hydrogen content in steel or other ways of avoiding the problem of hydrogen 
embrittlement can be very large. The problems with hydrogen embrittlement have 
increased lately due to the increased use of high strength materials and their high 
susceptible to hydrogen embrittlement. 

Today, a large uncertainty exists surrounding the hydrogen embrittlement phenomenon 
in the steel industry and among its customers. The standard available for hydrogen 
reduction is considered inadequate and is often incorrectly applied [2]. 

1.2 Gestamp HardTech AB 

Gestamp HardTech AB, located in Luleå, Sweden, is a global leader in the development 
and manufacturing of safety components for the automotive industry. Gestamp 
HardTech is owned by a Spanish company, Gestamp Automoción, which has 
manufacturing facilities and research and development centers worldwide. The 
production is based on the press hardening technique, that is to say, hot forming and die 
quenching of boron steel without subsequent tempering. Press hardened boron steel 
gives the automotive industry possibilities to decrease fuel consumption by reducing 
weight of vehicles, without compromising on passenger safety. With press hardening, 
components with good dimensional accuracy, high strength, good weldability and low 
weight, can be produced. 

The press hardening technique can therefore offer safer, lighter and more cost efficient 
solutions compared to traditional methods [3], [4]. 

1.3 Aim of thesis 

It has for some time been in Gestamp HardTech’s interest to examine how the diffusible 
hydrogen content in the steel changes over time after press hardening, as this provides 
better opportunities to predict the risk of hydrogen embrittlement. Greater knowledge 
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also increases the possibilities for improvements of existing manufacturing and 
handling of press hardened components.  

Available information indicates that certain types of coatings reduce the rate at which 
hydrogen can diffuse out of steel. In order to determine how the hydrogen content 
changes after press hardening, an introduction of hydrogen into the steel must first be 
made. Uncoated and Al-Si pre-coated boron steels are used in the production at 
Gestamp HardTech today and will therefore be investigated. Although, more corrosion 
resistant coatings are requested by the customers and zinc electroplates boron steel will 
for this reason also be examined. 

The main goal of this thesis is to examine how the diffusible hydrogen content in 
uncoated, Al-Si pre-coated and zinc electroplated boron steel change after press 
hardening during storage at room temperature and also examine how post heat 
treatments will affect the diffusible hydrogen content.   
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2 THEORY 

2.1 Boron in steel 

Boron is used in many materials, but the most advantageous use is as an alloying 
element in steel due to its enhancing effect on the hardenability. Boron seems to be one 
of the best alloying elements for high strength low alloy steel in terms of cost, effect and 
quantity compared to standard alloying elements [5], [6]. Even at relatively small 
amounts, boron can give the same enhancement in hardenability as other more 
expensive elements that must be added in larger quantities [6]. 

As the carbon content in boron steel is low in comparison to other steels with the same 
hardenability, boron steel has better weldability and formability, see figure 2.1 [7]. 

 
Figure 2.1. Relationship between yield strength and formability [7]. 

The best combination of hardenability and toughness is achieved at an optimal boron 
content, located around 10-30 ppm soluble boron. If more boron is added, an 
embrittling effect is seen on the martensite that is formed during hardening [8], [9]. 

Many theories exists about the hardening mechanism of boron, but it is well accepted 
that boron can affect the hardenability only if it appears as an interstitial solid solution 
[8]. In low-alloyed steel, solute boron segregates to the austenite grain boundaries and 
delays the austenite transformation and lowers the nucleation rate after the onset of 
ferrite, pearlite or bainite formation due to interaction with vacancies and dislocations 
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[6], [10], [9]. Alloying with boron therefore allows slower cooling rates to produce fully 
martensitic structures, while the Ms-temperature remains unaffected [8], [9]. The Ms-
temperature is high for boron steel compared to other steels with the same hardenability. 
The reason for this is the low content of alloying elements for boron steel, as alloying 
elements lowers the Ms-temperature. High Ms-temperature is favourable since it reduces 
the risk of cracks during hardening.   

In figure 2.2 (a), the CCT diagram of a C-Mn steel is presented and in figure 2.2 (b), a 
C-Mn steel alloyed with boron is shown. From the figure it can be deduced that a fully 
martensitic microstructure for the steel alloyed with boron can be achieved with a 
cooling rate of about 10 °C/s. In the C-Mn steel without boron, this cooling rate would 
only produce approximately 15 % martensite [8]. 

 

                (a) 

 

 

 

 

 

                (b) 

 

 

 

 

 

Figure 2.2. CCT diagram for (a) AISI 1541 with 0.39 wt% C and 1.56 wt% Mn, 

 (b) AISI 15B41 with 0.42 wt% C, 1.61 wt% Mn and 0.004 wt% B [11]. 
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To achieve maximal hardenability effect, boron steel must be austenitized at an optimal 
temperature, which usually range from 845 °C to 925 °C [8]. Subsequent tempering is 
not necessary for boron steel, since the low carbon content gives rise to soft martensite 
and the high Ms-temperature gives the martensite time to self anneal [8], [9]. 

2.2 Press hardening 

The press hardening process is a non-isothermal sheet metal forming process where 
boron steel blanks are formed and quenched in one process step [12]. The base material, 
with ferritic-pearlitic microstructure and low mechanical properties at room 
temperature, is austenitized in a furnace at temperatures of about 900-950 °C and 
maintained at that temperature long enough for a homogeneous austenitic 
microstructure to form [12], [13]. The blanks are then placed into a continuously cooled 
tool where pressing, forming and quenching occur simultaneously, see fig 2.3 [13]. The 
quenching results in components with martensitic microstructures and very high yield 
and tensile strengths [14], [15]. 

 
Figure 2.3. Temperature versus time diagram for the press hardening process [12]. 

Press hardening is a complex manufacturing process with many advantages where the 
strength and quality of the final part is strongly affected by the base material and 
parameters in the forming and quenching process [12]. The dimensional accuracy of 
parts fabricated with the press hardening process is comparable to that of mild steel 
manufactured with conventional forming methods [15]. 
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The press hardening method is commonly used in the fabrication of body parts for the 
automotive industry, since light-weight, thin and complex products can be produced 
with very high dimensional accuracy [12]. 

2.3 Zinc coatings 

Zinc is a frequently applied coating on steel since it has a natural resistance against 
corrosion due to the formation of a corrosion product layer that will retard further 
corrosion. Zinc is also anodic to steel and will therefore protect it sacrificially. The 
dominating property is the natural corrosion resistance, the sacrificial property is 
important only when the zinc coating is damaged and the steel underneath is exposed 
[16], [17]. Three methods are available when applying zinc coatings to iron and steel; 
hot dip galvanizing, zinc electroplating and zinc spraying.  

2.3.1 Hot dip galvanizing 

Hot dip galvanizing is the process where a zinc coating is applied on iron and steel by 
the immersion in a bath of molten zinc. The melting point of pure zinc is 420 °C, and 
the immersion of products into the bath may affect the microstructure of iron or steel. 
The hot dip galvanizing coating consists of several layers. The layers have higher 
proportions of zinc the closer to the surface they are located. No clear limit between the 
coating and the base material is present, which provides the coating with very good 
adhesion to the base material. The thicknesses are normally 40-90 µm thick for hot dip 
galvanized coatings.  

2.3.2 Zinc spraying 

If very thick zinc coatings are requested (≥ 0.25 mm), zinc spraying is a suitable 
method. Molten zinc particles are projected onto a surface and the resulting coating is 
slightly rough and porous and an excellent base for paint. The coatings can be applied 
on parts of complex shapes and various sizes.   

2.3.3 Zinc electroplating 

Zinc electroplating is a method of applying zinc coatings on iron and steel at low 
temperatures. The advantage of low temperatures during application is that the 
microstructure of the base material remains unaffected and the mechanical properties 
are maintained [17]. 

Adhesion of the coating to the steel surface is very important in the electroplating 
process. In order to maximize the adhesion, several cleaning operations are executed. 
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The purposes of the cleaning operations are to remove surface contaminants and to 
generate an active surface in order to initiate plating on all areas [17]. The most 
common pre-treatments of the material are; cleaning of grease and oil, pickling to 
remove oxide scale, oxides and corrosion products, cleaning of remaining surface 
contaminants followed by activation of the surface. 

Zinc can be deposited from three different baths; conventional cyanide baths, acid 
chloride baths and alkaline non-cyanide baths, which all have different characteristics, 
see table 2.1. 

Table 2.1. Comparison of baths for zinc electroplating [2]. 

Properties Cyanide Acid chloride Alkaline non-cyanide 

Demands for pre-treatments Normal High High 

Shine High Very high High 

Resistance to HE Low Quite high Quite low 

Toxicity Very high Low Low 

Power consumption High Low High 

Current yield Quite high Very high Quite low 

Cathode efficiency Quite high Very high Quite low 

Cyanide baths give very smooth surfaces and an ease of control, but the cost and 
toxicity is very large. Acid chloride baths give brilliant deposits, high efficiency and are 
non-toxic. Alkaline non-cyanide baths are simple and low cost, but they also have the 
lowest cathode efficiency [2], [17]. The current yield specifies how large amount of the 
contributed current is used for metal deposit. A high current yield is preferable, since 
the resulting current contributes to production of hydrogen gas, which enhances the risk 
of hydrogen embrittlement [2]. 

The coating thickness for electroplated details is generally 2-25 µm, the thickness can 
easily be controlled and adjusted to the protection requested. Thicker layers are 
possible, but often not economically supportable [2], [17]. 

The coating is highly ductile and has excellent adhesion to the steel and will therefore 
remain relatively intact even after severe deformation. Without subsequent treatment, 
the electroplated zinc turns dull after exposure to air. Electroplated zinc coatings are 
therefore almost always passivated by a chromate coating or a coating of clear lacquer 
[17]. 
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2.4 Hydrogen in steel 

Hydrogen can be introduced into a metal in numerous ways, for example by 
electroplating, welding or pickling, but also during fabrication or processing of the base 
material [18], [19]. The entry of hydrogen into steel can occur either from the gaseous 
or the aqueous phase [18]. 

2.4.1 Entry from the gaseous phase 

The reactions involved for hydrogen to enter steel from the gaseous phase are;  

1. Diffusion of gas to the surface. 

2. Adsorption of molecular hydrogen to the surface. 

3. Dissociation to produce atomic hydrogen. 

4. Penetration through the surface. 

5. Diffusion into the metal lattice.  

2.4.2 Entry from the aqueous phase 

Metals can adsorb hydrogen derived from aqueous environments in many ways. The 
best-known example is the entry of hydrogen into steel during its dissolution in strong 
acids, a reaction accompanied with hydrogen gas evolution [20]. 

Depending on the pH value of the aqueous solution, the reactions will differ, but the 
first step produces an adsorbed hydrogen atom. 
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Figure 2.4 describes the process of hydrogen evaluation and adsorption for the acid 
reaction.  In the first step, H

3
O+

 

is transported to the metal surface. The water formed in 

the second step is then lost in the surroundings and the proton is adsorbed to the 
electrode surface. An adsorbed hydrogen atom is formed after a discharge of the proton.  
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Hydrogen evaluation and adsorption for acid reactions

he fifth step is recombination, which can occur in two different ways, either 
or electrochemically. Chemical recombination arises when two adsorbed 

to produce one hydrogen molecule. 

2HHH adsads →+  

For electrochemical recombination, an adsorbed hydrogen atom combines
hydrogen atom followed by the formation of a hydrogen molecule. This 

reaction is dependent on the pH value of the aqueous solution. 

 

(2.3) 

The chemical and electrochemical recombination reactions can occur simultaneously, 
is often predominant, which one is dependent on the pH 

aqueous solution and the cathodic current density or overpotential. A reaction
recombination is the entry of adsorbed hydrogen atoms into the steel

metalads HH →  

In the seventh and last step in figure 2.4, evolution of hydrogen gas and diffusion of 
rogen into the material occur [22]. 

for acid reactions. 

occur in two different ways, either 
Chemical recombination arises when two adsorbed 

(2.2) 

combines with a proton 
a hydrogen molecule. This 

The chemical and electrochemical recombination reactions can occur simultaneously, 
inant, which one is dependent on the pH value of the 

reaction that goes 
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2.4.3 Solubility 

The solubility of hydrogen in steel, expressed in terms of ml hydrogen/100 g metal, is 
affected by temperature, pressure, composition and microstructure [23]. The most 
important guiding rule in determining the small solubility of a gas in a metal is Sievert’s 
law, which states that the concentration, C, is proportional to a constant, k, and to the 
square root of the hydrogen gas pressure, p. 

 pkC = . (2.5) 

Sievert’s law is exactly obeyed at low concentrations and low pressures, but when the 
concentration reaches a certain level, of about 10 at%, the law is disturbed due to the 
interaction between the solute hydrogen atoms [20]. The law is neither valid at 
pressures above 120 atm nor at temperatures above where methane gas is generated. 

