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h i g h l i g h t s
� Hydrogen-assisted cracking (HAC) of steels S960QL and S960MC is studied.

� Hardness in heat-affected zone (HAZ) of S960QL is significantly increased.

� Embrittlement index (EI) is 0.30 for the S960QL and 0.46 for the S960MC.

� Fracture topography of S960MC shows a low degree of degradation.

� HAZ of S960MC shows better resistance to HAC compared to HAZ of S960QL.
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a b s t r a c t

High-strength steels with yield strength of 960 MPa are susceptible to hydrogen-assisted

cracking (HAC) during welding processing. In the present paper, the implant test is used

to study HAC in a quenched and tempered steel S960QL and a high-strength steel produced

by thermo-mechanical controlled process S960MC. Welding is performed using the gas-

metal arc welding process. Furthermore, diffusible hydrogen concentration (HD) in arc

weld metal is determined. Based on the implant test results, lower critical stress (LCS) for

complete fracture, critical implant stress (skrit) for crack initiation, and embrittlement

index (EI) are determined. At HD of 1.66 ml/100 g, LCS is 605 MPa and 817 MPa for S960QL

and S960MC, respectively. EI is 0.30 and 0.46 for S960QL and S960MC, respectively. Fracture

surfaces of S960QL show higher degradation with reduced deformation. Both, higher EI of

S960MC and fractography show better resistance to HAC in the HAZ of S960MC compared

to S960QL.
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Introduction

Current efforts in lightweight design of steel constructions as

well as the required reduction of CO2 emissions and the in-

crease in energy and resource efficiency require the use of

high-strength steels. In building, plant and crane construc-

tion, for example, steels with yield strengths of

690 MPae1100 MPa are mainly used [1,2]. In recent years,

steels with yield strength of 1300MPa have been developed [3].

Focus in the use of high-strength steels is themaximization of

load capacities with low tare weight and a remarkable

reduction of welding costs. Joining of high-strength steels by

welding is primarily carried out using the gas-metal arc

welding (GMAW) process. Fillermaterialswith a nominal yield

strength of up to 930 MPa are currently available for this

purpose [4]. Current research is concerned with the develop-

ment of filler materials with a yield strength of up to 1100 MPa

[5,6].

Even though high-strength steels are considered to have

good weldability, the requirements for the welding processing

are becoming much more stringent with increasing strength.

Due to the martensitic and bainitic microstructure, narrow

process limits must be maintained to ensure the mechanical

properties in the welded joint. Especially, the risk of hydrogen

embrittlement can increase for high-strength steels with yield

strength � 960 MPa. During welding, hydrogen-assisted

cracking (HAC) can result from a local critical combination

of diffusible hydrogen, mechanical stress/strain and crack-

critical microstructure in the heat-affected zone (HAZ) or in

the weld metal [7]. A variety of theories on HAC can be found

in the literature. A general overview about the mechanisms is

given in a review paper by Lynch [8]. Djukic et al. [9] describe

the interplay of most common mechanisms localized plas-

ticity and decohesion. All theories have a degradation of the

mechanical properties in the presence of hydrogen in com-

mon. Rhode et al. [10] investigated the effect of diffusible

hydrogen on mechanical properties such as strength and

elongation or reduction of area. For this purpose, tensile

samples were electrochemically charged with hydrogen. It

was found that hydrogen influences the deformability rather

than the strength. Zimmer et al. [11] also demonstrated an

increase in degradation with increasing strength of high-

strength steels in presence of hydrogen. Villalobos et al. [12]

investigated the degradation of modern micro-alloyed steels

as a function of tempering temperature. In this case, as well, a

significant decrease of elongation is reported. It is therefore

important to keep the amount of diffusible hydrogen to a

minimum when welding such materials. The main sources of

hydrogen in welding are the filler material, moisture in the

atmosphere or impurity on the material’s surface. Particu-

larly, inappropriate storage and handling of filler materials

can have a significant negative effect on the performance of

welded joints as reported by Pandey et al. [13]. Apart from that,

hydrogen uptake during welding can be controlled by welding

parameters, welding process and the type of filler material

[14e16]. The diffusible hydrogen concentration can be

reduced by a proper choice of the process parameters and the

layer build-up during welding. However, complete hydrogen

effusion out of the weld metal is only achieved by
dehydrogenation heat treatment after welding [17]. The me-

chanical stresses are largely defined by the design of the

construction as well as by the process parameters and can

only be influenced to a limited extent [18]. The proper choice

of base and filler materials should therefore be considered

during the design phase of steel constructions to reduce the

HAC formation to a minimum.

