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Abstract
This study aims to investigate the impact of various surface conditions prior to welding on the
susceptibility of materials to cold cracking, including an analysis of fracture surfaces. Additionally, a
novel method is introduced for quantifying the presence of diffusible hydrogen using thermal desorption
mass spectroscopy (TDMS). This method allows for the determination of diffusible hydrogen
concentration in thin sheet welded joints without use of welding consumables. Three different cold-rolled
Advanced High-Strength Steel (AHSS) samples with different surface conditions, such as coatings,
lubrication, or water, are examined to assess their susceptibility to cold cracking. In addition to measuring
the diffusible hydrogen content in both the base material and the coating, the overall hydrogen content of
the base material is also measured using the melt extraction (ME) method. The new method for
quantifying diffusible hydrogen in weld metal is applied to investigate different welding variations,
intentionally introducing hydrogen through coatings and hydrogenous �uids on the sheet surface. By
combining the assessment of cracking susceptibility and hydrogen content, a better understanding of
critical hydrogen levels leading to hydrogen-assisted cracking (HAC) is achieved. The results of this study
demonstrate that the occurrence of cold cracking in speci�c AHSS samples increases when either
lubrication or both coating and water or lubricant are added. Additionally, the presence of diffusible
hydrogen in the welds of all materials is found to increase with the introduction of hydrogenous layers to
the material. Although a critical hydrogen content is identi�ed, no clear correlation between the amount of
hydrogen and cracking susceptibility can be determined. These �ndings have signi�cant implications for
the welding of cold-formed AHSS, particularly in the automotive industry where safety and lightweight
design are of paramount importance.

1 Introduction
The lightweight concept in automotive industry requires the development of new steel concepts to
achieve their diverse and sometimes contradicting objectives. Advanced high strength steels (AHSS) are
particularly promising due to their high strength and good formability, which result in signi�cant weight
reductions and increased passenger safety in accidents. [1] In addition to the development of AHSS
sheets for automotive components, the use of laser welding has become increasingly popular in
automobile production due to its numerous bene�ts. Compared to conventional thermal joining methods,
laser welding provides beside one-sided accessibility of joining parts, a narrow and deep penetration
depth, resulting in a high aspect ratio of the welded joint and minimal heat input into the material leading
to reduced processing times. [2]

The use of AHSS presents the risk of hydrogen embrittlement, leading to material degradation and
reduced mechanical properties. [3–5] Hydrogen can enter the material through various production and
processing steps and accumulate due to stresses and plastic deformation. Laser welded joints of AHSS
are particularly susceptible to hydrogen-assisted cracking (HAC), caused by:

susceptible high strength microstructure to HAC,
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tensile stresses imposed during welding,

and high levels of diffusible hydrogen.

Both the weld metal and heat affected zone can be affected by HAC, with the latter being more prevalent
due to the combination of microstructure and tensile restraint. [6] High strength steels increase the risk of
hydrogen embrittlement due to their lower solid solubility of hydrogen. Several studies have been
conducted evaluating the in�uences of body-in-white environment on the hydrogen intake in AHSS
welded joints. [7–11]

Hydrogen can be generated from multiple sources during the fabrication of welds, with electrochemical
reactions and the dissociation of molecular hydrogen into atomic hydrogen at high temperatures being
the primary mechanisms [12]. These processes contribute to the presence of hydrogen in the welds. In a
broader classi�cation, the sources of hydrogen during weld fabrication can be divided into two main
categories based on their causes: those originating from the fabrication process itself, which include
trapping or coating-related factors, and those occurring during welding, such as the presence of moisture
in the atmosphere or hydrogenous layers on the material surface [13–18].

To accurately evaluate hydrogen embrittlement risk and understand the phenomenon, it is important to
quantify the in�uence of hydrogen in critical areas, which can be challenging due to the small size of
hydrogen atoms and their tendency to escape from materials. Modern evaluation procedures are
necessary to predict the risk of hydrogen-induced time-delayed failure, involving hydrogen source, uptake,
diffusion, and damage kinetics.

2 Measurement of hydrogen content
Various methods can be employed to determine the hydrogen content in metals, including assessments
conducted before, during, or after the manufacturing process, as well as during service conditions.
However, given the potential degradation of mechanical properties associated with HAC, highly analytical
techniques are necessary. One commonly used method for measuring hydrogen and quantifying
diffusible and trapped hydrogen concentrations in metals is thermal desorption spectroscopy (TDS).

The TDS technique utilizes a solid or melt extraction approach and can be applied to both solid and
molten samples. Nitrogen gas with a purity of 99.999% is employed as the carrier gas, as it exhibits a
substantial difference in thermal conductivity compared to hydrogen. To achieve high-resolution
measurements of hydrogen in conjunction with the TDS technique, different detection systems have been
developed, such as thermal conductivity devices (TCD) and mass spectrometers (MS) [19].