The crystal structure has greater influence on the hydrogen solubility than alloying 
elements, see table 2.2. Body centred cubic (BCC) and hexagonal close packed (HCP) 
structures are more prone to hydrogen embrittlement compared to face centred cubic 
(FCC) structures that in general are not as sensitive [2]. 

Table 2.2. Hydrogen solubilities in iron-base alloys at 400 ˚C and 1 mm Hg pressure [2], [23]. 

Alloy Crystal structure Hydrogen solubility ml/100g 
Pure iron (α) BCC 0.7 

Fe-13%Cr BCC 0.4 

Fe-13%Cr FCC 4.8 

Fe-18%Cr-10%Ni FCC 5.8 

In pure α-iron (BCC), the solubility is low at room temperature, but increases with 
increasing temperature. For γ-iron (FCC), the solubility is enhanced, but decreases at 
the transition to δ-iron (BCC) which occurs at around 1400 °C, see figure 2.5. At 

1535 °C the transition to liquid phase, l, occurs and the solubility increases distinctly 
[23]. 



 
 
 
 
 

 
 
  

11 
 

 
Figure 2.5. The solubility of hydrogen in iron as a function  

of temperature / phase transformation [23]. 

The hydrogen solubility is strongly affected by the presence of impurities and lattice 
defects, since the solubility at room temperature in commercial steel can be more than 
one hundred times higher than in clean and well-annealed steel [20]. 

2.4.4 Diffusivity 

Diffusion is the transport of matter from a region of higher concentration to a region of 
lower concentration due to random and chaotic motion of particles [22]. Diffusion is 
generally described mathematically using Fick’s laws. Fick’s first law states that the 
flux, j, is directly proportional to the diffusion coefficient, D. 

 x

C
Dj

∂

∂
−=  (2.6) 

C is the concentration and x is the position in equation 2.6 and 2.7. 

Fick’s second law is used under non steady state conditions and anticipates how the 
diffusion causes the concentration field to change with time, t [22]. 

 
2

2

x

C
D

t

C

∂

∂
=

∂

∂
 (2.7) 

The mobility of atomic hydrogen in metals is very high and the diffusion is very rapid 
due to the small size of hydrogen atoms. Molecular hydrogen cannot diffuse through the 
metal lattice due to its size, although atomic hydrogen can recombine to molecular 
hydrogen in structural defects such as blisters, microcracks or discontinuities around 
inclusions. Once molecular hydrogen has recombined in a structural defect, it is trapped 
there [2]. 
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The hydrogen diffusion coefficient in γ-iron is almost two orders lower than in α-iron at 
a given temperature, resulting from differences in packing densities for the BCC and 
FCC structures, see figure 2.6 [23].  

 
Figure 2.6. The hydrogen diffusion coefficient as a function  

of temperature for ferritic and austenitic steels [24]. 

A simple rule of thumb can be used to estimate how far hydrogen can diffuse into steel 
under ordinary conditions. The typical diffusion depth, x, is given by equation 2.8, 
knowing the diffusion coefficient, D, and the time, t. 

 Dtx 2= . (2.8) 

2.4.5 Permeability 

The permeability of hydrogen in steel is a function of both diffusivity and solubility and 
describes the rate at which hydrogen can pass through a material. The hydrogen flux, j, 
through a membrane of thickness d, is described by equation 2.9. 

 d

CCD
j a )( 21 −

=  (2.9) 

Where Da is the apparent diffusivity and C1 and C2 are the interstitial hydrogen 
solubilities at entrance and exit, respectively [23]. 

The permeability is strongly related to the crystal structure, as both the diffusivity and 
the solubility are dependent on the crystal structure. At 0 °C, α-iron has the highest 
permeation rate, while the rate of permeation for γ-iron is much lower, due to the low 
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diffusivity in γ-iron. Changes in temperature, degree of cold working and pressure affect 
the solubility and diffusivity and will therefore affect the permeability of a material [2]. 

2.5 Hydrogen introduction 

In order to investigate the effect of hydrogen, it can be necessary to introduce hydrogen 
into steel, in other words hydrogen charge. This can be done in numerous ways; the 
most common methods are gaseous and electrochemical charging [25]. 

2.5.1 Gaseous hydrogen charging 

Gaseous hydrogen charging is the traditional proceeding of introducing hydrogen into 
materials [26]. The samples are brought into contact with pure hydrogen gas or mixed 
gas with high hydrogen content at high partial pressures and high temperatures [25]. 
The driving force for the gaseous charging is the hydrogen pressure gradient. One 
drawback is that gaseous charging must be executed in special high pressure and 
explosion proof laboratories. The microstructure of metals will also be affected by the 
high temperature, this method is therefore not always suitable [26].  

2.5.2 Electrochemical hydrogen charging 

To introduce higher levels of hydrogen into steel and alloys compared to the gaseous 
charging, the electrochemical method is used [25]. Charging is performed in an 
electrolyte solution with a DC power supply where the sample is connected as cathode 
and a platinum net as anode, see figure 2.7. The driving force is the electrochemical 
potential and the electrolyte can either be an acid solution or a molten salt bath [25], 
[27]. 

 
Figure 2.7. Schematic image of the electrochemical charging arrangement. 
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2.5.4 Promoters of hydrogen entry 

Several compounds have the effect of promoting hydrogen entry into metals, both from 
aqueous and gaseous surroundings. These compounds are referred to as hydrogen 
promoters or hydrogen poisons [20]. They suppress the formation of hydrogen gas and 
favour the absorption of atomic hydrogen. The promoting effect is explained by the 
strong chemical bonding of the compound to the metal and hydrogen adsorption of the 
compound, that is to say, formation of hydrides [2]. 

The most effective promoters consist of phosphorus, arsenic, sulphur or selenium. 
Relatively low concentrations are needed in order to promote hydrogen entry, in most 
cases the highest efficiency is observed at only a few ppm. Higher concentrations often 
lead to the formation of insoluble products that inhibit hydrogen entry [20]. 

2.6 Hydrogen degradation  

One definition for hydrogen embrittlement is the loss of ductility as a result of hydrogen 
penetration into a material. Nickel, titanium, zirconium and iron alloys are particularly 
susceptible [28]. The embrittlement is treacherous since it is very hard to prove with 
normal testing, such as tensile and impact tests. 

Hydrogen can appear in two different forms in the metal, mobile and immobile. Mobile 
hydrogen is atomic hydrogen that can diffuse in the metal lattice, also referred to as 
diffusible hydrogen. The immobile hydrogen, or residual hydrogen, is molecular 
hydrogen trapped at defect sites in the material. The mobile hydrogen is considered to 
be responsible of hydrogen embrittlement as it can diffuse to areas with higher stresses 
and affect the fracture mechanism. The immobile hydrogen is considered harmless, 
even though it can be present in considerably higher concentrations. 

Hydrogen induced cracking is a time-dependent type of failure that occurs in metal 
alloys due to the combined action of stresses and absorption of atomic hydrogen [2]. 
High strength steel is more susceptible to hydrogen embrittlement and the susceptibility 
increases with increasing strength and hardness [28]. The embrittlement phenomenon is 
more severe in an intermediate temperature range from -100 ˚C to 100 ˚C, where the 
hydrogen present in the material has higher mobility and can cause embrittlement [29]. 

In order for hydrogen induced fracture to occur, three criteria must be fulfilled; 
sufficient amount of hydrogen must be present, tensile stresses must exist and the 
material must have a limited ductility reserve, see figure 2.8 [2]. 
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Figure 2.8. Schematic image of criteria for hydrogen induced fracture [30]. 

2.6.1 Hydrogen traps 

Hydrogen atoms are strongly attracted to microstructural defects in the material, 
referred to as hydrogen traps. Typical trapping sites are grain boundaries, voids, 
vacancies, solute atoms, dislocations and inclusions [21]. 

Some important properties are affected by hydrogen traps, such as the distribution of 
hydrogen in the microstructure, the hydrogen diffusion coefficient, amount of hydrogen 
desorbed from the steel at room temperature and the hydrogen embrittlement 
susceptibility of the metal. 

Generally, hydrogen traps are classified as reversible or irreversible based on the 
binding energy of the traps [22]. For reversible traps, the trap binding energy is low and 
hydrogen may enter as well as leave the trap, whereas for irreversible traps, the binding 
energy is large and hydrogen has a negligible probability of leaving the trap at ambient 
temperatures [21]. 

Figure 2.9 is a model of the traps in terms of their binding energy. Et is the trap 
activation energy, En and Es represent the energy levels for hydrogen absorption from 
surface to bulk and from bulk to trapping site, respectively. Eb is the energy that 
characterizes the type of trapping, if Et>>Eb, the trap is irreversible [22], [31]. 
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Figure 2.9. Trapping site model showing hydrogen energy levels [22]. 

Reversible traps are more important for hydrogen embrittlement, since hydrogen can 
diffuse from reversible trap sites within the material, accumulate at crack tips and cause 
delayed fracture. This is not possible for hydrogen trapped at irreversible traps sites, 
since it is immobile. Trapping is considered to be reversible at dislocations, solute 
atoms, low angle grain boundaries and elastic stress fields. Irreversible traps are found 
at high angle grain boundaries, inclusions, voids and vacancies [2], [23]. 

The result of hydrogen trapping is a reduction in the hydrogen transport rate through the 
metal. This is caused by accumulation of hydrogen atoms at defect sites, making 
subsequent diffusion or transport difficult [31]. 

Although, not all traps are potential sites for crack initiation. In order for traps to be as 
harmless as possible, they should have the following properties; 

• Have a high critical hydrogen level to crack initiation. 

• Be moderate occupied, so they can pick up hydrogen that otherwise would have 
gone to more dangerous trap sites. 

• Have a homogeneous distribution. 

• Be irreversible, in order not to release hydrogen that can accelerate initiation 
[22]. 

2.6.2 The influence of material 

The material has great influence on the susceptibility to hydrogen embrittlement. 
Essential factors for the material are composition, microstructure, grain size and degree 
of cold working [2]. 
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The susceptibility increases with increasing hardness and strength of the steel [28]. This 
is associated with higher resistance to plastic deformation for stronger materials. The 
crack-tip plastic zone, a place where hydrogen is attracted, is inversely proportional to 
the yield strength of a material. Consequently, the amount of dissolved hydrogen in 
harder and stronger steel will be accumulated into smaller regions, hence, has a more 
damaging effect [21]. Steel with tensile strength below 1000 MPa or hardness below 
295 HV is not considered to be subjected to hydrogen embrittlement [2]. 

Steels with the same mechanical properties, but different microstructures, may be 
affected by hydrogen in different ways [21]. Pearlitic and ferritic-pearlitic steels are 
generally more susceptible to hydrogen compared to annealed bainitic or annealed 
martensitic steel with similar strength. The susceptibility to hydrogen embrittlement is 
ranked below, starting with the microstructure with the highest resistance; 

• Hardened bainite. 

• Hardened and tempered martensite. 

• Spheroidized structures. 

• Perlitic-ferritic structures. 

• Non-tempered martensite [2]. 

The condition of the grain boundaries is an important element to consider. Pure grain 
boundaries are normally not sites for hydrogen trapping, although impurity segregation 
and carbide precipitation at the grain boundaries may increase the tendency of trapping 
[21]. 

Alloying elements which form stable carbides typically has high resistance against 
hydrogen attacks. In steel, manganese and phosphorus are generally detrimental, while 
silicon, vanadium, niobium and cobalt are beneficial [2], [20]. Non-metallic inclusions 
in steel, especially sulphides, decrease the ductility. The interface between the steel 
matrix and the sulphide is a weak link where atomic hydrogen can recombine and create 
hydrogen filled voids. 