Particular attention is required for the HAZ of the base

materials regarding HAC, since the thermal cycle during

welding can cause a decrease in toughness depending on the

used material and an increase in hardness and grain coars-

ening at peak temperatures above 1200 �C. This in turn can

lead to a very susceptible microstructure to HAC [7]. In

particular, the established quenched and tempered (QT) high-

strength steels form a martensitic coarse-grained HAZ

(CGHAZ) with high hardness. The reason for this is the high

carbon content of 0.14 wt.-% to 0.21 wt.-% [1]. The addition of

micro-alloying element Nb promotes the formation of Nb (C,

N) type precipitates which improves grain refinement and

toughness in the production of QT steels [2]. However, these

precipitates can dissolve during welding at very high tem-

peratures in the CGHAZ. Whereas in some materials a post

weld heat treatment (PWHT) leads to a decrease of hardness

gradient and thus to a less susceptible microstructure to HAC

[19], PWHT is not considered after GMA welding of high-

strength structural steels. Nevertheless, in order to reduce

the hardening in the HAZ, high-strength steels produced by

thermo-mechanical controlled process (TMCP) with

controlled cooling have been developed [20,21]. The reduced

carbon contents in the range of 0.03 wt.-% to 0.17 wt.-% result

in an improved weldability compared to QT steels. Moreover,

these steels have a higher proportion of micro-alloying ele-

ments (Nb, Ti, V). The formation of carbides and nitrides is

then used to achieve grain refining effects and precipitation

hardening. Due to the high temperature stability, Ti-rich ni-

trides cause a smaller grain size in the CGHAZ [22,23]. In

combination with the lower carbon content, a softer and fine-

grained microstructure in the HAZ is the result in case of

TMCP steels [24,25]. According to Graville [26], the carbon

content and alloying composition (in terms of carbon equiv-

alent CE) correlates with the susceptibility to HAC in the HAZ.

This means that weldability gets more difficult with

increasing carbon content and CE. The risk of HAC formation

is therefore increased.

The diffusion of hydrogen in high-strength steels is directly

related tomicrostructure. The diffusivity of hydrogen in steels

decreases with increasing alloying content [27,28]. Mainly

precipitates and grain boundaries play an important role.

Steppan et al. [29] investigated the trapping behavior in

physically simulated weld structures of 690 MPa grade QT and

TMCP steels. The CGHAZ of QT steel had a prior austenite

grain size of 106 mm,whichwas higher than that of TMCP steel

(57 mm). In addition, the CGHAZ of the TMCP steel showed a

higher hydrogen solubility and an increased trapping

behavior. For the QT steel, mainly dislocations and Cr-rich

carbides were identified as hydrogen traps, whereas for the

TMCP steel, primarily grain boundaries and Ti-rich carbides

and nitrides were defined as reasons for trapping. An increase

of hydrogen trapping with decreased grain size is also re-

ported in Ref. [30e32]. Accordingly, it can be assumed that the
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Fig. 1 e Influence of local factors on HAC susceptibility in

the HAZ.
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mobile hydrogen content in the TMCP steel’s HAZ can be

lowered and thus the susceptibility to HAC is reduced.

Many test methods exist for the investigation of HAC for

high-strength steels [33,34]. These tests provide qualitative

(crack/no crack) or quantitative (critical stress levels) results

depending on thematerials combination and test parameters.

In principle, the test methods for HAC can be divided into self-

restraint and externally loaded tests. In the case of the self-

restraint tests, the mechanical stresses are produced purely

by the global and local residual stresses resulting from the

restraint of shrinkage and the phase transformation in the

weld area associated with a change in volume. In the case of

externally loaded tests, the mechanical stress is applied by a

suitable loading device. However, the residual stresses are not

considered in the evaluation. The implant test is the most

common externally loaded cold cracking test method, which

was developed by Henry Granjon in 1969 [35]. The main

feature of this testmethod is the user-defined tensile load on a

representative material volume of the tested material directly

at the weld seam and can be used for quantitative in-

vestigations of HAC susceptibility of the HAZ. HAC in the weld

metal is hardly considered. Furthermore, a transfer of the

results to welded components is only possible to a limited

extend, since no jointwelds are carried out in the implant test.

Therefore, the cracking behavior does not correspond to the

real case. But it allows a material ranking. The implant test

was used to study delayed cracking [36,37] as well as the in-

fluence of diffusible hydrogen concentration [38,39], heat

input [40] and different types of base and filler materials

[41e43] on the critical stress for crack initiation. Current

research has focused on the influence ofmicrostructure in the

HAZ on the cracking behavior [44e46]. Comparisons of QT and

TMCP steels were carried out.

Yue et al. [44,45] used the implant test to compare the HAC

susceptibility in the HAZ of a QT and TMCP steel with a

nominal yield strength of 690 MPa. The results showed higher

critical stress levels for crack initiation with a significantly

lower hardness in the CGHAZ in case of TMCP steel. This was

attributed to the low carbon content and smaller grain size in

case of the TMCP steel. The topography of the fracture surface

of the implant samples showed a high deformability in the

case of TMCP steel. This topography showed no change with

variation of the hydrogen content. Kang et al. [46] achieved

similar results via implant tests on steels with yield strength

below 500 MPa. This is in good agreement with the results of

Steppan et al. [29]. The TMCP steel seems to have a higher

solubility and trapping behavior for hydrogen, which does not

directly participate in HAC formation in the HAZ. Conse-

quently, the TMCP steel has a better resistance to HAC in the

HAZ. However, investigations on steels with higher strengths

do not exist so far.

Therefore, the aim of the present study is to determine the

HAC susceptibility in the HAZ of high-strength steels with a

yield strength of 960 MPa as a function of microstructure, see

Fig. 1. For this purpose, an QT steel was compared to a TMCP

steel in order to show the influence of the chemical compo-

sition or the manufacturing process to HAC. For this purpose,

the implant test was used to determine critical stress values

for crack formation at constant hydrogen levels and same

loading scenarios. This test was accompanied by ISO 3690 [47]
specimens and carrier gas hot extraction (CGHE) technique to

determine the hydrogen concentration in arc weld metal.