Calibration for these detector units can be performed using gas calibration or certi�ed reference
materials. However, certi�ed reference materials for diffusible hydrogen are not readily available due to its
high mobility, even at room temperature. TDS experiments can be conducted using isothermal or thermal
procedures, utilizing a controlled furnace to heat the sample.
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2.1 Diffusible hydrogen in welds
In Europe, the standard DIN EN ISO 3690:2018-12 [20] is utilized for the measurement of diffusible
hydrogen in arc-welded metal. This standard is comparable to the American AWS A4.3-93 [21] and the
Japanese JIS Z 3113 [22] standards, although there may be slight variations in the speci�ed methods.
Generally, these standards are largely equivalent. For the purposes of this study, DIN EN ISO 3690 [20] is
adopted as the benchmark standard, with minor modi�cations made to adapt it for use of hydrogen
quanti�cation of laser-welded samples without additional welding consumables.

Numerous investigations have been carried out to study the behavior of hydrogen in advanced and ultra-
high strength steels. These studies have contributed to the evaluation of critical loading scenarios in
mechanically stressed components. [23–26] It has been observed that plastic deformation affects the
mobility and storage of hydrogen, resulting in a reduction in diffusivity. [27] This phenomenon is
attributed to the creation of trapping sites such as dislocations, distortion �elds, and micro-cracks, which
exert varying effects on diffusion processes depending on their nature.

Determining the hydrogen content in weld and deposited metal can be reliably accomplished using
established procedures. However, measuring the local hydrogen concentration poses challenges due to
the high mobility of hydrogen atoms within a crystalline lattice. Consequently, calculation methods are
commonly employed to assess hydrogen diffusion, and physical-mathematical models have been
developed for this purpose. [28, 29] These models necessitate the use of numerical methods and suffer
from the limitation that their results are often di�cult to generalize.

2.2 New method for determination of diffusible hydrogen
concentration in laser-welded seams
To address these challenges, an approximate analytical model for hydrogen diffusion was developed in
this study. The model takes weld and joint dimensions, different initial hydrogen concentrations in the
weld metal and base metal into account. The model was demonstrated using different surface conditions
before welding and the diffusible hydrogen contents were compared to the cold cracking susceptibility of
the different samples.

In accordance with DIN EN ISO 3690 [20], a table of temperature/time combinations suitable for
diffusible hydrogen analysis is provided. These combinations are designed to guarantee complete
diffusion of all diffusible hydrogen from the sample. Contrary for the aim of this study the time for
diffusion between welding and measurement has to be minimized.

Procedure for sample preparation.

In order to determine the diffusible hydrogen concentration in laser welded joints, cold cracking test
samples with two weld seams, dimension of 45 × 105 × 1.5 mm³ and either fully overlapped or welded as
bead on plate according to Hopf et al. can be used. [30]
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Proper handling of specimens is crucial between welding and hydrogen measurement because of
hydrogen's high atomic-level mobility, particularly at elevated temperatures, owing to its small size. This
has been emphasized in [31–33]. Figure 1, closely linked to DIN EN ISO 3690 [20], illustrates the
appropriate handling of welded samples before the start of measurement.

It is crucial that samples be immediately cooled below − 190°C to ensure the least possible hydrogen
diffusion. [20, 34] The separation process of the lower and upper sheet is absolutely necessary to
completely remove zinc, oil, or any other residues that could distort the hydrogen signal before the
measurement. All steps until thawing should consider keeping the samples frozen, and in case of longer
handling, they should be intercooled. While uncoating, inhibited hydrochloric acid should be used for the
preservation of hydrogen uptake. [27]

Normalization of the measured hydrogen concentration

The two ways of normalization for diffusible hydrogen contents proposed by DIN EN ISO 3690 [20],
shown in Fig. 2, are:

HD: The diffusible hydrogen content is calculated by dividing the effused volume of hydrogen by the
weight difference of the specimen before and after welding, and then multiplying by 100. The
referenced mass is the deposited weld metal, and thus the unit of HD is mL/100 g of weld metal. (Fig.
3, left)

HF: The diffusible hydrogen content is calculated by dividing the effused volume of hydrogen by the
total mass of the molten material (base metal and deposited weld metal). The penetration depth of
the weldment must be known, which requires evaluating etched micrographs of every sample, ideally
from both sides to see changes in the penetration pro�le. The unit of HF is ppm (with respect to the
mass of the molten material). (Fig. 3, middle)

Klett et al. showed that both methods are used to compare the diffusible hydrogen content of different
welding procedures or materials. The choice of method depends on the information available and the
purpose of the analysis. HD is simpler and easier to use, but it only considers the deposited weld metal.
HF takes both the base metal and the deposited weld metal into account but requires more information
and analysis. [35]

It is important to highlight that in bead-on-plate/overlap laser welding, no material is added and solely the
base metal is lique�ed. (Fig. 2, right).