Cold worked steel will absorb more hydrogen than steel that has been heat treated to the 
same hardness. This is related to the higher dislocation density that appears after cold 
working, since dislocations act like traps for mobile hydrogen [2]. 
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2.6.3 Stresses 

In order for hydrogen induced cracking of steel to occur, stresses must be present. It is 
irrelevant if the stresses are internal or caused by external load [2]. Several machining 
methods, such as grinding and bending, result in local stresses inside the material, 
which increase the risk of hydrogen induced cracking [32]. Different hardening 
mechanisms, such as work hardening and precipitation hardening also produce stresses 
inside the material. During hardening, the yield strength is increased, which increase the 
risk of hydrogen embrittlement, due to the fact that the stress level that can be 
maintained at a crack tip increases with increasing yield strength of the steel [23].  

The geometry of components is also important and sharp notches should be avoided as 
they cause high local stress concentrations and increase the risk of hydrogen induced 
cracking [32].  

2.7 Classification of hydrogen embrittlement 

Hydrogen embrittlement can be divided into three categories based on the nature of the 
hydrogen [33], [34]. 

2.7.1 Internal reversible hydrogen embrittlement 

Internal reversible hydrogen embrittlement (IHE) occurs in absence of a hydrogenated 
environment and is triggered by the hydrogen that entered the lattice during the 
processing or fabrication of the steel [34]. IHE can occur after very small concentrations 
of hydrogen have been absorbed, although local concentration can be much greater due 
to the fact that hydrogen preferentially diffuses into grain boundaries. This process is 
fully reversible if the hydrogen has not undergone any chemical reactions or caused any 
microcracks [17]. 

2.7.2 Hydrogen environment embrittlement 

Hydrogen environment embrittlement (HEE) occurs in hydrogen containing 
atmospheres through adsorption of molecular hydrogen on the metal surface followed 
by dissociation to atomic hydrogen that can diffuse into the metal lattice [34]. 
Inconsiderable amounts of absorbed hydrogen can cause embrittlement in the material 
[33]. 

2.7.3 Hydrogen reaction embrittlement 

Hydrogen reaction embrittlement (HRE) occurs when hydrogen reacts with either itself 
to form hydrogen gas, H2, with the matrix, or with an alloying element in the matrix to 
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form a hydride. Hydrogen cannot create hydrides in steel; this is mainly a problem in 
titanium and zirconium alloys [2], [34], [17]. Although, atomic hydrogen can react with 
elements in the matrix to form gas, one example is the formation of methane, CH4, 
which occurs when hydrogen reacts with carbon in steel [33], [17]. 

2.8 Theories for hydrogen degradation 

The mechanism of hydrogen degradation remains uncertain despite extended research 
on the subject of hydrogen in steel [21]. A number of theories have been presented, but 
no theory can alone explain the degradation [35]. Instead, it is obvious that several 
theories are alternative descriptions of parallel processes that cooperate. A full 
description of hydrogen embrittlement will therefore include features of several of the 
following theories [21]. 

2.8.1 Internal pressure theory 

The internal pressure theory was probably the first theory of hydrogen embrittlement. 
The model proposes that hydrogen accumulates in voids and fissures within the material 
as diffusion occurs [21], [31]. When atomic hydrogen diffuses through the metal, it 
recombines to molecular hydrogen, resulting in high internal pressure that enhances 
void growth and crack propagation. The induced stress is thought to be triaxial because 
it suppresses hydrogen flow and therefore, only rupture can relieve the stress [22]. This 
model is not general as it does not explain the hydrogen embrittlement of high strength 
steel, where fracture can occur at very low pressures. However, the internal pressure 
theory is still valid in some cases, since cracking can occur due to the pressure, both 
with and without applied external load [22], [35]. 

2.8.2 Lattice decohesion theory 

The lattice decohesion theory is based on the thesis that the cohesive strength of iron 
and steel is lowered by the presence of dissolved hydrogen and thereby, promoting 
grain boundary separation or cleavage crack growth [20], [21]. 

When the hydrogen concentration reaches a critical stress level, the brittle crack unites 
with the main front of brittle crack nucleation and progresses out of the region of 
hydrogen accumulation. The process is repeated, but the propagation of the crack is 
irregular since it is controlled by hydrogen diffusion. Further growth must await 
diffusion of hydrogen to the region of high stress state, see figure 2.10 [22]. 
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Figure 2.10. Schematic illustration of the lattice decohesion theory [22]. 

2.8.3 Surface energy theory 

The surface energy theory proposes that hydrogen is adsorbed on free surfaces that are 
created by crack propagation, thereby lowering the surface energy and the stress 
intensity needed for brittle fracture [22], [21]. 

On the atomic scale, a reduction in cohesive bond strength for A- A0 can be seen, due to 
the interaction of a hydrogen atom with strained bonds at the crack tip, see figure 2.11 
[22]. 

 
Figure 2.11. Schematic image of the surface energy model [22]. 

The adsorption and the fracture must occur simultaneously, in order for the reduction in 
surface energy to be effective in lowering the energy needed for fracture. This is only 
true when hydrogen is derived from grain boundaries and surface layers, in other cases 
the model is not valid [21]. 

 



 
 
 
 
 

 
 
  

21 
 

2.8.4 Hydride formation theory 

Transition metals can be degraded by the formation of stable hydrides ahead of the 
crack tips, the cracks then propagate due to cracking of the brittle phases [31], [35]. No 
evidence of hydride formation has been found in iron and steel, although, this can be 
related to the subsequent decomposition of hydrides occurring after the crack has begun 
to open up and the stress field is removed [22], [21]. 

2.8.5 Brittle crack tip theory 

This theory is classified as a thermodynamic model where the brittle crack process can 
proceed by thermal or athermal activation over the lattice-trapping barrier, an energy 
barrier which can suppress crack motion. As the crack tip advances, it remains 
atomically sharp and there are no signs of any disorder, dislocations or plastic zones 
[22], [35]. This theory is considered to be the dominating mechanism for embrittlement 
in high strength steel [22]. 

2.8.6 Localized slip theory 

Hydrogen dissolved in the lattice ahead of the crack tip will boost the deformation 
process if the concentration is sufficient. The predominant fracture mode will be 
determined by the stress intensity factor, K, the microstructure and the concentration of 
hydrogen, see figure 2.12 [22], [31]. 

 
Figure 2.12. Schematic illustration of microstructure fracture modes for the localized slip 

theory [31]. 
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2.9 Hydrogen analysis in steel 

The most widely used methods for hydrogen measurements are hot extraction and hot 
fusion. The samples are in both methods heated in an inert gas stream, emitting 
hydrogen in gas form. A thermal conductivity detector monitors the hydrogen in the 
inert gas stream.  

Hot fusion is used when the total amount of hydrogen is requested, since the sample is 
melted and stable hydrogen compounds are broken down [23]. The integration can be 
divided into two steps, thereby separating the diffusible and residual hydrogen 
measurements, as the diffusible hydrogen is released at low temperatures, a common 
temperature is 400 ºC. The higher temperature, the more residual hydrogen is released 
[2], [23]. The analysis time needed for one sample is a few minutes and the detection is 
in the order of 0.001 ppm by weight. 

The primary method for hydrogen analysis is vacuum hot extraction, VHE, although 
this method is not extensively used due to the fact that it is technically complicated [23]. 
The samples analysed with VHE are heated in vacuum to a predetermined temperature, 
the hydrogen gas released from the samples is then separated from other gases by 
passing it through a heated palladium osmosis tube where the content is evaluated [2], 
[23]. 

Large differences between the results of hydrogen analyses performed by different 
laboratories have been discovered. Deviations up to 2 ppm for the total hydrogen 
content have been detected for measurements on the same sample, even though the 
same method is used by the laboratories. The explanation to this is probably that the 
laboratories calibrate their analysis equipment against standard samples from different 
suppliers. Comparisons of results for hydrogen analyses obtained from different 
hydrogen laboratories are therefore not recommended [36].  

2.10 Hydrogen degassing treatments 

The susceptibility to hydrogen embrittlement can be reduced with hydrogen degassing 
treatments, most common are post heat treatments. During heat treatments, hydrogen 
can either diffuse out of the material or be redistributed in the whole component in order 
for critical hydrogen concentrations not to arise [2], [23]. 

According to Swedish standard, post heat treatments shall be performed on components 
made of steel with actual tensile strength greater than 1000 MPa or on surface hardened 
parts. The treatment should be carried out over a temperature range and for duration of 
time so no metallurgical alterations in the structure occur [37]. The final mechanical 
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properties for the component will depend on how successful the degassing treatment has 
been. The highest possible temperature should be chosen, guiding lines are 180-240 ˚C 
for 3-24 hours, depending of the thickness of the material. The degassing process shall 
commence as soon as possible after surface treatments, preferably within four hours.  

Some coatings have a barrier effect on the hydrogen diffusion out of the steel. Heat 
treatments for materials with thick and dense coatings will only redistribute the 
hydrogen in the material and only after a long period of time will the diffusion out 
begin. The duration of post heat treatments and storage in room temperature should 
therefore take into account the nature of the coating.   

Storage of components at room temperature before usage has also been noticed to 
reduce the susceptibility to hydrogen embrittlement, since the hydrogen have time to 
redistribute to areas with low stress concentrations [2]. 
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3 EXPERIMENTAL 

3.1 Material 

Boron steel with three different surface coatings were chosen for examination; 
uncoated, Al-Si pre-coated and zinc electroplated. The steel grade used for the uncoated 
and electroplated sample pieces was Boron 02 and the Al-Si pre-coated steel was Usibor 
1500P. Usibor 1500P has a pre-coating consisting of a layer of Al-Si, which will protect 
the boron steel from oxidation and decarburization during the press hardening process. 
The Al-Si coating is applied by hot dipping and is about 25 µm and is during 
austenitizing transferred into an Al-Si-Fe diffusion layer. The coating has excellent 
adhesion to the base material due to the additional diffusion occurring during 
austenitizing. Further advantages with Usibor 1500P in the hot forming process are that 
no shot blasting or inert atmospheres are needed. Besides, the corrosion resistance of the 
component is increased [38]. 

Sample pieces used in the experimental part made of Boron 02 and Usibor 1500P were 
sent to SSABs laboratory in Luleå for spectral analysis to measure chemical 
composition. The result from the chemical analysis is presented in figure 3.1. For 
additional information about Boron 02 and Usibor 1500P, see appendix 1 and 2, 
respectively.  

Table 3.1. Measured composition for Boron 02 and Usibor 1500P in wt%.  

  C Si Mn P S Cr Al Ti B Mo 

Boron 02 0.236 0.27 1.24 0.012 0.002 0.199 0.037 0.032 0.0043 0 
Usibor 1500P 0.219 0.27 1.21 0.012 0 0.194 0.034 0.034 0.0024 0 

In order to examine the hydrogen diffusion out of these materials, hydrogen was 
introduced into sample pieces. For the uncoated and Al-Si pre-coated steels, two 
charging methods were chosen; electrochemical charging and charging in a furnace by 
varying the dew point. For the zinc electroplated material, the electroplating process 
introduces high hydrogen levels into the base material. The electroplating process was 
therefore considered to be the charging operation and no additional charging was 
performed.  

The introduction took part in two rounds, one preliminary charging in order to choose 
the best charging method. A second charging was then performed to produce samples 
for the hydrogen reduction treatments, that is to say the storage at room temperature and 
the heat treatments. Figure 3.1 presents an overview of the materials used for the 
different hydrogen introduction methods. 



 
 
 
 
 

 
 
  

 

Figure 3.1. Schematic image of the materials used for the hydrogen introduction

3.2 Sample preparation

Steel sheets were cut out from steel coils used in production and then processed in 
different ways, dependent upon the subsequent charging method. The thicknesses of the 
steel sheets were chosen to represent normal production, for Boron
1.5 mm thick and for Usibor

The steel sheets were cut into samples pieces, 170x28 mm, see figure 3.2. Holes were 
made in one end in order to ease the handling of the samples.