Examinations by light optical microscopy (LOM) and hardness

testingwere used to analyze themicrostructure in the CGHAZ.

In addition, investigations using scanning electron micro-

scopy (SEM) were used for fracture surface analyses.
Experimental work

Test materials

For the investigations the high-strength steels S960QL (EN

10025e6 [48]) and S960MC (EN 10149e2 [49]) were used in the

form of 8 mm rolled plates. The S960QL was produced by the

conventional QT process [1,2]. The hot rolling process above

recrystallization temperature is followed by cooling in air and

then by a two-stage quenching and tempering process. The

plates are heated above Ac3, followed by quenching in water,

which permits microstructural transformation in the bainite

or martensite stage. The martensitic microstructure produces

a high hardness due to the carbon content. Final tempering

process in the temperature range from 500 �C to 600 �C re-

duces the hardness and improves the toughness [1,20]. In

addition, alloying with Nb improves toughness of tempered

martensite [2]. For comparison, the TMCP steel S960MC was

used [20]. Thermo-mechanical rolling above Ac3 produces in

combination with micro-alloying elements (Ti, Nb, V) a very

fine-grained microstructure with very good relation between

strength and toughness. The austenite is deformed while

recrystallization is hindered leading to an increased number

of nuclei for transformation. A following direct accelerated

cooling and tempering leads to a microstructure consisting of

mainly temperedmartensite. The fillermaterial (FM) usedwas

the high-strength solidwire G 89 5MMn4Ni2.5CrMo according

to ISO 16834-A [50] (AWS A5.28: ER120S-G) with a diameter of

1.2mmand a nominal yield strength of 930MPa. The chemical

https://doi.org/10.1016/j.ijhydene.2020.05.077
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Table 2 e Mechanical properties of test materials.

Material Yield strength Rp0.2 in
MPa

Tensile strength Rm in
MPa

S960MC(a) 1019 1026

S960QL(a) 964 1047

FM(b) �930 �980

(a) Mechanical testing.
(b) According to manufacturer’s certificate.

Fig. 2 e Classification of base materials according to

Graville [26,51].
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composition of the test materials is shown in Table 1. The

mechanical properties are listed in Table 2.

When comparing the chemical composition of the base

materials in Table 1, the lower carbon content (0.09% C) and

the higher CE of S960MC are noticeable compared to S960QL

(0.17% C). According to Graville [26,51] the S960MC is in Zone I

in Fig. 2 which indicates a low susceptibility to HAC in the

HAZ. S960QL with a higher carbon content and a relatively

high CE is in Zone III with a HAC susceptible microstructure in

the HAZ under all welding conditions. Yue et al. [44,45] already

demonstrated the applicability of the Graville diagram to

modern 690 MPa grade high-strength steels by using the

implant test.

Implant test

The HAC susceptibility in the HAZ of the base materials from

Tables 1 and 2was studied by using the implant test according

to ISO 17642e3 [53]. Fig. 3 shows schematically the implant

test. For the tests, the implant specimen with a spiral notch

and a diameter of 6 mm was inserted into the hole of an un-

alloyed structural steel plate (200 mm � 300 mm � 20 mm).

The bottom end of the implant specimenwas fixedwith a load

cell of the loading device. As the implant specimens had to be

fixed by means of M10 threads, but the sheets of the base

materials only had a thickness of 8 mm, build-up welding was

carried out using the FM (Table 1). The threads were then

produced on this build-up welds, see Fig. 3(a). Before welding

all surfaces were cleaned with acetone. The specimen plate

and implant specimen were then joined by a bead-on-plate

weld using the GMAW process and the welding parameters

from Table 3 without pre-heating. The used shielding gas was

ISO 14175-M21-ArC-18 with a gas flow of 18 l/min. To deter-

mine the cooling times type-K-thermocouples with a diam-

eter of 0.8 mm were plunged into the molten pool during

welding. The t8/5-time (time difference during cooling between

800 �C and 500 �C) was used to describe the microstructure.

The t3/1-time (time difference during cooling between 300 �C
and 100 �C) served as a parameter for the stability of the

welding process and the heat transfer in the samples.

Immediately after cooling to a temperature of 150 �C, the

implant specimens were subjected to a defined static tensile

load according to the standard [53]. The time to failure (TTF) of

the implant specimen was registered as a function of the

applied stress. The maximum loading duration was 24 h,

while the standard recommends 16 h. The aimwas to enable a

qualitative estimation (fracture or no fracture) and the
Table 1e Chemical composition inwt.-% and calculated carbon
spectroscopy (Fe - balance).

Material C Si Mn Cr þ Ni þ Mo

S960MC 0.09 0.12 1.69 1.625

S960QL 0.17 0.22 1.23 0.857

FM 0.10 0.73 1.94 3.270

a CEGra ¼ C þ (Mn þ Si)/6 þ (Ni þ Cu)/15 þ (Cr þ Mo þ V)/5 [26,51].
b CEIIW ¼ C þ Mn/6 þ (Ni þ Cu)/15 þ (Cr þ Mo þ V)/5 [52].
c CET ¼ C þ (Mn þ Mo)/10 þ (Cr þ Cu)/20 þ Ni/40 [52].
d Pcm ¼ C þ (Mn þ Cu þ Cr)/20 þ Si/30 þ Ni/60 þ Mo/15 þ V/10 þ 5B [51].
quantitative determination of the maximum stress for

avoiding cracking.