The quanti�cation of hydrogen concentration using the TDS measurement method provides an average
value that represents the entire sample. However, in order to determine the diffusible hydrogen
concentration speci�cally in the heat-affected region, it is essential to differentiate between various areas
including the base metal, weld metal, and the overall hydrogen concentration of the welded sample. In the
case of laser welding without �ller material, the hydrogen content in the heat-affected area can be
calculated using the following equations:
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V  tot  = Vw + Vbm (1)

This equation separates the whole sample volume Vtot into two volumes. Vw the welded volume of the
sample and the base material Vbm, assuming that the narrow HAZ of the weld seam mostly remained not
molten and is taken into account as base material.

V  tot  · htot,300°C = Vw · hw,300°C + Vbm · hbm,300°C (2)

The second equation weights the diffusible hydrogen contents of both the base metal and the overall
welded sample. Since volumes of the entire sample as well as weld pool and hydrogen contents except
for the hydrogen content of the weld metal hw,300°C are already known, the missing value can be
calculated.

h  w,300°C  = Vtot / Vweld ·( htot,300°C - hbm,300°C) + hbm,300°C (3)

By utilizing the suggested testing method and considering the �ndings from investigations on cold
cracking, it becomes possible to identify potential effects regarding the impact of hydrogen build-up in
welded materials and the resulting occurrence of cracks.

3 Experimental procedure

3.1 Material characterization
For the investigation three hot-dip galvanized GI50/50 coated AHSS steels, CR700Y980T-DH,
CR700Y980T-DP, CR780Y980T-CH with an ultimate tensile strength level of 1000 MPa and a thickness of
1.52 ± 0.1 mm were systematically studied in the present work. The chemical composition and calculated
carbon equivalent of the steels are shown in Table 1.

 
Table 1

Chemical composition of steels DH, CH and DP in wt.%

  C Si Mn Al Cr + Mo Ti Nb Cu Ni CEQ[1]

DH 0.150 0.94 2.47 0.22 0.12 0.005 0.001 0.037 0.04 0.57

DP 0.083 0.47 2.27 0.04 0.52 0.028 0.033 0.017 0.03 0.39

CH 0.087 0.46 2.32 0.04 0.52 0.028 0.023 0.015 0.04 0.40

Additionally Table 2 displays the results from quasi-static tensile tests according to DIN EN ISO 6892-1
that were performed on a universal testing machine to determine the mechanical properties of the
investigated material [11].
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Table 2
Mechanical properties of steels DH, CH and DP

Steel Rp0,2 [MPa] Rm [MPa] Ag [%] A80 [%]

DH 838 1034 8.2 12.5

CH 880 1032 7.0 11.0

DP 712 1040 7.2 10.7

The microstructure was investigated using a light optical microscope (LOM) and a scanning electron
microscope (SEM). For microstructural investigations the materials were grinded, polished and etched
with 3% Nital for 5 s.

3.2 Cold cracking test and welding parameters
For evaluating the susceptibility to cold cracking the testing method according to Hopf et al. was used for
different surface conditions of the same material. [30] All samples were welded with 0.1 mm dimples for
the zinc degassing gap between upper and lower sheet.

Figure 3 displays the sample dimensions used for cracking susceptibility evaluation.

For welding of the samples a Yb:YAG disc laser with a maximum power of 8 kW (Trumpf, TruDisk8001)
and a programmable focusing optic (Trumpf, 3D PFO) was used both for dimpling and welding. All
materials were welded with the same welding parameters displayed in Table 3. The corresponding heat
input E is calculated with the following equation:

E = P/v (4)

with P for laser power and v for welding speed, respectively.

Table 3
List of welding parameters

Power [W] Welding speed [mm/s] Heat input [J/mm]

5600 75 75

The focal spot was 0.6 mm in diameter. The laser beam was used adjusted laterally and compressed air
pressed through the crossjet nozzle protected the safety glass of the optics from pollution during
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welding. The samples were welded without shielding gas. For clamping the proposed device from SEP
1220-3 was used with pneumatically controlled copper clamps. [37]

Aim of the cold cracking investigation was to evaluate the materials susceptibility for delayed cracking
under different conditions. For each material the coated and uncoated state was investigated. The steels
were uncoated with 18.5% hydrochloric acid inhibited with 3.5 g/l hexamethylenetetramine. Each
variation was welded in cleaned and lubricated condition. The samples were cleaned using acetone and
lubricated with 3 g/m² of forming oil (Multidraw, Fa. Fuchs).