Figure 3.2. Schematic image of the sample
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atmosphere for 255 seconds and then die quenched for 15 seconds. No oxide scale is 
formed for this material, whereas no shot blasting is needed. The temperatures and 
heating times in the furnace were chosen to represent normal production for the two 
materials. 

3.2.2 Samples for furnace charging 

Samples for the furnace charging were not plane hardened, since a transformation to a 
martensitic microstructure occurs after charging. 

3.2.3 Samples for zinc electroplating 

The samples for the electroplating process were plane hardened at the prototype 
workshop at Gestamp HardTech. 

The sample material used for the zinc electroplating process was Boron 02, and the 
samples were treated in the same way as the Boron 02 samples for the electrochemical 
charging, that is to say they were heated at 920 ˚C in an air atmosphere for 195 seconds 
and then die quenched for 15 seconds followed by shot blasting to remove oxide scale. 

3.2.4 Reference samples 

Reference samples from the serial production were cut out from components directly 
after press hardening in order to investigate which diffusible hydrogen content the 
components normally have. The highest hydrogen levels for the reference samples will 
be used as guiding lines for what diffusible hydrogen level to accomplish when 
producing samples for the hydrogen reduction treatments.  

Three samples made of Boron 02 and four samples made of Usibor 1500P were 
collected from press hardening lines in the serial production. The hardening lines use 
different furnaces which all are in different conditions, resulting in different dew point 
temperatures inside the furnaces. No measurements of the dew point temperatures inside 
the furnaces were made when the reference samples were collected.  

Uncharged sample pieces from the electrochemical charging, furnace charging and zinc 
electroplating were also hydrogen analysed to examine the hydrogen content in the 
samples before hydrogen introduction. The result from the analysis will be used to see 
how much hydrogen has been introduced using the different charging methods. All 
reference samples were immersed into liquid nitrogen and stored there until hydrogen 
analyses were performed.  
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3.3 Charging 1 

Charging 1 was performed with the aim to investigate which of the methods, 
electrochemical charging or furnace charging, is preferable in terms of hydrogen content 
introduced into the samples and the ease of reproduction. The result from the hydrogen 
analysis will decide the charging method that should be used in charging 2, the large 
scale production of sample material. 

3.3.1 Electrochemical charging 

The electrochemical charging was performed at the Division of Engineering Materials 
at Luleå University of Technology. 

The plane hardened samples were charged with hydrogen in an electrolyte of 0.05M 
H2SO4, both with and without the recombination poison thiourea, CH4N2S. The current 
densities were set to 0.5 mA/cm2 and 2.0 mA/cm2. The experimental matrix is shown in 
table 3.2. 

Table 3.2. Experimental matrix for the electrochemical charging. 

Material Hydrogen poison Current density, mA/cm2 
Boron 02 None 0.5 
Boron 02 None 2.0 

Boron 02 1g thiourea/l  0.5 

Boron 02 1g thiourea/l 2.0 
Usibor 1500P None 0.5 
Usibor 1500P None 2.0 

Usibor 1500P 1g thiourea/l 0.5 

Usibor 1500P 1g thiourea/l 2.0 

The charging was executed in a beaker with 0.6 litre electrolyte and carried out at room 
temperature. A platinum net was used as anode and the sample was connected as 
cathode. A variable resistance was connected in series with a DC power supply and the 
beaker for simple adjustment of the current densities, see figure 3.3. 
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(a) 

 

 
       (b) 

Figure 3.3. (a) Image of the electrochemical charging arrangement.  

(b) Circuit diagram of the electrochemical charging.  

The currents required to achieve the desired current densities with regard to this 
experimental arrangement were calculated, see appendix 3. To produce the requested 
current in the circuit and furthermore the requested current density, a fine adjustment of 
the resistance was made with the assistance of a multimeter.  

The duration of the charging was 24 hours as previous research indicates that this is 
adequate in order to accomplish a homogenous distribution of hydrogen in the samples 
at room temperature [39], [40]. Before and after each charging operation, the samples 
were rinsed with methanol. The electrolyte was also exchanged between each sample. 

Several hydrogen poisons very considered for the electrochemical charging. In the view 
of hydrogen content and severity of charging, thiourea was chosen [41], [42]. The 
current density and acid used were chosen due to previous research [39], [41]. 

After charging, the samples were immediately immersed into liquid nitrogen and kept 
there until hydrogen analysis to ensure that no hydrogen diffuse out of the samples. 

3.3.2 Furnace charging 

The furnace charging method is a variant of the gaseous charging method where 
hydrogen can be introduced into steel during austenitizing in a moist atmosphere. The 
diffusible hydrogen content introduced into the steel seems to have a strong correlation 
with the dew point of the furnace atmosphere [43]. The dew point is the temperature air 
must be cooled to at constant pressure in order for water vapour to condense into water 
[44]. Higher dew point temperatures and longer heating times in the furnace seem to 
result in higher levels of hydrogen in the steel, whereas the type of atmosphere does not 
seem to have a direct influence on the hydrogen content. Furnace charging can be 
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performed using a furnace where the dew point temperature can be regulated by 
adjusting the volume flow-through and the water supply [43]. 

The furnace charging was performed at Gestamp HardTech in a modified laboratory 
furnace with a dew point meter and a hose pump connected, see figure 3.4. 

The choice of furnace atmosphere was nitrogen and the temperature was set to 940 ˚C. 
The dew point in the furnace was controlled by the nitrogen flow and the speed of the 
hose pump. High speed of the hose pump, which supplies water to the furnace, will 
result in high dew points, whereas high nitrogen flow results in low dew points. For 
calculations of the settings to accomplish the desired dew points, see appendix 4. 

 
Figure 3.4. The furnace arrangement used for hydrogen charging. 

The samples were heated in the furnace for 300 seconds, die quenched for 30 seconds 
and then immersed into liquid nitrogen. Different dew points were chosen to achieve 
different levels of hydrogen in the samples. The dew point achieved by varying the 
volume flow through and water supply to the furnace are shown in figure 3.3. 

Table 3.3. Experimental matrix of the furnace charging. 

Material Dew point, ˚C Material Dew point, ˚C 
Boron 02 -26.5 Usibor 1500P -28.5 
Boron 02 -12.5 Usibor 1500P -14.5 
Boron 02 -2.8 Usibor 1500P -3.1 
Boron 02 10.5 Usibor 1500P 10.0 
Boron 02 15.5 Usibor 1500P 16.5 
Boron 02 26.0 Usibor 1500P 31.4 

After the charging, one sample made of Boron 02 and one made of Usibor 1500P were 
examined in a light optical microscope to determine the microstructure.   
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3.4 Charging 2 

Charging 2 was the large scale production of sample material and the samples charged 
in this round were used in the subsequent hydrogen reduction treatments. The choice of 
charging method and charging parameters was based on the results from charging 1. For 
more information about the choice, see the discussion part at page 46-48. 

3.4.1 Furnace charging 

The furnace charging was performed using the same equipment as in Charging 1. The 
temperature, holding times in the furnace and the cooling times were the same, although 
in this charging, all samples manufactured from the same steel grade were charged at 
the same dew point temperature. The Usibor 1500P samples were charged at a dew 
point temperature of -10 °C and the Boron 02 samples at a dew point temperature of 
30 °C. 

3.4.2 Zinc electroplating 

Danod AB, a surface treatment company in Robertsfors, performed the zinc 
electroplating. 

The samples were first degreased for 200 seconds to remove soil, and then pickled for 
10 minutes in order to remove oxide layers. To create better adherence of the zinc layer 
to the base material, the samples were electro activated and surface activated for 200 
and 400 seconds, respectively. 

An alkaline non-cyanide bath was used for the electroplating process, the bath contained 
additives such as brighteners and purifiers. The applied zinc layer was 10 µm and the 
duration of the plating process was 40 minutes. No subsequent chromate coating was 
applied since the chromate layer is heat sensitive and will be destroyed at about 70˚C. 
Press hardened components for the automotive industry will be ED-painted at around 
150 °C, chromating is therefore not necessary as the layer will be destroyed during the 
painting. The samples were then dried for 10 minutes and after additional 5 minutes 
immersed into liquid nitrogen.  

An acid chloride bath was also considered for the plating process, but an alkaline non-
cyanide bath was chosen because of its low cost and simplicity, despite the low cathode 
efficiency. The hydrogen reduction is also easier for samples plated in alkaline non-
cyanide baths, since the acid chloride baths have very low hydrogen diffusivity, which 
complicates the hydrogen reduction treatments. Cyanide baths were not considered, due 
to their high toxicity. [2] [17] 
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For specifications of the electroplating process and the baths for the pre-treatments, see 
appendix 5. 

3.5 Hydrogen analysis 

SwereaKIMAB AB in Stockholm performed the hydrogen analysis using a LECO 
Rhen602 Hydrogen determinator, see figure 3.5. For analysis, one-gram analysis pieces 
were cut out from the centre of the samples and wet grinded to remove coatings, oxides 
and rust. Before the analysis, the analysis pieces were cleansed in ethanol in an 
ultrasonic cleaner. 

The analysis pieces were placed in a graphite crucible and heated in the electrode 
furnace in an inert argon atmosphere. A thermal conductivity detector registered the 
differences in thermal conductivity for the elements as the heating proceeded. One 
analysis piece was analysed at two temperatures, 420 ˚C and 1800 ˚C, to receive the 
diffusible and bulk hydrogen contents, respectively. The total analysis time for one 
piece was about ten minutes [45]. 

On a majority of the samples, one small analysis piece was cut out from each sample 
and analysed, but for some samples, several small analysis pieces were cut out and 
hydrogen analysed to control the reproducibility of the hydrogen analysis.  

 
Figure 3.5. LECO Rhen602 Hydrogen determinator. [45] 

3.6 Hydrogen reduction treatments 

The samples from Charging 2 were treated in two ways in order to decrease the 
hydrogen content. They were either stored at room temperature for various times or 
heat-treated to accelerate the hydrogen diffusion out of the samples. The coatings of the 
Usibor 1500P and the zinc electroplated samples were prior to hydrogen reduction 
treatments examined in a light optical microscope.  
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3.6.1 Storage at room temperature 

Gestamp HardTech performs three point bending tests on Boron 02 side impact beams 
approximately two days after production. No hydrogen induced cracks have been found 
for the Boron 02 samples and storage times of up to one week were chosen to study the 
decrease in diffusible hydrogen content.  

Usibor 1500P have also been tested in the three point bending tests, where some 
hydrogen induced cracks have been discovered. According to information at Gestamp 
HardTech, the maximal allowed storage time for press hardened components with 
enhanced hydrogen content is one week. Longer storage times will lead to logistical 
problems. Therefore, much focus was given to document how the diffusible hydrogen 
content in Usibor 1500P samples decreased during the first week, but also after one two 
and three weeks. The storage times for the zinc electroplated samples were chosen to 
display how hydrogen levels decreased during one, two and three weeks. The storage 
times of the samples are presented in table 3.4. 

Table 3.4. Storage times at room temperature. 

Time, days 0 1 2 3 4 5 6 7 14 21 
Boron 02 X X X X - - - X - - 

Usibor 1500P X X X X X X X X X X 

Zinc electroplated X X - X - - - X X X 

X = Analysed 
-  = Not analysed 

3.6.2 Heat treatments 

During storage at room temperature, the hydrogen content in the Boron 02 samples 
seem to decrease sufficient, wherefore an extra heat treatment and furthermore cost is 
difficult to justify. Therefore, only the Usibor 1500P and the zinc electroplated samples 
were heat treated.  

The selection of holding times and temperatures for the heat treatments was partly based 
on previous research about the reduction of diffusible hydrogen content after post heat 
treatments for Usibor 1500P press hardened parts [46]. According to an internal report, 
the tensile strength is lowered when heating at 200 ˚C for 45 minutes. The reduction is 
less when the temperature is lowered to 150 ˚C, but still noticeable [47]. The 
temperatures chosen for this heat treatment were therefore at a maximum of 150 ˚C, 
since reductions in mechanical properties are not welcome.  
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A convection furnace at the Division of Engineering Materials at Luleå University of 
Technology was used for the heat treatments of the samples. The atmosphere was air 
and the temperatures were set to 75 °C and 150 °C, with different holding times. The 
Usibor 1500P and the zinc electroplated samples were subjected to the same heat 
treatments, see table 3.5.  