The maximum stress at which no fracture occurred after

24 h of loading was called “lower critical stress” (LCS), which

also was used by other authors to evaluate the HAC suscep-

tibility [38,43e45]. However, in these investigations the

implant geometry according to the AWS standard [54] was

used, which is different from the geometry of the ISO standard

[53]. When using the ISO geometry, incipient cracks can occur

at applied stresses below LCS in unfractured specimens.

Therefore, the “critical implant stress” scrit was introduced in

addition to the LCS in order to use the incipient cracks as an

evaluation criterion.
equivalents of testmaterialsmeasured by optical emission

V þ Nb þ Ti CEGra
a CEIIW

b CETc Pcm
d

0.144 0.68 0.66 0.34 0.27

0.054 0.58 0.55 0.36 0.30

<0.100 0.90 0.78 0.43 0.32

https://doi.org/10.1016/j.ijhydene.2020.05.077
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Fig. 3 e Schematic illustration of the implant test: (a) geometry of the implant specimen with detail of spiral notch,

(b) geometry of support plate (c) test configuration; all dimensions in mm.

Table 3 e Welding parameters for the implant tests.

Wire feed speed vD in
m/min

Welding speed vS in
cm/min

Contact tube distance
in mm

Arc voltage U
in V

Welding current I
in A

Energy input E in
kJ/mm

8.7 27 17 26.2 ± 0.1 293 ± 10 1.7

Fig. 4 e Welding fixture for ISO 3690 welding with clamped

specimen [55].
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Measurement of hydrogen in arc weld metal

To determine the hydrogen concentration in the arc weld

metal, welds according to ISO 3690 [47] were carried out using

the welding parameters from Table 3. For the examinations

the ISO sample “B” was used with dimensions

15 mm � 30 mm � 10 mm of test specimen. The specimens

were made of S690QL steel, which were degassed at a tem-

perature of 650 �C for 1 h before welding. The oxide layer was

then removed by grinding. For welding itself, specimens were

clamped in a water-cooled welding fixture, see Fig. 4. Imme-

diately after welding, the samples were removed from the

welding fixture, quenched in ice water and stored in liquid

nitrogen according to the standard. After the specimens were

completely frozen, they were removed from liquid nitrogen

and the starting and run off weld tabs were struck off with a

hammer and the test specimens were frozen again. For

hydrogen analyses, the frozen specimens were heated up for

60 s in ethanol to room temperature. Afterwards, the corre-

sponding hydrogen amount in the specimen was determined
by carrier gas hot extraction (CGHE) technique [55] using a G8

GALILEO analyzer from Bruker AXS GmbH (Karlsruhe, Ger-

many). With this method, the specimens were heated up to

400 �C in an infrared furnace to collect the diffusible hydrogen.

https://doi.org/10.1016/j.ijhydene.2020.05.077
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To get information about the trapped hydrogen in the spec-

imen, three other samples were analyzed at 900 �C for total

hydrogen concentration. Contrary to the methods described

in the standard [47], the effused hydrogen was detected using

a quadrupole mass spectrometer (MS) ESD 1000 from InProcess

Instruments Gesellschaft für Prozessanalytik mbH (Bremen, Ger-

many). More details about MS principle can be found in

Refs. [56,57]. The hydrogen concentration determined via MS

is then calculated for each specimen according to Eq. (1):

HD ¼ I=ðK�mÞ (1)

where I is the integrated ion current vs. time in A, K is the

determined calibration factor in A/mg, and m is the weight of

the arcweldmetal in g. Theweight used is the differencemass

of the specimen before and after welding, which was deter-

mined by analytical balance XP205S from Mettler-Toledo GmbH

(Giessen, Germany). The hydrogen concentration HD is

calculated in mg/g, which corresponds to 1 ppm or 1.11 ml/

100 g of arc weld metal.

The use of MS is recommended for investigations for small

specimen dimensions or to achieve small scattering of the

measurement signals. Nevertheless, hydrogen detection by

using CGHE and MS was already applied in some studies

[15,17,56,57]. The results obtained with MS are comparable

with those of other measurement methods [57].

Further investigations

As already mentioned, incipient cracks were used as an

evaluation criterion. Therefore, two longitudinal sections of

the unruptured specimens were machined via fine saw cut in

each case 0.8 mm off-center. According to Ref. [53] metallo-

graphic examinations for incipient cracks at magnification

factor of 400x and 600x were performed. In addition, metal-

lographic examinations transverse to the welding direction

were carried out to determine the fracture position of the

fractured implant specimens. All metallographic specimens

were embedded, ground, polished and etched with 2% Nital

(HNO3). Furthermore, hardness testing was carried out on one

specimen each of TMCP and QT steel in the weld metal, HAZ

and base material with a test load of 98.07 N (HV 10) and

9.807 N (HV 1). The analyses of fracture surfaces of fractured

implant specimens were conducted by using the scanning

electronmicroscope (SEM) Scios DualBeam from Thermo Fisher

Scientific (Munich, Germany). An accelerated voltage of 20 kV

was chosen for SEM imaging.
Table 4 e Diffusible and total hydrogen concentration in arc w