A detailed overview of the investigated surface variations is given in Table 4.

Table 4
List of variations for cold crack testing

Variation Index

Coated Cleaned Cleaned

Cleaned + Lubricated Lubricant

Cleaned + Wetted Water

Uncoated Cleaned Uncoated

Cleaned + Lubricated Unc. + Lub.

3.3 Hydrogen measurement in AHSS and laser-welded
joints
For the analysis, a hydrogen analyzer Galileo G8 (Bruker AXS GmbH) equipped with a quadrupole mass
spectrometer based on the thermal desorption spectroscopy (TDS) method was utilized. The
measurement system follows the carrier gas approach, which enables the extraction of molten material
and arti�cial aging. High-purity nitrogen gas (N2 5.0) serves as the carrier gas for hydrogen analysis. To
determine the diffusible hydrogen, arti�cial aging is employed, whereby samples can be heated in an
infrared furnace with a maximum temperature of 900°C. The heating process can be controlled using
either isothermal temperature regimes or temperature ramps, where the temperature increases gradually
over time. A thermocouple is placed on the sample to monitor the set heating rate and record the
temperature. Before measuring gas-calibration of the system is performed. The hydrogen content of
investigated samples are then evaluated by integrating the signal curves � Signal and division of
calibration factor K multiplied with the sample weight wi according the following equation

h  i  = � Signal / (K · wi) (5)
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In the present study, arti�cial aging is carried out at an isothermal temperature of 300°C with a system-
controlled maximum heating rate to eliminate potential effects of different heating rates among the
samples. The determination of the total hydrogen content is conducted through melt extraction (ME)
using the same instrument at a temperature of 1800°C.

Table 4 provides an overview of all the investigated variations.

Table 4
List of variations for measurements of hydrogen content

Variation Measuring Method Temperature

Coated Base Material TDS 300 °C

Cleaned TDS 300 °C

Cleaned + Lubricant TDS 300 °C

Cleaned + Wetted TDS 300 °C

Uncoated Base Material ME 1800°C

Base Material TDS 300 °C

Cleaned + Argon TDS 300 °C

Cleaned TDS 300 °C

Cleaned + Lubricant TDS 300 °C

The experimental setup involves a systematic exploration of various factors affecting hydrogen content.
The investigation begins by examining the diffusible hydrogen originating from the material itself during
shielded welding (Argon, 15 l/min) of uncoated material. Subsequently, the in�uence of the welding
environment is examined by conducting welding without shielding gas, still using uncoated material. The
study then progresses to investigate the impact of a coating layer or the addition of an extra lubricant.
Furthermore, the study explores potential interactions resulting from the welding of combinations of
coated and lubricated or wetted surfaces. In this regard, a layer of 3 g/m² of lubricant is applied prior to
welding, or water is dispersed beforehand. The use of water also simulates the presence of condensed
water in different climate conditions during the welding process, and it helps eliminate unknown factors
associated with the interaction of oil and the laser beam.

4 Results

4.1 Materials
Microstructure of base material
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All three steels exhibit distinct differences in grain orientation and grain size. DH1000, characterized as a
nonconventional quenched and partitioning (Q&P) dual-phase steel, has an average grain size of 3.571
µm. It displays a high ratio of light grains, which aligns well with the presence of tempered
martensite/martensite that appears lighter after etching. Small areas of dark regions correspond to ferrite,
and there are also small amounts of retained austenite, contributing to higher formability, adjusted
through quenching and partitioning process.

The conventional dual-phase steel DP1000, possesses the smallest average grain size of 1.590 µm. It
features a predominantly ferritic matrix with uniformly dispersed martensite and a prominent grain
orientation. The complex phase steel CH1000, also chemically identical but differently processed, exhibits
a slightly larger average grain size of 2.230 µm. Its microstructure comprises granular bainite, dispersed
martensite, and (recovered) ferrite, similar to DH1000, with minimal portions of retained austenite. These
characteristics result from the complex processing cycle including intercritical annealing treatment
employed for this steel.

Differences in microstructure of the steels are illustrated in Fig. 5.

Microstructure and hardness of welded materials.

After welding with equal heat input all three materials show almost identical parallel weld pool shape.
Hardness values for different surface variations of the same material show no differences. Due to the
high cooling rates and associated solidi�cation dynamics, a �ne visible solidi�cation line can be
observed at the center of all weld seams, which is formed by the convergence of the solidi�cation fronts
during cooling.

For each material one hardness pro�le and cross-section is displayed in Fig. 6.