Table 3.5. Heat treatments of Usibor 1500P and zinc electroplated samples. 
Temperature, °C Holding time, h 

75 3 
75 6 
75 12 

150 0.5 
150 1 
150 2 
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4 RESULTS 

4.1 Hydrogen analysis 

For a majority of the samples, one analysis piece was cut from each sample and 
analysed, but for some of the samples, several analysis pieces were cut out and 
analysed. The values shown in the diagrams henceforth are mean values if several 
measurements were performed on the samples. If only one measurement was performed 
on each sample, that single value is presented in the diagrams. It is only the diffusible 
hydrogen that is considered to cause hydrogen embrittlement and hydrogen induced 
cracking, therefore, only the diffusible hydrogen will be discussed in this report. All the 
measurements from the hydrogen analyses are presented in appendix 6.  

SwereaKIMAB reported that when the hydrogen analysis calibration was performed 
with an empty crucible, the diffusible hydrogen content was 0 ppm as expected, but the 
residual hydrogen values were for some measurements 0.2 and for some 0.3 ppm, 
depending on which day the analyses were executed at. SwereaKIMAB could not 
explain the reason for this deviation and 0.2 or 0.3 ppm was therefore subtracted from 
the bulk hydrogen values in appendix 6.  

4.2 Reference samples 

4.2.1 Reference sample for hydrogen charging 

The result from the hydrogen analysis for the uncharged reference samples is shown in 
figure 4.1. The Boron 02 sample for the electrochemical charging contained 0.23 ppm 
diffusible hydrogen and the Usibor 1500P sample had a mean value of 0.69 ppm 
diffusible hydrogen. The starting value in the zinc electroplated samples is the same as 
for the Boron 02 sample for the electrochemical charging, since the same base material 
is used in the two charging methods.  

The uncharged Boron 02 samples for the first and second furnace charging had mean 
values of 0.21 ppm and 0.08 ppm, respectively. The Usibor 1500P samples had similar 
values for the first and the second furnace charging, 0.38 ppm and 0.40 ppm 
respectively.  
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Figure 4.1. Diffusible hydrogen content for the reference samples for the electrochemical 

charging (EC) and the furnace charging (FC). 

4.2.2 Reference samples from serial production 

The result from the hydrogen analysis for the reference samples taken from the serial 
production is shown in figure 4.2. From the diagram it can be concluded that the 
hydrogen content for samples from different hardening lines (HL) varies.  

 

Figure 4.2. Diffusible hydrogen content  for reference samples taken from different hardening 

lines (HL) from the production. 

For the Boron 02 reference samples, the highest individual diffusible hydrogen content 
was 0.84 ppm and for Usibor 1500P, 0.9 ppm, although the mean value of the 
measurements on the Usibor 1500P sample was 0.77 ppm.  
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For Usibor 1500P, two reference samples were taken from hardening line 6. The 
samples were cut out from different components and on different days and the result 
from the hydrogen analysis shows that the hydrogen content varies. The first sample 
contained a mean value of 0.77 ppm diffusible hydrogen and the second sample only 
0.29 ppm. 

Notable is that the two lowest values for Usibor 1500P (0.15 ppm and 0.29 ppm) and 
are even lower than the reference samples for furnace charging presented in figure 4.1.  

4.3 Charging 1 

4.3.1 Electrochemical charging 

The result of the hydrogen analyses for the samples charged electrochemically is 
presented in figure 4.3. 

 

 
Figure 4.3. Diffusible hydrogen content of the samples charged electrochemically. 

From figure 4.3 it can be established that thiourea significantly increases the level of 
diffusible hydrogen in the samples. This is associated with the fact that thiourea 
prevents hydrogen atoms from recombining into hydrogen gas, whereas more hydrogen 
atoms are available for absorption by the sample. Very large deviations for hydrogen 
analysis pieces cut out from the same sample were found for samples charged 
electrochemically with thiourea. For samples charged electrochemically with thiourea, 
very large deviations in the hydrogen content were found for analysis pieces cut out 
from the same sample. The largest difference between two measurements was 2.66 ppm 
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diffusible hydrogen for a Usibor 1500P sample, followed by 1.73 ppm for a Boron 02 
sample.  

When charging Boron 02 without thiourea, the hydrogen content in the samples seems 
to increase with increasing current density, as expected. When using thiourea, the 
diffusible hydrogen level increases significantly at a current density of 0.5 mA/cm2. The 
hydrogen level does not reach up to the same high value when increasing the current 
density to 2.0 mA/cm2, but still higher compared to the charging without thiourea.  

The hydrogen content in the reference sample for Usibor 1500P has a tendency of being 
higher than the hydrogen contents in the Usibor 1500P samples charged without 
thiourea. After charging the Usibor 1500P samples with thiourea, the diffusible 
hydrogen content increased substantially. The highest measured value was 9.52 ppm 
diffusible hydrogen at 2.0 mA/cm2. For Usibor 1500P samples charged with thiourea, 
the diffusible hydrogen content seems to increase with increasing current density.   

All the electrochemically charged samples were corroded in varying degrees, see figure 
4.4. The corrosion was more severe for the samples charged with thiourea. The 
electrolytes for the samples charged with thiourea were cloudy and contained particles 
when the charging was completed. This was not the case for the samples charged 
without thiourea, where the electrolytes were completely transparent without any 
particles.  

 
Figure 4.4. Samples after electrochemical charging and hydrogen analysis. 

4.3.2 Furnace charging 

The samples were successfully hydrogen charged in the furnace and the results are 
shown in figure 4.5. Linear correlations between the dew point and the diffusible 
hydrogen level can be observed for the two materials. It can also be deduced from figure 
4.5 that the same dew point temperature gives higher hydrogen content in the Usibor 
1500P than in the Boron 02 samples. The mean deviation between two hydrogen 
analyses performed on the same furnace samples were 0.065 ppm diffusible hydrogen.  



 
 
 
 
 

 
 
  

38 
 

 
Figure 4.5. Diffusible hydrogen content after furnace charging. 

The equations in figure 4.5 for the Boron 02 and the Usibor 1500P furnace charged 
samples show that the slopes of the trend lines are almost the same. This suggests that 
an increase in dew point temperature will result in almost the same increase in diffusible 
hydrogen content for both the Boron 02 and the Usibor 1500P samples. The trend line 
for the Usibor 1500P is shifted upwards while the slopes of the lines are the same.  

When the furnace charged samples were studied in a light optical microscope, it could 
be verified that the microstructures achieved during the furnace charging were 
martensitic and appear to be representative for hot forming processes, see figure 4.6.  
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    (a)                                (b) 

                              (c)                                (d) 
Figure 4.6. Micrographs showing the microstructures for (a) Boron 02, 500x, (b) Boron 02, 

1000x, (c) Usibor 1500P, 500x, (d) Usibor  1500P, 1000x. 

4.4 Charging 2 

4.4.1 Furnace charging  

The diffusible hydrogen values charged into the samples were 0.54 ppm for the 
Boron 02 samples and 0.71 ppm for the Usibor 1500P samples. The samples produced 
in this charging round were later used in the hydrogen reduction treatments.  

4.4.2 Zinc electroplating  

The zinc electroplated samples had starting values of 0.08 ppm diffusible hydrogen 
before the electroplating process and the hydrogen contents after the electroplating were 
5.5 ppm. The samples produced in the electroplating process were later used in the 
hydrogen reduction treatments.  



 
 
 
 
 

 
 
  

 

4.5 Hydrogen reduction treatments

The coatings of Usibor 1500P and zinc electroplated samples 
optical microscope and the result is

                               (a) 

                               (c) 

Figure 4.7. Micrographs of the coatings for (a) Usibor 1500P, 500x, (b

(c) Zinc electroplated Boron 02

After hot forming, the coating of 
destroyed during the specimen 
phases with different compositions. The layer closest
iron content. Closer to the surface, more aluminium and less iron is present. 
is about 35 µm thick, although the 
top layer. 

For the zinc electroplated samples, t
layer was very soft in comparison to the base material. The coating

40 

duction treatments 

coatings of Usibor 1500P and zinc electroplated samples were examined in a
optical microscope and the result is shown in figure 4.7.  

                                (b) 

                                (d) 
Micrographs of the coatings for (a) Usibor 1500P, 500x, (b) Usibor 1500P, 1000x, 

) Zinc electroplated Boron 02, 500x, (d) Zinc electroplated Boron 02, 1000x.

After hot forming, the coating of Usibor 1500P is very hard and brittle and easily 
specimen preparation. The coating consists of several 

phases with different compositions. The layer closest to the base materia
iron content. Closer to the surface, more aluminium and less iron is present. 

m thick, although the specimen preparation has scratched of some of the 

For the zinc electroplated samples, the specimen preparation was difficult since the zinc 
layer was very soft in comparison to the base material. The coating

examined in a light 

Usibor 1500P, 1000x, 

electroplated Boron 02, 1000x. 

Usibor 1500P is very hard and brittle and easily 
The coating consists of several intermetallic 

to the base material has higher 
iron content. Closer to the surface, more aluminium and less iron is present. The coating 

preparation has scratched of some of the 

preparation was difficult since the zinc 
layer was very soft in comparison to the base material. The coatings of the zinc 



 
 
 
 
 

 
 
  

41 
 

electroplated samples are about 10 µm and appear to be more porous than the Usibor 
1500P coating. 

4.5.1 Storage at room temperature 

The starting values for the furnace charged Boron 02 samples were 0.54 ppm diffusible 
hydrogen. The storage at room temperature showed a decrease in the hydrogen content 
in the samples, see figure 4.8. After one week, the diffusible hydrogen is down to 0.29 
ppm. 

 
Figure 4.8. The hydrogen content for Boron 02 samples after storage at room temperature.  

For the furnace charged Usibor 1500P samples, the diffusible hydrogen content after 
charging was 0.71 ppm, see figure 4.9. A very small decline can be seen for the Usibor 
1500P samples stored at room temperature. After three weeks, the diffusible hydrogen 
content was 0.61 ppm.   
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Figure 4.9. The hydrogen content for Usibor 1500P samples after storage at room temperature. 

After the electroplating process, the samples had a diffusible hydrogen content of 
5.55 ppm, see figure 4.10. The storage at room temperature showed a clear decrease in 
the diffusible hydrogen content and the hydrogen level was more than halved after 
storage for three weeks.   

 
Figure 4.10. The hydrogen content for zinc electroplated samples after storage at room 

temperature. 

Trend lines have been inserted in the figures for the samples stored at room temperature 
to be able to easily compare the decrease in hydrogen content. The Boron 02 line has 
almost 20 times steeper slope than the Usibor 1500P line, even though  the Usibor 
1500P samples had a higher initial value and should therefore decrease faster due to the 
higher driving force. It is not accurate to compare the slopes for the Boron 02 or Usibor 

y = -0.0019x + 0.6579

0,00

0,10

0,20

0,30

0,40

0,50

0,60

0,70

0,80

0 5 10 15 20 25

D
if

fu
si

b
le

 h
y

d
ro

g
e

n
, 

p
p

m

Time, days

Storage at RT, Usibor 1500P

y = -0.1427x + 4.9303

0,00

1,00

2,00

3,00

4,00

5,00

6,00

0 5 10 15 20 25

D
if

fu
si

b
le

 h
y

d
ro

g
e

n
, 

p
p

m

Time, days

Storage at RT, zinc electroplated 



 
 
 
 
 

 
 
  

43 
 

1500P with the zinc electroplated slope, since the zinc electroplated samples had a very 
high initial value and will therefore have a much higher driving force for hydrogen 
diffusion out of the sample.   

4.5.2 Heat treatment 

The result from the post heat treatments for the Usibor 1500P samples is presented in 
figure 4.11. The heat treatments at 150 °C reduced the hydrogen content more than at 
75 °C, even though the holding times were shorter at that temperature.  

After three and six hours at 75 °C, no clear decrease was seen in the hydrogen diffusible 
value compared to the initial hydrogen content, 0.71 ppm. Twelve hours at 75 °C 
substantially lowered the hydrogen content to 0.46 ppm. Heating at 150 °C gives a 
significant decrease in the hydrogen content, even at half an hour, since the diffusible 
hydrogen content is lowered to 0.47 ppm. Longer holding times in the furnace will 
make more hydrogen to diffuse out of the samples.  