Analyzing temperature in �C Hydrogen concentration
in ml/100 g

Mea

Trial 1 Trial 2 Trial 3

400 (HD) 1.71 1.64 1.63

900 (Htot) 2.19 1.87 1.93
Results and discussion

Hydrogen concentration in arc weld metal

In the implant test, diffusible hydrogen in arc weld metal

diffuses during cooling into the notch area of the implant

specimen located in the HAZ. When investigating HAC sus-

ceptibility it is therefore important to indicate the hydrogen

concentration in the respective tests. Table 4 gives an over-

view about the measured hydrogen concentrations in the arc

weldmetal. Total hydrogen concentrationHtot of 2.00ml/100 g

was determined. This amount of hydrogen is already captured

in the solid wire when the filler material is delivered [15].

About 17% of the introduced hydrogen is trapped in the weld

metal, so the diffusible hydrogen concentration HD is 1.66 ml/

100 g. As the weldmetal contains fine precipitates of type AlN,

TiN and V (C, N) for realizing high strengths and good tough-

ness [5,6], hydrogen is deeply trapped and becomes mobile

again only with high energy input [58,59]. The trapping results

in a reduction of the diffusible hydrogen concentration.

However, due to the complexity of the microstructure in the

weld metal, hydrogen diffusion is slowed down significantly,

which increases the risk of delayed HAC. Nevertheless, the

tested QT steel shows remarkable degradation of the me-

chanical properties in the HAZ at the determined diffusible

hydrogen level [10,11].

Implant test results

Fig. 5 shows the results of the implant tests as a plot of applied

implant stress vs. TTF for both tested materials. The respec-

tive cooling times are also indicated. In both test series there

are approximately equal t8/5-cooling times of 7 s. This iswithin

the working range of the materials used and the microstruc-

ture in the weld metal consists mainly of martensite and

bainite [18]. The microstructure of the HAZ will be discussed

later. Furthermore, a stable arc process can be assumed in

both test series due to the low scattering of the t3/1-cooling

times, which is why the scattering of the measuring points in

the diagrams is also relatively low. For the S960QL in Fig. 5(a), a

significant increase in TTF with reduction of the applied

implant stress can be seen. The diffusion-controlled process

of HAC can therefore be clearly observed. At the highest

applied implant stress of 905 MPa the TTF is only 59min. With

decreased implant stress of 605 MPa, which is the LCS, TTF

increases to 676 min. The specimens loaded below LCS
eld metal.

n hydrogen concentration in ml/100 g Standard deviation

1.66 0.04

2.00 0.14

https://doi.org/10.1016/j.ijhydene.2020.05.077
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Fig. 5 e Implant test results of applied stress vs. time to failure for the two test materials: (a) S960QL, (b) S960MC; half-filled

symbols indicate that specimen did not fail within 24 h.
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showed no fracture after 24 h. Van den Eeckhout et al. [60]

observed an increased hydrogen diffusivity with increased

applied elastic stress on tensile samples. The elastic tensile

stress expands the crystallographic lattice which increases

the hydrogen diffusion. This in turn means in the case of the

implant test that the TTF increases with decreasing applied

stress. The results of the test series with S960MC also show an

increase in TTF with reduced applied implant stress, see

Fig. 5(b). However, the LCS of 817 MPa is significantly higher

compared to LCS of S960QL. Implant stresses below LCS did

not result in fracture within 24 h. At the highest stress of

903MPa, the TTF is already 267min, which is four to five times

the TTF at LCS of the S960QL. This fact was also reported in

Ref. [44] with smaller time difference due to significantly

increased hydrogen concentration of 6.5 ml/100 g in arc weld

metal. Also, the LCS are increased compared to the LCS in

Fig. 5, as steels with lower strengthwere investigated. Because

of the significant shift of TTF to longer times and the signifi-

cantly higher LCS, it can be concluded that the S960MC has a

better resistance to HAC in the HAZ than the S960QL. This is

also illustrated by the ratio of LCS to nominal yield strength

(960 MPa), which is referred to in literature as normalized

critical stress ratio (NCSR). The NCSR is 0.63 and 0.85 for the

S960QL and for the S960MC, respectively. The results are in

good agreement with investigations by Yue et al. [44,45]

analyzing the HAC susceptibility in the HAZ by implant tests

of 690 MPa grade QT and TMCP steel.

Fig. 6 shows cross sections transverse to welding direction

to determine the fracture position of the implant specimens.

The geometry of the implant specimen before loading was
Fig. 6 e Cross section to determine the fracture position
applied is indicated in both parts. Fracturing occurred in the

HAZ at the notch root of the implant specimen through the

weld metal for S960QL as well as for S960MC. This behavior

was observed for all welded specimens. The reasons are

explained in the following.