Base material hardness of DP1000 and DH1000 is 370 HV0.1 which is 20 HV0.1 higher than CH1000 at
351 HV0.1. In the fusion zone DP1000 and CH1000 show same hardness of 449 HV0.1, while hardness
of DH1000 reaches 473 HV0.1. The displayed cross-sections in combination with the hardness value
show the hardening and formation of martensitic weld material. The higher hardness values in the weld
bead DH1000 correlates with the materials higher carbon content and validates the higher calculated
carbon equivalent. CH1000 and DP1000 reach a hardness peak at 480 HV0.1 and DH1000 at 503 HV0.1.
Overall the hardness delta from base material to weld is 100 HV0.1 for DH1000 and CH1000, while
DP1000 is 70 HV0.1. Regarding the delta from maximum to minimum value in the HAZ DH1000 is 173
HV0.1, CH1000 150 HV0.1 and DP1000 142 HV0.1.

4.2 Cold cracking susceptibility
According to Hopf et al. [30] the inspection interval of the welded samples was performed after welding,
after 1 h, after 1 day and after 1 week. Final results for the susceptibility are calculated with the following
equation:
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Cold cracking susceptibility = number of cracked seams after 7 days / total amount of weld seams (6)

Figure 7 shows increase in counted cracks over time after welding for different surface conditions of all
three steels.

None of the welded variations of DP1000 exhibited delayed cracking after 7 days. The same result was
observed when comparing the uncoated and coated variations for DH1000 and CH1000. However,
delayed cracking was observed for both steels when lubricant was applied on uncoated and coated
material as well as for the variations with water on the coated surface.

For DH1000, immediately after welding, no cracks were detected in the uncoated and lubricated
condition. However, after 1 hour, 7 out of 20 welds exhibited cracks, and no further cracking was observed
after 7 days. The coated surface with additional lubricant or water showed cracks right after welding, with
4 out of 20 and 10 out of 20 welds, respectively. Inspection after 1 hour revealed an increase in cold
cracks to 40% for the water variation and 70% for the lubricant on the coated surface. However, both
variations did not display further cracking by the end of the 7-day inspection period.

Material CH1000 showed cracks right after welding in the uncoated and lubricated variation, as well as in
both coated variations with lubrication and water. Both coated variations exhibited cracks in 4 out of 20
welds for water on the surface and 7 out of 20 welds for lubrication. After one hour, both variations
reached their �nal amount of cracks, with 60% for water and 75% for lubrication. The uncoated and
lubricated variation exhibited 35% cracking after 1 hour and reached the �nal amount of 8 cracked welds
after 24 hours. No difference was observed after the last inspection conducted 7 days after welding.

4.3 Fractography
The analysis of brittle crack morphology and the examination of delayed cracking patterns provide
further validation of previous research �ndings. [38, 30] Notably, a distinct solidi�cation crack, resulting
from rapid cooling rates, is observed originating from the end crater. Subsequently, the crack propagates
outward from the crater, extending in the opposite direction of the welding process. It predominantly
follows the central region of the weld seam and terminates in close proximity to the starting point of the
weld seam.

To visually illustrate this phenomenon, Fig. 8 presents a cross-sectional view showcasing a cold crack
situated in the middle and on the top and bottom surfaces of a fractured CH1000 weld, with the end
crater positioned on the left side.

For further examination and analysis of the patterns and features of fractured surfaces related to the
delayed cracking behavior of the steels, a cracked sample of DH1000 is subjected to SEM analysis. As
shown in Fig. 8 the cold crack propagate mainly along the weld seam center halving the weld and
indicating a favored crack propagation along the solidi�cation line.
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As previously described, the origin of cold cracking can be traced back to the solidi�cation crack in the
end crater. By focusing on the bottom of the end crater b), two distinct areas can be observed. The �rst
area consists of solidi�cation or hot cracks c) characterized by a dendritic structure, while the second
area corresponds to cold cracks d) exhibiting transgranular and intergranular fracture surfaces. These
observations provide clear indications of HAC, as previously demonstrated by [39, 40].

4.4 Characterization of hydrogen contents
Before examining the impact of welding on hydrogen uptake or loss, the total and diffusible hydrogen
contents of the base materials were analyzed using ME at 1800°C and TDS at 300°C. For DH1000, the
total hydrogen amount is 0.84 ppm, and the diffusible amount in the uncoated base material is 0.02 ppm.
Both CH1000 and DP1000 steels have a total hydrogen amount of 1.87 ppm and 1.80 ppm, respectively.
Similar to DH1000, both steels contain 0.03 ppm and 0.04 ppm of diffusible hydrogen in an uncoated
state. The coating in�uence for DH1000 is 0.28 ppm, while the diffusible hydrogen level for CH1000 and
DP1000 is at 0.08 ppm and 0.07 ppm, respectively.