 
Figure 4.11. Result from the post heat treatment for the Usibor 1500P samples.  

The zinc electroplated samples had starting values of 5.5 ppm diffusible hydrogen. The 
heat treatments at 75 °C reduced the hydrogen content more than the heat treatments at 
150 °C, see figure 4.12. The heat treatment at 75 °C for twelve hours reduced the 
hydrogen content the most, the diffusible hydrogen content after the treatment was only 
1.25 ppm.  
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Figure 4.12. Result from the post heat treatment for the zinc electroplated samples.  
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5 DISCUSSION 

5.1 Hydrogen analysis 

When several hydrogen analyses are performed on analysis pieces taken from the same 
sample, the result varies. This variation may be due to that the small pieces are taken out 
from different parts of the sample, which can give varying results. This was more 
obvious for electrochemically charged samples, where the deviation was very high. The 
deviation was however very low for furnace charged samples and relatively low for 
reference samples taken from the production.  

The values obtained from the hydrogen analyses performed by SwereaKIMAB are not 
comparable to hydrogen analyses performed by other laboratories. Large deviations 
between the hydrogen levels of the same samples measured at different laboratories 
have been discovered and no comparison is therefore possible [36]. 

5.2 Reference samples 

5.2.1 Reference samples for hydrogen charging 

The reference samples used for the electrochemical charging had higher initial values 
than the samples used for the furnace charging. This is associated with the plane 
hardening process that is performed on the samples for the electrochemical charging. 
The plane hardening introduces hydrogen into the samples and they will therefore have 
higher starting values than the samples for furnace charging. The Usibor 1500P samples 
for the electrochemical charging had distinctly higher diffusible hydrogen values than 
the Boron 02 samples. The explanation to this is probably that hydrogen will diffuse 
into both Boron 02 and Usibor 1500P during austenitizing. The hydrogen diffusion into 
the steel is profited by the high temperature during austenitizing, since hydrogen diffuse 
faster at higher temperatures. After quenching, the hydrogen in the steel will diffuse out, 
although for Usibor 1500P samples, the Al-Si coating will probably act as a barrier and 
prevent hydrogen from diffusing out of the steel and therefore resulting in higher 
hydrogen content for the Usibor 1500P samples.   

The difference between the Boron 02 and Usibor 1500P reference samples for the 
furnace charging was not as great as in the electrochemical case. The reason for the 
enhanced value in the Usibor 1500P samples compared the Boron 02 samples is 
presumably that hydrogen was introduced into the material during the hot dip 
aluminizing. Another contributory factor is probably that the coating will act like a 
barrier and prevent hydrogen from diffusing out of the steel. During the pre-coating of 
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the Al-Si layer, the steel is heated in a reducing atmosphere to remove surface oxides 
and to decrease the temperature difference between the Al-Si bath and the steel. The 
atmosphere during heating contains hydrogen which can diffuse into the steel and 
increase the hydrogen content.  

5.2.2 Reference samples from serial production 

The highest diffusible hydrogen values (not mean values) for the reference samples 
taken from the serial production were determined to represent the worst case scenarios 
for the components. The highest values will be guiding lines in what hydrogen level to 
accomplish in the large scale production of sample material for the hydrogen reduction 
treatments. Therefore, the diffusible hydrogen levels to charge in to the samples in the 
second charging should be 0.84 ppm for the Boron 02 samples and 0.90 ppm for the 
Usibor 1500P samples.  

The reason for the big variation in diffusible hydrogen content for two samples made by 
the same material and taken from the same hardening line at different time periods is 
not clear, see figure 4.2. One possible explanation can be that air has leaked into the 
furnace atmosphere and as the reference samples were collected at different times, the 
dew point temperature in the air could have been different and therefore affecting the 
dew point temperature in the furnaces. As the furnaces are in different conditions, the 
dew point temperature in the furnace atmosphere is varying, which affect the hydrogen 
content. Other things that might affect the diffusible hydrogen content are the initial 
hydrogen value of the base material and heating times in the furnaces.  

The diffusible hydrogen content was lower from some of the Usibor 1500P samples 
taken from hardening line six and eight compared to the reference samples for the 
furnace charging. The uncharged reference samples for the furnace charging can be 
considered to be the base material for the serial production. During the press hardening 
process, hydrogen is expected to be introduced into the samples, but this is not the case 
for two of the Usibor 1500P reference samples from the serial production, where it 
appears as hydrogen has been removed during the process. The explanation for this 
unrealistic behaviour is not clear, although it appears as though some of the values 
obtained for the reference samples from the serial production are unreasonable low 
compared to all other hydrogen measurements.  

It is very interesting to measure the dew point temperatures in the furnaces used in the 
serial production, as this gives a better control over the final diffusible hydrogen content 
in the press hardened components.  
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5.3 Charging 1 

5.3.1 Electrochemical charging 

The hydrogen levels for both the Boron 02 and the Usibor 1500P samples charged with 
thiourea are considerably higher than the desired levels. From the electrochemical 
charging, it is difficult to draw any conclusions about which charging parameters that 
should be used to achieve the desired hydrogen levels in the samples.  

The Boron 02 samples charged without thiourea show as expected an increase in the 
hydrogen level as the current density increase. The electrochemical charging with 
thiourea for the Boron 02 samples increased the hydrogen content significantly. 
Although, the hydrogen level did not increase with increasing current density and the 
explanation to this is probably that an error occurred during the charging.   

The reason for why the Usibor 1500P samples charged without thiourea had lower 
hydrogen content than the reference sample is not known, although the samples follow 
the same pattern as the Boron 02 samples, in other words, they increase with increasing 
current density. The charging for the Usibor 1500P samples with thiourea resulted in 
very high hydrogen levels which substantially increased the risk for hydrogen 
embrittlement.  

The results from the hydrogen analyses for the electrochemically charged samples show 
that the deviation is very high when several hydrogen analysis pieces from the same 
sample are analysed. The uneven hydrogen distribution in the electrochemically charged 
samples may be due to that the surface layer have not been worn off evenly, resulting in 
an uneven hydrogen introduction. This is more apparent when the electrochemical 
charging was performed with the hydrogen poison thiourea.  

Considering the problems with deciding charging parameters, the fact that all samples 
were corroded and that the chargings were probably not reproducible, electrochemical 
charging is excluded from the large-scale production of sample material.  

5.3.2 Furnace charging 

The furnace charging showed linear correlations between the dew point temperatures 
and the hydrogen levels in the samples, which indicates an ease of reproduction as it is 
easy to control the hydrogen level by adjusting the dew point temperature in the 
furnace. The proportionally low mean deviations when several analysis pieces from the 
same sample are analysed, lead to the conclusion that only one measurement is needed 
for the furnace charged samples in Charging 2. The verification that the microstructures 
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formed after the furnace charging are martensitic is important, since hydrogen then has 
the same conditions of diffusing out as in serial produced components. The furnace 
charging method was due to aforementioned reasons therefore chosen to be the charging 
method in the large-scale production of sample material, Charging 2.  

From figure 4.5 it can be seen that in order to achieve the same hydrogen levels in the 
Usibor 1500P samples as in the reference sample from the production (0.90 ppm), the 
dew points during charging should be -10 °C. In order to reach up to the desired level 
for the Boron 02 samples (0.84), an assumption is made that the trend line can be 
extrapolated to that level and a dew point of about 55 °C is needed. This is not 
practically possible as the dew point meter available can only measure up to 30 °C. The 
Boron 02 samples are therefore in the second hydrogen charging, charged at the highest 
dew point temperature possible, 30 °C. The result from the charging of the Boron 02 
samples at 30 °C should therefore be a little less than 0.6 ppm diffusible hydrogen.  

Usibor 1500P samples have 0.17 ppm higher diffusible hydrogen level before furnace 
charging, compared to Boron 02 samples. Although after the furnace charging, the 
differences in hydrogen content between the Boron 02 samples and the Usibor 1500P 
had increased compared to the difference before the charging. The higher starting values 
for the Usibor samples are only marginal and should not affect the hydrogen in such a 
large extent as it does. The explanation is again that the Al-Si layer acts like a barrier for 
hydrogen so it can not diffuse out during cooling. Due to this barrier action, it is more 
favourable to have low dew point temperatures in the furnace, since this produces lower 
diffusible hydrogen levels in the components.  

5.4 Charging 2 

5.4.1 Furnace charging 

The second charging resulted in almost the values predicted when looking at figure 4.5. 
The deviation from the expected values is due to the fact that more hydrogen chargings 
at different dew points should be executed to be able to more exactly predict the 
diffusible hydrogen content at certain dew point temperatures. The deviations can also 
depend on the furnace arrangement, as it was difficult to adjust the furnace to the 
desired dew point temperature.  

5.4.2 Zinc electroplating 

The zinc electroplating process resulted in very high diffusible hydrogen values after the 
plating process. The introduced values in the zinc electroplated samples are so high that 
zinc electroplating with an alkaline non-cyanide bath and the electroplating parameters 
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used in this study is not considered as an alternative coating method for press hardened 
components due to the increased risk of hydrogen embrittlement and hydrogen induced 
cracking.  

5.5 Hydrogen reduction treatments 

The micrographs in figure 4.7 show that Usibor 1500P and zinc electroplated samples 
have very different coatings. They differ in thickness, structure and hardness; this 
indicates that the result from the hydrogen reduction treatments for the two sample 
types will be dissimilar.   

5.5.1 Storage at room temperature 

During storage at room temperature for Boron 02 samples, hydrogen diffuses out of the 
steel, which reduces the risk for hydrogen embrittlement. After one week, the hydrogen 
content was halved and after only a few days could a large reduction in the hydrogen 
content be seen.  

The storage for the Usibor 1500P samples did not show the same decrease as for the 
Boron 02 samples. No distinct decline be observed and a few values are deviating. Not 
even after three weeks has the hydrogen content decreased substantially. This indicates 
that the Al-Si coating may act as a barrier at room temperature and the hydrogen 
trapped in the steel is prevented from diffusing out. According to the information at 
Gestamp HardTech, one week is the maximal storage time for press hardened 
components due to logistical reasons. For Usibor 1500P products, one week does not 
have any prominent effect in lowering the diffusible hydrogen content and storage at 
room temperature does not make a big difference.    

A few hydrogen measurements on Usibor 1500P samples were distinctly deviating from 
the trend line. The reason for this is not obvious, although the samples may have had 
different initial hydrogen values, as it is difficult to keep the dew point temperature 
completely constant during charging. Small variations in the dew point temperature will 
affect the initial hydrogen content and this may be the explanation for the deviating 
values during storage at room temperature.  

According to a study performed by the supplier of Usibor 1500P, ArcelorMittal, the 
diffusible hydrogen content for Usibor 1500P will decrease to less than one third after 
storage for three weeks at room temperature [46]. No evidence of this has been found in 
this study.  
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The hydrogen content in the zinc electroplated samples decreased substantially with 
time during storage at room temperature. For the zinc electroplated samples, the 
hydrogen content is still very high after three weeks which increases the risk of 
hydrogen embrittlement.  

It appears as the zinc coating does not act as a barrier in the same extent as the Usibor 
1500P coating, although this can be difficult to determine, since no uncoated steel with 
the same initial hydrogen content was examined. The decrease during storage at room 
temperature may be connected to the high initial hydrogen value which can accelerate 
diffusion out of the sample. The fact that the zinc coating is thinner and presumably has 
higher porosity than the Usibor 1500P coating may also beneficial for the hydrogen 
diffusion out of the zinc electroplated samples.  

To sum up, it can be mentioned that hydrogen diffusion out of the Boron 02 and the 
zinc electroplated samples experienced a positive effect from the storage at room 
temperature. The Usibor 1500P samples did not show the same behaviour and the 
conclusion to be made is that three weeks is not enough time to reduce the hydrogen 
content to a level close to the reference samples. The zinc electroplated samples had 
very high initial hydrogen values and although a big decrease during storage, the values 
are still very high and zinc electroplating with the process and parameters used in this 
study is not recommended as a coating method on press hardened components if no 
additional hydrogen reduction treatment is performed. The Boron 02 samples decreased 
steadily and Boron 02 is therefore a good choice, since if the components have 
enhanced initial values of hydrogen, it will diffuse out quite rapidly.  