Weld microstructure and incipient cracks

Since the distinction between martensite and bainite in

ferritic materials is very difficult by light optical microscopy,

the microstructure in the CGHAZ was analyzed by means of

hardness testing and calculated maximum hardness for a

purely martensitic and bainitic microstructure according to

Dueren [61]. Based on this, the maximum hardness values in

the HAZ can be calculated as a function of the chemical

composition using Eqs. (2) and (3):

HVM ¼ 802 x C þ 305 (2)

HVB ¼ 350 x (C þ Si/11 þ Mn/8 þ Cu/9 þ Cr/5 þ Ni/17 þ Mo/

6 þ V/3) þ 101 (3)

where HVM is the hardness for 100%martensite and HVB is the

hardness for 100% bainite. The elements are inserted in wt.-%.

Hardness values of 441 HV 10 (HVM) and 276 HV 10 (HVB) result

for the S960QL. For the S960MC, HVM is 377 HV 10 and HVB is

312 HV 10. In Yurioka’s calculation formulas [62], the elements

Nb and B are also considered for the maximum hardness.

However, this results in the same values.
of the implant specimens: (a) S960QL, (b) S960MC.
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Fig. 7 e Vickers hardness measurement along the axis of implant specimen with indication of the hardness for a purely

bainitic (HVB) or purely martensitic (HVM) microstructure in the HAZ according to Ref. [61]: (a) S960QL, (b) S960MC;

micrographs in the bottom right-hand corner of the diagrams show the position of the hardness indentations.
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Fig. 7 shows Vickers hardness distributions in HV 1 and HV

10 across the weldmetal, HAZ and basematerial as well as the

calculated hardness values HVM and HVB for the HAZ for both

tested materials. In case of S960QL, the hardness in base

material is 357 HV 10, which increases in the CGHAZ to a

maximum of 421 HV 10 and the mean value is 301 HV 10 in

weldmetal, see Fig. 7(a). It is also shown that from the CGHAZ

the hardness decreases to the fine-grained HAZ (FGHAZ) into

the inter-critical HAZ (ICHAZ) to aminimumof 321 HV 10. This

minimum is lower than the hardness of the basematerial. The

HV 1 hardness distribution shows this softening even more

clearly. As the maximum hardness of 421 HV 10 in CGHAZ is

lower than HVM, which is 441 HV 10, a mixed microstructure

containing primarily martensite and small amounts of bainite

is present. The hardness distribution of S960MC specimen

shows a different behavior, see Fig. 7(b). The hardness in the

base material is 340 HV 10, increases to a maximum of 376 HV

10 in the HAZ and is lowered to 309 HV 10 in the weld metal.

Because the same welding parameters and the same filler

material were used as in the tests with the S960QL, the

respective hardness values in the weld metal are approxi-

mately the same. The hardness of the basematerial of S960MC

is slightly lower than the hardness in basematerial of S960QL.

However, the hardness values in the HAZ differ significantly

from S960MC and S960QL. Due to the comparatively low car-

bon content of S960MC, there is no such drastic hardening in

the HAZ. In addition, the hardness level of CGHAZ is at same

level as the FGHAZ. Softening, like in the S960QL, hardly exists

due to higher V and Cr content of S960MC [63]. These carbide-

forming alloying elements lead to better resistance to

tempering softening. The maximum hardness in CGHAZ of

376 HV 10 corresponds to HVM, but in the HV 1 hardness dis-

tribution a slight increase in hardness from fusion line to-

wards the base material can be observed. The calculation
Table 5 e Hardness in HV 10 across the weld.

Test
series

Hardness in weld
metal

Maximum hardness in
CGHAZ

Minimum ha
in HAZ

S960QL 301 ± 8 421 321

S960MC 309 ± 18 376 326
according to Ref. [61] only provides an estimation. Hence, the

microstructure of CGHAZ of S960MC also consists of a mixed

structure of primarily martensite, small amounts of bainite

and auto tempered martensite.

Table 5 gives a summary of the hardnessmeasurements. It

also includes the amount of hardening (hardness difference

between base material and CGHAZ) and the amount of soft-

ening (hardness difference between base material and mini-

mum hardness). It is clearly shown here that S960QL has a

significant hardening in the CGHAZ of 64 HV 10 and a

considerable softening in ICHAZ of 36 HV 10.

The CGHAZ is the critical location regarding HAC. This is

where the highest hardness occurs with a mainly martensitic

phase and crack initiation at notched area takes place, cf.

Fig. 6. Therefore, the microstructure and its consequences for

HAC behavior will be discussed in the following. Fig. 8 illus-

trates light optical microscopic (LOM) images of the CGHAZ of

both test materials. As already mentioned, in both cases a

bainitic phase exists in addition to the martensitic phase.

Looking purely visually at the images, it is noticeable that the

CGHAZ of the S960QL (Fig. 8(a)) has a significantly larger grain

size compared to the S960MC (Fig. 8(b)). This fact has already

been demonstrated on similar materials of lower strength in

Refs. [25,29].

The higher Ti content of S960MC compared to S960QL can

lead to precipitation of Ti-rich carbonitrides [22,29]. Their

extremely high temperature stability results in a fine-grained

CGHAZ. Duringweld thermal cycle, pinning effects slow down

the growth of the austenite grains. The particles can even be

seen in the images by LOM as also reported in Refs. [29,64], see

Fig. 8(b). The grain size can have a significant influence on

trapping behavior of hydrogen and thus also on HAC [30,31].