Figure 10 displays the hydrogen contents of the base material, including diffusible and total proportions,
as well as the diffusible content in the coated state.

After following the process steps described in section 2.2 the hydrogen contents from welds with
different surface conditions are normalized to the local weld seam contents. The qualitative behavior of
the measurement signals is similar for all materials and surface conditions, which is why only one
example will be discussed. The TDS signal remains nearly unchanged, corresponding to 0.02 ppm
hydrogen in the uncoated base material. However, variations in the surface condition result in an increase
in both the height and width of the signal. Each signal curve reaches its peak between 200°C and 250°C,
and then decreases to its initial level at the �nal measurement temperature of 300°C. The peak of the
signals progressively rises, while the curve broadens with alterations in the surface condition.

Diffusible hydrogen contents for different surface conditions

With results of diffusible hydrogen contents in the base materials, as discussed in section 2.2 for
normalization of the hydrogen content in laser welds the hydrogen contents for the weld seam can be
calculated with formula (3). The average weld pool volume used for calculation was 77.56 mm³
compared to a total sample volume of approximately 402.24 mm³.

Figure 11 displays exemplary for the obtained hydrogen content from the measurement and the
corresponding weld seam contents for coated welds of each material and weld pool area in longitudinal
and transversal direction.

All further results are considering the hydrogen contents in the weld metal. For DH1000 different signals
with corresponding peaks from TDS measurement of welded samples as well as resulting hydrogen
content in the weld are displayed in Fig. 12.
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When welding uncoated material with argon as the shielding gas, there is an initial increase to 0.75 ppm
of diffusible hydrogen. Subsequently, the welding process without shielding gas further elevates the
diffusible hydrogen level to 1.29 ppm. Comparing the effects of coating and lubrication both exhibit
similar outcomes. The presence of zinc leads to 1.43 ppm hydrogen in the weld, while lubrication results
in 1.51 ppm. Applying lubrication to the surfaces of coated material raises the measured hydrogen
content to 2.09 ppm. In the presence of water on the sample surfaces, the hydrogen increase reaches up
to 2.78 ppm.

Based on the obtained results for DH1000, laser welding, when shielded with argon, facilitates the release
and transfer of trapped hydrogen to diffusible hydrogen, unaffected by the surrounding atmosphere.
However, in the absence of shielding, welding without protection allows the uptake of more than 0.50
ppm hydrogen from atmospheric humidity. Introducing a hydrogen-containing layer such as zinc coating
or lubrication onto the uncoated base material further ampli�es the measured diffusible hydrogen
content in the weld seam, increasing it by approximately 0.14 ppm and 0.22 ppm, respectively. The
addition of a lubricant or water on the coated steel surface leads to a signi�cantly higher increase in
hydrogen content. Combining zinc with forming oil enhances the hydrogen content by approximately 0.8
ppm compared to uncoated welds. Notably, welding coated material with a layer of condensed water
elevates the hydrogen content in the weld by 1.69 ppm.

Regarding the chemically almost identical steels CH1000 and DP1000, both materials exhibit less than
0.04 ppm hydrogen in their base material, as mentioned earlier. A change in surface conditions for both
materials results in a similar stepwise increase in the hydrogen content of the weld seam, qualitatively
comparable to DH1000. Shielded welding of uncoated CH1000 raises the measured hydrogen content to
0.58 ppm, while for DP1000, the hydrogen level rises to 0.75 ppm. When uncoated CH1000 is welded
without argon, the in�uence of atmospheric hydrogen leads to a hydrogen level of 0.84 ppm. In contrast,
DP1000 shows no signi�cant further hydrogen uptake without shielding gas. The impact of zinc, with a
hydrogen level of 1.14 ppm, is 0.33 ppm lower than that of lubricated uncoated CH1000. In contrast to
DP1000, both surface changes result in an equal increase in hydrogen content, approximately 1.42 ppm
and 1.45 ppm, respectively. Notably, a signi�cant difference arises between the two materials when
welding lubricated and coated samples. For CH1000, the hydrogen content increases signi�cantly, akin to
DH1000, reaching 2.60 ppm, while DP1000 maintains a relatively stable hydrogen level of approximately
1.61 ppm. The substitution of lubricant with water on the coated surface slightly enhances the diffusible
content of CH1000 to 3.25 ppm, whereas for DP1000, the reaction to wetted surfaces yields a hydrogen
level of 3.55 ppm.

The hydrogen contents for CH1000 and DP1000 are displayed in Fig. 13.