After storage at room temperature for some time, the trend lines of the curves will 
probably level out, due to the fact that lower hydrogen contents result in lower driving 
forces for hydrogen diffusion out of the steel. The curves will therefore after some time 
have an exponential appearance.   

5.5.2 Heat treatments 

For the Usibor 1500P samples, the heat treatments definitely gave result. The heat 
treatment was most effective at 150 °C for two hours. The heat treatment at 75 °C for 
three and six hours did not show any apparent result, since the hydrogen content was 
practically not lowered compared to the reference sample. It is first when the holding 
time was twelve hours at 75 °C some effect was seen on the diffusible hydrogen 
content. The heat treatment for twelve hours at 75 °C was comparable to the heat 
treatment at 150 °C for half an hour, as the hydrogen content was lowered to almost the 
same level.  
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The zinc electroplated samples responded better to lower temperatures and longer 
heating times, this can be seen in figure 4.12. This is the contrary of the behaviour for 
the Usibor 1500P samples, where higher temperatures were more effective. The reason 
for this is not clear, but it may be due to the different coatings on the samples and their 
different structures and thicknesses and the fact that the zinc electroplated samples had 
higher initial hydrogen values.  

The only deviation for the heat treatments was that the heat treatment for a zinc 
electroplated sample at 150 °C for one hour reduced the hydrogen content more than the 
heat treatment for two hours. This is only one small deviation and the major trend is as 
expected that more hydrogen will diffuse out with longer heating times.  

The heat treatments accelerated the hydrogen diffusion out of both the Usibor 1500P 
and the zinc electroplated samples. Heat treatment are therefore appropriate to use, 
especially for the Usibor 1500P samples, where the Al-Si coating acts like a barrier for 
hydrogen and no clear decrease is seen during three weeks for storage at room 
temperature.  

The zinc electroplated samples had after the heat treatments still enhanced hydrogen 
values compared to the reference samples taken from the serial production. The initial 
value of diffusible hydrogen was also very high. Heat treating at 75 °C for time periods 
longer than twelve hours might reduce the hydrogen level to a sufficient low level. 
Although, without subsequent hydrogen reduction treatments, zinc electroplating using 
the same process and parameters as in this study is not recommended as a coating 
method on press hardened products, due to the high risk of hydrogen embrittlement.  

The heat treatments for the Usibor 1500P samples clearly showed that the method is 
efficient in reducing the hydrogen content in short times. It is not cost effective to heat 
treat all components, only those with enhanced hydrogen content. Heat treatments can 
therefore be considered as saving actions for components with known high initial value 
of hydrogen with the aim to decrease the risk of hydrogen embrittlement and hydrogen 
induced cracking.  

Obviously, the most effective method to reduce the hydrogen content is to be able to 
regulate the press hardening process and thereby optimizing the process parameters that 
affect the hydrogen content.   
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6 CONCLUSIONS 

• Electrochemical charging with H2SO4 is not to recommend as a hydrogen 
charging method as the surface layers are worn off and the samples are corroded.  
The charging results in uneven hydrogen distribution and the method is not 
reproducible.  

• There exists a clear correlation between the diffusible hydrogen content and the 
dew point temperatures when charging the samples in the furnace. The furnace 
charging method also produces samples with even hydrogen distributions.  

• The Al-Si coating on the press hardened Usibor 1500P samples acts like a 
barrier for hydrogen, preventing it from diffusing out of the steel at room 
temperature up to three weeks.  

• The diffusion out of uncoated press hardened Boron 02 steel was rapid during 
the first week at room temperature which reduces the risk of hydrogen 
embrittlement.  

• Zinc electroplating in an alkaline non-cyanide bath without subsequent hydrogen 
reduction treatments is not an appropriate coating method for press hardened 
products due to the great hydrogen introduction that occurs during the plating 
process.  

• Post heat treatments are good methods of accelerating hydrogen diffusion out of 
Usibor 1500P and zinc electroplated samples.  
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7 PROPOSAL FOR FUTURE WORK 

• Find a correlation between hydrogen analyses performed at other hydrogen 
laboratories to be able to compare results from other studies.  

• Investigate how the diffusible hydrogen content of components is affected by the 
dew point temperatures in the furnaces in the serial production.  

• More hydrogen chargings at different dew points should be performed in order 
to be able to more exactly predict the diffusible hydrogen content at certain dew 
point temperatures. 

• Investigate other heat treatment parameters with the aim to reduce the risk for 
hydrogen embrittlement and optimize the hydrogen diffusion out of the steel 
without affecting the mechanical properties of the steel.  

• Examine the hydrogen diffusion out of other in the future interesting boron 
steels for press hardening, for example zinc pre-coated boron steel.  
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Appendix 1 - Specification of Boron 02 
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Appendix 2 - Specification of Usibor 1500P 

 

 
 

SPECIFICATION – USIBOR 1500P 
 
Heat treatment (informative) for hot-stamping 
 
900 to 950°C during 5 to 10 minutes (austenitization) 
Quenching between dies/tools with cooling speed >> 30°C/sec 
The mechanical properties on the parts obtained after hot-stamping are strongly linked 
to these conditions. 
Chemical composition 
  
C Si Mn Cr Mo P S Ti Al B 
0.20 
– 
0.25 

0.15 
 – 
0.35 

1.10 
 – 
1.30 

0.15 
 – 
0.30 

≤ 0.35 ≤ 
0.025 

≤ 
0.008 

0.020 
 – 
0.050 

0.020 
 – 
0.060 

0.002 
 – 
0.004 

Mechanical properties at delivery  
 

Ts Ys  A% (ISO 
20x80) 

(> 500 MPa) > 350 MPa > 10% 
< 700 MPa < 550 MPa  

 
Al-Si Coating Bath analysis 
 

 Al Si 
min 85% 5% 
max 95% 11% 

 
Al-Si Coating Thickness (before hot-stamping : at delivery) 
 
According to EN 10327 : measurements are carried out 50 mm far from the coil edges. 
 
Coating weight (3 points measurements both sides) :  
> 150 g/m² double side (« AS150 ») 
 
Coating weight / side (3 points measurements / side) 
 

 Thickness 
(g/m2/side) 
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Min 70 
  
Max 90 

 
Coating weight / side (single spot / side) 
 

 Thickness 
(g/m2/side) 

Thickness 
(µm/side) 

Min 60           20 µm 
Max 100    33 m 

 
Surface treatment 
 
No chromatation 
 
No oil recommended 
 
If really requested, the oil applied is SHELL 3282 (light weight 0.5 to 1 g/m²) 
Mechanical properties on hot-stamped parts 
 
On flat areas. 
Only if thinning after hot-stamping < 10% 
 
 
 YS (Rp0,2 ) 

MPa 
TS (Rm)  
MPa 

A% Hardness 
 
HV 10 / HV 
30 

 A80 
% 
min. 

A50 
% 
min. 

A5 (A5,65) 
% 
min. 

 
Thickness > 1,2 mm 
 

950 – 1250 1300 – 1700 
 
> 4,5 
 

> 5 
 
> 6 
 

400 – 550 

 
Hardeness at core : 400-550 HV (HV1, 10 or 30 kg) 
Surface Hardness : 41 to 48 HRC (after layer removal : surface grinding)   
 
Quality of the hot-stamped parts 
Accuracy :  +/- 0.5 mm in volume 
Thinning < 10% (thickness reduction) 
Radii on the parts : > 5 mm 
 
Al-Si Coating Thickness (after hot-stamping) 
> 35 µm (alloying reaction � thickness increasing) 
Magnetic Inductive measurements not allowed 
 
 

[38]
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Appendix 3 - Calculations for electrochemical charging 

To calculate the current, I, in the circuit for the desired current densities, ICD, the 
following equation was used: 
  � � ����, (A4.1) 
 
where  I= the current, (A) 
 ���= the current density, (A/m2) 
 S = the surface area of the electrode, (m2) 
 
The resistance of an electrolyte, RE, is calculated by: 
 

  �� �
�

	
 
�

�
 (A4.2) 

 
 RE = resistance of the electrolyte, (Ω) 
 l = the mean distance between the electrodes, (m) 
 κ = the conductivity of the electrolyte, (Ω-1m-1) 
 
The variable resistor and the electrolyte were connected in series; the variable resistance 
can therefore be calculated using the following equation: 
 

  � �
�


� �� (A4.3) 

 
 R = the resistance of the variable resistor 
 E = the voltage inn the circuit [49] 
 
The voltage in the circuit was set to 5 V and the value of the conductivity of the 
electrolyte was 2.50 Ω-1m-1 [50]. 
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Appendix 4 - Calculations for furnace charging 

To achieve the desired dew points inside the furnace, calculations of the nitrogen and 
water flows must be made.  

The nitrogen flow in l/h, 
2NQ , is calculated by; 

  OHtotN QQQ
22

−= , (A5.1) 

where  totQ = the total flow, (l/h) 

  OHQ
2

= the water flow, (l/h). 

  VVQ fttot =  (A5.2) 

 ftV = volume flow through, (1/h) 

 V  = total volume of the furnace, (l) 

  OHtotOH pQQ
22

=  (A5.3) 

 OHp
2

= partial water pressure, (atm) 

The volume per cent of water content is plotted against the dew point, the graph can be 
seen in figure A5.1.  

 
Figure A5.1. Vol% of the water vapour versus the dew point temperature.  
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The equation achieved from the graph can be used to calculate the partial water 
pressure, where x is the dew point temperature; 

  OHp
2

 = 0.00004x3 + 0.00198x2 + 0.03528x + 0.46546  (A5.4) 

Combining eq. A5.1, A5.2 and A5.3, the following expression for the nitrogen flow is 
achieved: 

  )1(
22 OHftN pVVQ −=  (A5.5) 

The water flow, OHQ 2

'  in g/h, is calculated by; 

  wv

tot
OH

Q
Q ρ

1000
2

' =  (A5.6) 

 wvρ = density for water vapour, (g/m3) 

The density for water vapour is plotted against the dew point temperature, the graph can 
be seen in figure A5.2. The equation achieved from the graph can be used to calculate 
density for water vapour at a specific dew point temperature, x;  

  wvρ = 0.0002x3 + 0.0134x2 + 0.2882x + 4.0146  (A5.7) 

 
Figure A5.2. Density for water vapour versus the dew point temperature.  

Eq. A5.6 is combined with eq. A5.2 and, the following expression is achieved,  
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Combining eq. A5.5 and eq. A5.8 gives: 

  
wv

OHOH

N

pQ
Q

ρ

)1(1000
22

2

' −
=  (A5.9) 

The water flow is in this arrangement supplied by a hose pump that can be set to three 
speed levels, which provides three water flows, see table A5.1. 

Table A5.1. Mass flow for different speed levels on the hose pump.  