The amount of diffusible hydrogen per unit grain boundary

area is lower with decreased grain size. In addition, S960MC
rdness Hardness of base
material

Amount of
hardening

Amount of
softening

357 ± 4 64 (18%) 36 (10%)

340 ± 2 36 (11%) 14 (4%)
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Fig. 8 e Microstructure in the CGHAZ: (a) S960QL, (b) S960MC; B and M are bainite and martensite; Particles are Ti-rich

carbides or nitrides.
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also contains a higher V content which in combinationwith Ti

also leads to strong trapping [58,59]. In particular, the Ti-rich

precipitates cause deeply irreversible trapping [65]. These

facts lead to a higher plastic deformation and thus, grain

refinement with existing precipitates can lead to better HAC

resistance in the HAZ of S960MC compared to S960QL.

The area of the notch of the implant specimen represents a

triaxially stressed region. Introduced hydrogen diffuses from

weldmetal during cooling into this highly stressed area. Thus,

there is a critical combination of the three influencing factors

on HAC in the CGHAZ at the notch root: a mainly martensitic

microstructure with high hardness, a mechanically strained

area and a locally increased hydrogen concentration. As a

result, micro-cracks (incipient cracks) arise at this point,

which propagate into theweldmetal. Fig. 9 shows an incipient

crack in welded implant sample after 24 h of loading in

welding direction as an example. In case of S960QL, the

maximum applied implant stress scrit at which no more

cracking occurred is 402MPa. For the S960MC, scrit is increased

to 554 MPa. This is, besides NCSR, another factor showing the

better HAC resistance in the HAZ of S960MC.
Fig. 9 e Incipient crack in implant sample in weld metal (WM) an

interest (ROI), (b) ROI in detail with incipient crack; s ¼ 492 MP
Fractography

The topography of the fracture surfaces of the ruptured

implant specimens was carried out by SEM. Fig. 10(a)-(d) show

the fracture topography of implant specimen of S960QL. The

fracture surface is separated into different areas with

different topography, see Fig. 10(a). The area of crack initiation

was also localized. The fracture surface of incipient crack

shows a quasi-cleavage (QC) topography with secondary

cracks, see Fig. 10(b) and (c). The topography in the transition

zone was ductile with micro-void coalescence (MVC) and QC.

The remaining fracture topography was ductile with MVC, see

Fig. 10(d). The fracture topography of implant specimen of

S960MC is shown in Fig. 11(a)-(d). In this case only two

different areas could be identified, which are marked in

Fig. 11(a). The topography of incipient crack was QC with

secondary cracks, see Fig. 11(b). Compared to S960QL, a higher

level of deformation was observed in this area, cf. Fig. 11(c).

The remaining fracture topography was also ductile with

MVC, see Fig. 11(d). A transition zone from QC to MVC could

not be located for S960MC.

HAC with QC topography on the fracture surface is com-

mon for low carbon steels [66]. The different fracture
d CGHAZ after 24 h of loading: (a) LOM image with region of

a (S960QL).
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Fig. 10 e Fracture topography of implant specimen of S960QL (s ¼ 708 MPa): (a) light optical fracture overview with three

regions of interest (dotted area highlights the area of crack initiation), (b) QC: quasi-cleavage, (c) QC at higher magnification,

(d) MVC: micro-void coalescence; white arrows in (b) indicate secondary cracks.
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appearance of QC and MVC can be explained by Beachem’s

model [67], which was substantiated by Gedeon and Eagar on

implant tests [68]. The fracture topography depends on the

interaction of diffusible hydrogen and stress intensity. After

the implant specimen is loaded, hydrogen concentration at

the notch root is not high enough to initiate cracking. During

an incubation period, mobile hydrogen diffuses from the weld

metal into this triaxially stressed region until a critical con-

centration for crack initiation is reached in the CGHAZ. The

crack appears as QC topography first. As crack propagation

continues, the stress intensity factor is increasing, and the

hydrogen concentration is decreasing at the crack tip. This

leads to MVC fracture mode until complete fracture of the

implant sample takes place.

The origin of the QC fracture surface has been interpreted

by Martin et al. [69,70]. Hence, voids and micro-cracks are

formed along the intersection of slip bands. The role of

hydrogen is to support the development of the intense slip

bands and to reduce the stress required to create the initial

voids and cracks. This process is characterized by plastic de-

formations, which are enhanced and accelerated by

hydrogen. Moreover, Guedes et al. [71] showed in tempered

martensitic steel that trapped hydrogen result in ductile

damage with MVC and mobile hydrogen in QC fracture. Both

theories can explain the higher deformation on the QC frac-

ture of S960MC compared to S960QL. The higher density of

precipitates and the higher grain boundary area of S960MC

can lead to increased hydrogen trapping, so that the mobile
hydrogen content is reduced. This leads to an increased

amount of MVC and QC fracture with more deformation.

Rating of HAC susceptibility in the HAZ

In the following, the results from the implant investigations

are presented as a comparison between the materials S960QL

and S960MC. Fig. 12 shows the applied implant stress vs. TTF.

It can be clearly seen that the S960MC has longer TTF of about

130 mine330 min compared to S960QL. In addition, the sam-

ples welded with S960MC show a significantly higher LCS as

well as a higher critical implant stress scrit. This leads to the

conclusion, that the S960MC has a better resistance to HAC in

the HAZ than the S960QL at the given diffusible hydrogen

concentration HD of 1.66 ml/100 g in arc weld metal.