When comparing the hydrogen absorption behavior of both materials, it is observed that shielding
DP1000 during welding results in a similar hydrogen content of approximately 0.75 ppm in the weld
compared to welding without argon. This indicates a high solubility of trapped hydrogen in DP1000
during the welding process. In contrast, CH1000 releases over 0.5 ppm of hydrogen through the release of
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trapped hydrogen and gains an additional 0.25 ppm of diffusible hydrogen from the atmosphere when
welded without shielding. Similar to DH1000, the addition of zinc or lubricant layers to CH1000 increases
the hydrogen content by 0.3 ppm and 0.6 ppm respectively, with lubricant having twice the in�uence
compared to zinc coating. Once again, a disproportional increase in hydrogen content is observed when
investigating coated and lubricated CH1000. For DP1000, the addition of coating, lubricant, or both
simultaneously results in a hydrogen uptake of approximately 0.8 ppm compared to uncoated welds. The
application of water on the coated surface leads to a disproportionate increase in the diffusible hydrogen
content in the weld for both materials. In CH1000, the diffusible hydrogen content slightly increases by
0.6 ppm compared to lubricant, while in DP1000, it increases by over 2 ppm.

5 Discussion
The base materials used in this study exhibited different microstructures before welding. DP1000
primarily consisted of martensite and ferrite, with a lower yield strength compared to DH1000 and
CH1000. The latter two materials had higher yield strength levels and contained retained austenite in their
microstructure, which contributed to increased ductility upon loading. [41, 42] The grain sizes varied,
ranging from 1.59 µm for DP1000 to 2.23 µm for CH1000 and 3.57 µm for DH1000. This led to larger
grain boundary areas, resulting in a decrease in trapped hydrogen content from 1.87 ppm for DP1000 to
1.80 ppm for CH1000 and 0.87 ppm for DH1000. These �ndings align with previous studies that have
shown the effect of decreasing grain size on increasing grain boundary areas and increasing hydrogen
traps. [43, 44] Further investigations on the diffusion and trapping behavior of the materials are
recommended to gain a better understanding of hydrogen uptake during welding under different surface
conditions.

The susceptibility to cold cracking varied among the materials based on the pre-welding surface
condition. DP1000 exhibited no cold cracking, whereas both DH1000 and CH1000 experienced cracking
when uncoated material was additionally lubricated or when an additional hydrogen-containing layer of
lubricant or water was applied to the coated steel. The presence of time-delayed cracking and the
observation of brittle fracture surfaces displaying transgranular and intergranular characteristics
provided clear evidence of HAC. This aligns with prior studies. [45–47] The occurrence of cold cracking
originating from the solidi�cation crack in the end crater, which can be regarded as a welding defect or
geometric notch, supports the occurrence of cold cracking [16, 48].

For both materials with cracks the coated and additionally lubricated condition was most severe. Maeda
et al. presented an investigation method utilizing x-ray for crack detection with cracks occurring within
less than 1 minute after welding [38]. Visual inspection, as recommended by Hopf et al. [30], proved to be
a reasonable method for crack investigation, as no further cracks were observed after 24 hours.
Therefore, the crack investigation after 7 days can be shortened as it seems redundant.

The analysis of diffusible hydrogen content in the base materials revealed negligible amounts of
diffusible hydrogen in the investigated AHSS. The measured levels were below 0.03 ppm, con�rming
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previous studies indicating the minimal presence of diffusible hydrogen in this type of steel. [49–51] The
low diffusible hydrogen contents in CH1000 and DP1000 can be attributed to their common hot-dip
galvanization process. However, DH1000 exhibited a higher hydrogen content in the coating or the area
between the steel and coating, likely due to differences in the coating facility. The phenomenon of
hydrogen effusion from the coating has been observed in previous studies. [27, 24] Crucial for the
normalization of the hydrogen content is an adequate ratio of base material to weld metal. In this study
the ratio averaged approximately 1 to 5 which effectively combined goals of low heat input while sample
preparation and reduced impact of low level hydrogen from the base material. Regarding the preparation
steps, the sample cutting could be changed to punching or another more precise and repeatable process.
Nevertheless the results show high reproducibility. Lower hydrogen contents of the uncoated material
compared to the coated state also approves the uncoating method with acid since no hydrogen uptake
took place. It should be mentioned that this effect is dependent on processing times which should be kept
minimal which contributes to Backhaus. [27]

The hydrogen content in all steels increases when hydrogen-contributing factors are introduced before
the welding process. These �ndings align with the existing model for hydrogen uptake during gas metal
arc welding processes. [52, 53] Both cracking-prone steels, DH1000 and CH1000, exhibit similar
responses to different surface conditions, while DP1000 primarily releases hydrogen during welding and
shows less sensitivity to external hydrogen sources such as zinc coating or lubrication. However, when
water is added to its coated surface, DP1000 demonstrates a similar non-proportional effect as DH1000
and CH1000 with hydrogen-containing layers.