Speed OHQ 2

'  (cm3/h) 

1 1.64 
2 3.33 
3 5.13 

 

The three values for the water flow from table A5.1 are inserted into equation A5.9 and 
three values for the nitrogen flow are achieved. The nitrogen flow should be in the 
interval 0-420 l/h, since the furnace arrangement used in this experiment is only 
operable within this interval. The lowest of the three values was chosen, due to the 
nitrogen gas consumption [51], [52]. 
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Appendix 5 - Specifications of electroplating baths  

DANOD AB BATH SPECIFICATION SCHEMA   6.22-1 
DEGREASING 
  
 

 

 
 
Parameter Value Limits Adjustment 

Temperature: 70 ˚C  60 - 95 ˚C Thermostat 

Bath volume:  1000 l   

 
 
 
PICKLING 
 
 
Component Concentrat

ion 

Max / Min value Supplier 

H2O    

H2SO4 180 g/l 140 - 220 g/l Wibax AB 

Metex Acid Wetter 11 ml/l  Mac Dermid 

Metex Acid Inhibitor 3 ml/l  Mac Dermid 

 
 
Parameter Value Limits Adjustment 

Temperature: 60 ˚C  50 – 80 ˚C Thermostat 

Zinc content:  max 20 g/litre Bath change 

Bath volume:  2300 l   

 
 
 
 
 
 
 
 
 
 

Component Concentration Max / Min value Supplier 

H2O    

NaOH 60 g/l 100-200 g/l Wibax 

Metex Tensid EM 10 ml/l  Mac Dermid 

Metex Additive 307 10 ml/l  Mac Dermid 
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ELECTRO ACTIVATION 
 
 
Component Concentration Max / Min value Supplier 

H2O    

Alkaline deruster salts 110 g/l 80-130g/l Mac Dermid 

NaOH For adjustment 80-130 g/l Wibax AB 

 

 

Parameter Value Limits Adjustment 

Temperature: 60 ˚C  40 – 70 ˚C Thermostat 

Bath volume:  900 l   

 
 
 
SURFACE ACTIVATION  
 
 
Component Concentration Max / Min value Supplier 

H2O    

H2SO4 1 g/l 0.5 – 1.0 g/l Skellefteå bränslen 

 

 

Parameter Value Limits Adjustment 

Temperature: 20 ˚C    

pH: 1.5 1.0 – 2.5 H2SO4 

Bath volume: 650 l   
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ZINC ELECTROPLATING 
 
 
Component Concentration Max / Min value Supplier 

H2O    

NaOH 135 g/l 120 – 140 g/l Wibax AB 

Envirozin Genesis brightener 2 ml/l 1.5 – 2.5 ml/l Mac Dermid 

Envirozin Genesis Carrier 4 ml/l 3.5 – 4.5 ml/l Mac Dermid 

Envirozin Genesis Additive 4 ml/l 3.5 – 4.5 ml/l Mac Dermid 

Envirozin Replenisher 40 ml/l 40 – 60 ml/l Mac Dermid 

Envirozin Purifier  1.0 – 3.0 ml/l Mac Dermid 

 

 

Parameter Value Limits Adjustment 

Zinc 9 g/l  6-12 g/l Zinc solution 

Temperature: 27 ˚C

  

22-30 ˚C Thermostat 

Bath volume:  3400 l   

 
 
[53]
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Appendix 6 - Result from hydrogen analyses 

Reference samples from production 

Material Sample HL Product and 

production date 

Analysis date Diff. H 

(ppm) 

Residual H 

(ppm) 

Total H 

(ppm) 

Boron 02 R1 1 

Ford C214 STF rail 

20081027 2/12-08 0.49 0.03 0.52 

Boron 02 R1 1 

Ford C214 STF rail 

20081027 2/12-08 0.66 0.00 0.66 

Boron 02 R1 1 

Ford C214 STF rail 

20081027 Mean value 0.58 0.02 0.60 

Boron 02 R2 2 

Porsche Colorado STF 

F 20090123 16/2-09 0.27 0.00 0.27 

Boron 02 R3 3 

BMW E87 STF F 

20081030 2/12-08 0.84 0.10 0.94 

Usibor 1500P R4 1 

Jaguar X250 A-beam 

reinforc.  20081103 2/12-08 0.45 0.13 0.58 

Usibor 1500P R5 6 

Volvo Y413 STF B 

20081105 2/12-08 0.90 0.26 1.16 

Usibor 1500P R5 6 

Volvo Y413 STF B 

20081105 2/12-08 0.64 0.18 0.82 

Usibor 1500P R5 6 

Volvo Y413 STF B 

20081105 Mean value 0.77 0.22 0.99 

Usibor 1500P R6 6 

Volvo Y285 C-beam 

20090202 16/2-09 0.29 0.16 0.45 

Usibor 1500P R7 8 

Audi Q5 Doppelsitzq. 

20090129 17/2-09 0.15 0.04 0.19 

 
Reference samples, not hydrogen charged 

Material Sample Charging method  Analysis date Diff. H 

(ppm) 

Residual H 

(ppm) 

Total H 

(ppm) 

Boron 02 R8 Furnace 1 16/2-09 0.08 0.51 0.59 

Boron 02 R9 Furnace 2 19/11-08 0.16 0.20 0.36 

Boron 02 R9 Furnace 2 19/11-08 0.26 0.29 0.55 

Boron 02 R9 Furnace 2 Mean value 0.21 0.25 0.46 

Usibor 1500P R10 Furnace 1 20/11-08 0.38 0.09 0.47 

Usibor 1500P R11 Furnace 2 16/2-09 0.40 0.11 0.51 

Boron 02 R12 Electrochemical 2/12-08 0.23 0.09 0.32 

Usibor 1500P R13 Electrochemical 2/12-08 0.80 0.29 1.09 

Usibor 1500P R13 Electrochemical 2/12-08 0.57 0.23 0.80 

Usibor 1500P R13 Electrochemical Mean value 0.69 0.26 0.95 
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Electrochemical charging 

Material Sample i (mA/cm²) Analysis date Poison Diff. H 

(ppm) 

Residual H 

(ppm) 

Total H 

(ppm) 

Boron 02 1A 0.5 2/12-08 No 0.88 0.08 0.96 

Boron 02 2A 2.0 2/12-08 No 0.99 0.11 1.1 

Boron 02 3A 0.5 2/12-08 Yes 7.08 0.25 7.33 

Boron 02 3A 0.5 2/12-08 Yes 5.35 0.28 5.63 

Boron 02 3A 0.5 2/12-08 Yes 5.57 0.17 5.74 

Boron 02 3A 0.5 Mean value Yes 6.00 0.23 6.23 

Boron 02 4A 2.0 2/12-08 Yes 1.86 0.53 2.39 

Boron 02 4A 2.0 2/12-08 Yes 2.07 0.19 2.26 

Boron 02 4A 2.0 Mean value Yes 1.97 0.36 2.33 

Usibor 1500P 5A 0.5 2/12-08 No 0.53 0.48 1.01 

Usibor 1500P 6A 2.0 2/12-08 No 0.7 0.28 0.98 

Usibor 1500P 6A 2.0 2/12-08 No 0.6 0.3 0.9 

Usibor 1500P 6A 2.0 Mean value No 0.65 0.29 0.94 

Usibor 1500P 8A 0.5 2/12-08 Yes 7.16 1.37 8.53 

Usibor 1500P 8A 0.5 2/12-08 Yes 7.05 0.99 8.04 

Usibor 1500P 8A 0.5 Mean value Yes 7.11 1.18 8.29 

Usibor 1500P 9A 2.0 2/12-08 Yes 8.99 1.19 10.18 

Usibor 1500P 10A 2.0 2/12-08 Yes 9.52 0.42 9.94 

Usibor 1500P 10A 2.0 2/12-08 Yes 6.86 0.33 7.19 

Usibor 1500P 10A 2.0 Mean value Yes 8.46 0.65 9.10 
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Furnace charging 1 

Material Sample DP, °C Analysis date Diff. H 

(ppm) 

Residual H 

(ppm) 

Total H 

(ppm) 

Boron 02 1B -28.5 20/11-08 0.21 0.01 0.22 

Boron 02 1B -28.5 20/11-08 0.20 0.00 0.20 

Boron 02 1B -28.5 Mean value 0.21 0.01 0.21 

Boron 02 2B -14.5 20/11-08 0.25 0.18 0.43 

Boron 02 3B -3.0 20/11-08 0.40 0.18 0.58 

Boron 02 4B 10.0 20/11-08 0.50 0.00 0.50 

Boron 02 5B 16.5 20/11-08 0.43 0.05 0.48 

Boron 02 6B 31.0 20/11-08 0.70 0.06 0.76 

Boron 02 6B 31.0 20/11-08 0.64 0.11 0.75 

Boron 02 6B 31.0 Mean value 0.67 0.09 0.76 

Usibor 1500P 7B -26.5 20/11-08 0.77 0.34 1.11 

Usibor 1500P 7B -26.5 20/11-08 0.87 0.18 1.05 

Usibor 1500P 7B -26.5 Mean value 0.82 0.26 1.08 

Usibor 1500P 8B -12.5 20/11-08 0.68 0.36 1.04 

Usibor 1500P 8B -12.5 20/11-08 0.66 0.24 0.90 

Usibor 1500P 8B -12.5 2/12-08 0.64 0.31 0.95 

Usibor 1500P 8B -12.5 2/12-08 0.76 0.23 0.99 

Usibor 1500P 8B 

-12 

.5 Mean value 0.69 0.29 0.97 

Usibor 1500P 9B -2.8 20/11-08 0.97 0.07 1.04 

Usibor 1500P 9B -2.8 20/11-08 0.96 0.20 1.16 

Usibor 1500P 9B -2.8 Mean value 0.97 0.14 1.10 

Usibor 1500P 10B 10.5 20/11-08 1.10 0.31 1.41 

Usibor 1500P 11B 15.5 19/11-08 1.38 0.40 1.78 

Usibor 1500P 11B 15.5 19/11-08 1.27 0.22 1.49 

Usibor 1500P 11B 15.5 Mean value 1.33 0.31 1.64 

Usibor 1500P 12B 26.0 20/11-08 1.07 0.14 1.21 

Usibor 1500P 12B 26.0 20/11-08 1.11 0.20 1.31 

Usibor 1500P 12B 26.0 Mean value 1.09 0.17 1.26 
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Hydrogen reduction, storage at room temperature 

Material Sample Time, days Analysis date Diff. H 

(ppm) 

Residual H 

(ppm) 

Total H 

(ppm) 

Boron 02 1C 0 16/2-09 0.54 0.02 0.56 

Boron 02 2C 1 17/2-09 0.46 0.16 0.62 

Boron 02 3C 2 16/2-09 0.45 0.28 0.73 

Boron 02 4C 3 16/2-09 0.43 0.22 0.65 

Boron 02 5C 7 16/2-09 0.29 0.19 0.48 

Usibor 1500P 6C 0 17/2-09 0.67 0.07 0.74 

Usibor 1500P 7C 0 17/2-09 0.75 0.11 0.86 

Usibor 1500P 6C+7C 0 Mean value 0.71 0.09 0.8 

Usibor 1500P 8C 1 17/2-09 0.67 0.08 0.75 

Usibor 1500P 9C 2 16/2-09 0.49 0.60 1.09 

Usibor 1500P 10C 3 17/2-09 0.68 0.10 0.78 

Usibor 1500P 11C 4 17/2-09 0.75 0.11 0.86 

Usibor 1500P 12C 5 17/2-09 0.67 0.10 0.77 

Usibor 1500P 13C 6 17/2-09 0.65 0.03 0.68 

Usibor 1500P 14C 7 17/2-09 0.57 0.07 0.64 

Usibor 1500P 15C 14 17/2-09 0.66 0.17 0.83 

Usibor 1500P 16C 21 17/2-09 0.61 0.08 0.69 

Zinc electroplated 17C 0 17/2-09 5.55 0.52 6.07 

Zinc electroplated 18C 1 17/2-09 4.17 0.25 4.42 

Zinc electroplated 19C 3 16/2-09 4.97 0.34 5.31 

Zinc electroplated 20C 7 16/2-09 3.48 0.54 4.02 

Zinc electroplated 21C 14 16/2-09 2.54 0.31 2.84 

Zinc electroplated 22C 21 17/2-09 2.31 0.19 2.50 
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 Hydrogen reduction, heat treatments 

Material  Sample  Temp. °C  Time, h Analysis date Diff. H 

(ppm) 

Residual H 

(ppm) 

Total H 

(ppm) 

Usibor 1500P 1D 75  3      17/2-09 0.71    0.05    0.76 

Usibor 1500P 2D 75  6      17/2-09 0.68    0.03    0.71 

Usibor 1500P 3D 75  12      16/2-09 0.46    0.06    0.52 

Usibor 1500P 4D 150  0.5      16/2-09 0.47    0.28    0.75 

Usibor 1500P 5D 150  1      16/2-09 0.44    0.40    0.84 

Usibor 1500P 6D 150  2      17/2-09 0.30    0.04    0.34 

Zinc electroplated 7D 75  3     16/2-09 2.55    0.43    2.98 

Zinc electroplated 8D 75  6     16/2-09 1.75    0.38    2.13 

Zinc electroplated 9D 75  12     17/2-09 1.25    0.12    1.37 

Zinc electroplated 10D 150  0.5     16/2-09 3.80    0.26    4.06 

Zinc electroplated 11D 150  1     17/2-09 2.48    0.30    2.78 

Zinc electroplated 12D 150  2     16/2-09 2.84    0.24    3.08 
 

 
 

 

 
 