The most important results are summarized in Table 6.

Using ISO 18265 [72] the maximum hardness in CGHAZ was

converted to the tensile strength of CGHAZ. In the case of

S960QL the tensile strength is 1353 MPa, for the S960MC it is

1208 MPa. The ratio of the critical implant stress scrit to the

tensile strength of CGHAZ gives the embrittlement index (EI).

The EI is 0.30 and 0.46 for the S960QL and for the S960MC,

respectively. The higher EI indicates a better resistance to

HAC. In addition to NCSR, this is a further evaluation criterion

to show that the S960QL is more susceptible to HAC in the

HAZ. It must be mentioned that this behavior is at first only

valid for the above-mentioned diffusible hydrogen concen-

tration and for the used welding parameters and cooling
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Fig. 11 e Fracture topography of implant specimen of S960MC (s ¼ 903 MPa): (a) light optical fracture overview with two

regions of interest (dotted area highlights the area of crack initiation), (b) QC: quasi-cleavage, (c) QC at higher magnification,

(d) MVC: micro-void coalescence; white arrows in (b) indicate secondary cracks.

Fig. 12 e Comparison of implant test results of applied

stress vs. time to failure with critical implant stress scrit.
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times. In order to be able to make far-reaching statements, it

would be necessary also to consider the influence of pre-

heating temperatures, heat input and different filler mate-

rials as well as different sheet thicknesses of base materials.
As already mentioned in the introduction, previous

research using the implant test dealt with the susceptibility to

HAC in the HAZ of QT and TMCP steels with a yield

strength � 690 MPa [44e46]. With the present study, the area

of research is expanded by 960 MPa grade steels. Fig. 13 shows

the results from Refs. [44,46] together with the present study

regarding NCSR and EI. The hydrogen concentrations present

in the investigations are different in each case, but, are within

a critical range for degradation of the respective material.

With increasing strength of the basematerials, degradation of

the HAZ increases in terms of decreasing NCSR or EI. In other

words, the critical stress for complete fracture in relation to

nominal yield strength or the critical stress for crack initiation

in relation to the strength of the CGHAZ decreases with

increasing strength of base material. NCSR > 1 is due to the

fact, that the nominal yield strength instead of the real yield

strength is used for calculation of NCSR, as is the case with

690 MPa grade TMCP steel. Steels with a nominal yield

strength of 960 MPa show the highest degradation of HAZ in

implant tests. However, in the tests TMCP steels show a

reduced risk to HAC compared to QT steels for the used pa-

rameters. Finally, it can be said that the Graville diagram in

Fig. 2 can be applied to modern high-strength steels with

nominal yield strength of 960 MPa, which Yue et al. [44,45]
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Table 6 e Implant test results.

Material CGHAZ max
hardness in HV 10

CGHAZ tensile
strengtha in MPa

Lower critical
stress (LCS)in MPa

Critical implant
stress scrit in MPa

Normalized critical
stress ratio (NCSR)b

Embrittlement
index (EI)c

S960QL 421 1353 605 402 0.63 0.30

S960MC 376 1208 817 554 0.85 0.46

a Conversion from max hardness in CGHAZ according to ISO 18265.
b LCS normalized to the nominal yield strength of the base material (960 MPa).
c Critical implant stress normalized to calculated CGHAZ tensile strength.

Fig. 13 e Normalized critical stress ratio and embrittlement

index for HAZ of different steel grades.
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already demonstrated on steels with nominal yield strength of

690 MPa.
Conclusions

The results of this work contribute to the estimation of the

HAC susceptibility in the HAZ of high-strength steels with a

nominal yield strength of 960 MPa. In these investigations, the

focus of research was on the influence of the microstructure

(chemical composition) on HAC behavior. For this purpose, a

comparison of the quenched and tempered steel S960QL and

the thermo-mechanical controlled processed steel S960MC

was carried out by using the externally loaded implant test.

Under the welding conditions used, the following conclusions

can be drawn from the study:

� Themaximumhardness in the CGHAZ is 421 HV 10 and 376

HV 10 for S960QL and S960MC, respectively.

� The CGHAZ of both materials consists mainly of

martensite. The grain size in the CGHAZ of S960MC is

smaller than that of S960QL.

� Cracking in all implant specimens occurred in the notch

root in the CGHAZ. Crack propagation took place from the

initial crack into the weld metal.

� Lower critical stress (LCS) for complete fracture was

determined to be 605 MPa and 817 MPa for S960QL and

S960MC, respectively. Critical implant stress scrit at which
nor more cracking occurred is 402 MPa and 554 MPa for

S960QL and S960MC, respectively.

� Normalized critical stress ratio (NCSR) was determined to

be 0.63 for the S960QL and 0.85 for the S960MC. The

embrittlement index (EI) was calculated and resulted in

0.30 for the S960QL and 0.46 for the S960MC. Both, the

higher NCSR and the higher EI indicate a better resistance

to HAC in the HAZ of the S960MC.

� Implant specimens of S960MC showed a significantly

increased time to failure compared to S960QL. The fracture

surfaces showed QC and MVC fracture for both materials.

QC fracture was found with secondary cracks on the sur-

face of incipient cracks. However, the fracture surfaces of

S960QL showed higher degradation with reduced defor-

mation than the fracture surfaces of S960MC.
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