The diffusible weld hydrogen contents and its evaluated cold cracking susceptibility of different surface
conditions are displayed in Fig. 14.

A comparison of diffusible hydrogen in welds under different surface conditions reveals a critical
hydrogen content for cracking. However, no correlation is observed between increasing hydrogen content
and increasing cracking susceptibility. This can be explained by the fact that the method used in this
study considers the overall hydrogen content in the weld, which may not accurately re�ect the hydrogen
distribution in the critical area where hydrogen accumulation is necessary for crack propagation, as
proposed by the hydrogen enhanced localized plasticity theory. [54–56] To gain further insights into the
material-dependent cracking susceptibility, future studies should focus on investigating the diffusion
characteristics of the materials and speci�cally the weld materials.

6 Conclusion
The current investigation aimed to assess the impact of surface conditions prior to laser welding on cold
cracking in AHSS using a self-restraint cold cracking test method. The hydrogen content of three different
AHSS samples was also analyzed using TDS and ME techniques. Additionally, a method for quantifying
the diffusible hydrogen content in welding without consumables was introduced.

The following �ndings were obtained from this study:
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Steels DP1000 and CH1000, which have similar chemical compositions but different processing
methods leading to distinct microstructures, exhibited the same amount of trapped hydrogen,
approximately 1.80 ppm. The DH1000 material contained less than half of this amount.

All three steels contain diffusible hydrogen below 0.05 ppm. The hydrogen contribution from the
coating was also below 0.05 ppm for CH1000 and DP1000, whereas DH1000 exhibited a diffusible
hydrogen content of 0.3 ppm originating from the coating.

DP1000 exhibited no susceptibility to cold cracking, while DH1000 and CH1000 experienced cracking
when additional hydrogen-containing liquids were applied to both uncoated and coated surfaces.
The critical hydrogen content for cold cracking is reached 1.47 ppm for CH1000 and 1.51 mm for
DH1000.

During the welding process, trapped hydrogen was released from the base material, ranging from 0.5
ppm to 0.75 ppm. Shielding with argon gas during welding reduced the hydrogen uptake by 0.5 ppm
for DH1000 and by 0.25 ppm for CH1000. DP1000 did not absorb diffusible hydrogen from the
atmosphere. In terms of the coating's in�uence, lubrication had a greater impact than coating,
resulting in a non-proportional cross-effect when coated material was exposed to water. Similar
results were observed for lubricated CH1000 and DH1000, but this did not apply to DP1000.
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Footnotes
[1] Carbon equivalent according to Yurioka et al. [36]

CEQ = C + A(C)×B(C)

A(C)= [0.75 + 0.25×tanh(20×(C − 0.12))]

B(C) = [Si/24 + Mn/6 + Cu/15 + Ni/60 + (Cr + Mo +Nb + V)/5 +5×B]
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Figure 1

Procedure showing all steps from welding to measurement with corresponding working times and
temperature of the samples

Figure 2

Schematic view of different weld bead micro sections; left: deposited weld metal only (HD), middle:
deposited weld metal and molten base metal (HF), right: molten base metal only (HLW)
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Figure 3

Sample geometry of the cold cracking test for laser-welded joints [30]

Figure 4

Schematic overview of different surface conditions with mirror plane (red) for overlapping welding
experiments
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Figure 5

Microstructure of CH1000 a), DP1000 b) and DH1000 c)

Figure 6

Cross section and hardness pro�les of DH1000 a), CH1000 b) and DP1000 c)

Figure 7
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Cold cracking susceptibility of DH1000 a), CH1000 b) and DP1000 c)

Figure 8

Cross section a) and top b) and bottom c) surface of a cracked CH1000 coated and lubricated weld seam
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Figure 9

SEM images of the end crater a), mixed crack surfaces of hot and cold crack area b), detailed image of
dendritic hot crack area c) and detail of trans- and intergranular fracture in cold crack area d) exemplary
for DH1000 coated and lubricated
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Figure 10

Total hydrogen content of uncoated base material measured with ME at 1800 °C and diffusible hydrogen
contents of coated and uncoated material measured with TDS at 300 °C of DH1000 a), CH1000 b) and
DP1000 c)

Figure 11

Exemplary Weld pool area in transversal and longitudinal direction for DP1000 and effect of normalizing
hydrogen contents from whole sample to the weld, exemplary for coated welds of all materials
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Figure 12

Measured TDS spectra and temperature curve a) and resulting diffusible hydrogen amount b) in the weld
seams of DH1000

Figure 13

Diffusible hydrogen content in the weld of CH1000 a) and DP1000 b)
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Figure 14

Correlation of measured diffusible hydrogen contents in welds hw,300°C and cold cracking susceptibility


