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Abstract

The hydrogen embrittlement (HE) behavior on a Fgh2:D.6C twinning-induced plasticity (TWIP) steel
was investigated by tensile tests withsitu scanning electron microscope observation combimitl
electron backscatter diffraction (EBSD) and elatithanneling contrast imaging (ECCI) technique® Th
tensile test specimens were cathodically pre-clibwgth hydrogen for 0, 50, 150, and 300 hours, Whic
accumulatively reduced the mechanical propertiesiagiuced a ductile-to-brittle fracture transitidrhe
threshold of hydrogen content to trigger this daetb-brittle transition was further determined by
combined thermal desorption spectroscopy (TDS)yaisahnd theoretical hydrogen diffusion calculation
During the tensile tests, intergranular secondamacks were observed on the gauge surfaces of the
specimens with pre-charged hydrogen. The low amgln boundaries (LAGBs) exhibited better
resistance to both crack initiation and propagatiompared with high angle grain boundaries (HAGBS).
In addition, the stress concentration together whigh hydrogen effect on grain boundaries intergecte

with deformation twins are proposed as the reaBmrtbe crack initiation and propagation.

Keywords: Twinning-induced plasticity (TWIP) steel, Hydrogembrittlement (HE); Deformation
twinning; Secondary cracks; Electron backscattdfradition (EBSD); Electron channeling contrast
imaging (ECCI)



1. Introduction

High manganese twinning induced plasticity (TWIfets are drawing increasing attention in autoneobil
and construction industries due to their excell@rhbination of high strength and good ductilityJfl-
The outstanding mechanical properties of TWIP sthalve been revealed as a result of mechanical twin
formation and dynamic strain aging effect duringspic deformation due to its relatively low stagkin
fault energy (SFE, between 20 and 40 midtroom temperature) [4]. With this low SFE, thehility of
dislocations is reduced and the work hardening @gpds enhanced. However, the catastrophic
degradation of mechanical properties has been tepoon TWIP steels at hydrogen-containing
environment known as hydrogen embrittlement (HEBrq@menon [5-7]. The HE is a crucial problem that

needs to be urgently solved on TWIP steels befotbdr practical use.

Up to now, the HE on different types of high-Mn edte has been studied by a large variety of
experimental methods such as tensile test [8,e8pdirawing cup test [10], nanoindentation test fhtl
microcantilever bending test [12]. These tests vperdormed at different scales focusing on theotftd
grain size, alloying elements, dissolved hydrogencentration, and strain rate on the HE behaviors.
Specifically, the HE resistance decreases withngrafinement [8, 13], addition of Al and Cu [10,]14
decreasing diffusible hydrogen content [12], armteéasing strain rate [15, 16]. With further fractgghic
analysis, criticalin-situ observations, and computational simulations, sgverechanisms have been
proposed, among which the hydrogen-enhanced |lechpfasticity (HELP) [17, 18], hydrogen-enhanced
decohesion (HEDE) [19, 20], adsorption-inducedadistion emission (AIDE) [21, 22], and hydrogen-

enhanced strain-induced vacancy formation (HESRE3) R4] are the most popular ones.

The HELP mechanism was first introduced by BeackiEm 25], who analyzed the interaction between
hydrogen and dislocations througrsitu transmission electron microscopy (TEM) observatiohhe
main idea is that hydrogen atoms surrounding tstocktions can effectively shield the stress figld
dislocations in certain directions and lead to glignarity in those soft directions. Moreover, logkn
atoms accumulated around the crack tip facilitagtodation activities and lead to the formation of
localized plastic zones, enhancing the crack prafiag The HEDE mechanism proposes that the
cohesive energy decreases when hydrogen is tragtpled grain boundaries, second phase interfaods, a
cleavage planes [26]. Consequently, these areasrigethe most vulnerable sites that undergo cracking
under stress. The AIDE mechanism states that theoggn adsorbed at the crack tip weakens interatomi
bonds and thereby facilitates dislocation nucleatiad microvoid formation ahead of the crack tipl an
further contributes to crack growth [21]. The HESiWodel proposed by Nagumo [24] shifted the
viewpoint of the research community from hydrogerhydrogen-enhanced strain-induced formation of

vacancies. This mechanism has been proven in nasgs®f face-centered cubic (FCC) austenitic steels
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[27-29]. Specifically, it suggests that hydrogermamces the density and clustering of vacancies;hwhi
coalesce to microvoids and further combine as tavgals, thereby decreasing the ductile crack gnowt
resistance. Despite extensive studies and del@iasegnsus could not be reached on the HE behavior,
since it is a complex process depending heavilythen applied environment and material structure.
Moreover, the aforementioned mechanisms are noplately distinct but share overlaps with each other
[22].

In this study, the effect of hydrogen on a Fe-220c TWIP steel was evaluated by tensile test with
different amounts of pre-charged hydrogen undessitu scanning electron microscope (SEM)
observation, plus further post-mortem charactaonatat the microstructural level. The objectivettu$
paper is to reveal a quantitative relationship ketwthe fracture mode transition and the dissolved
hydrogen content, to analyze the vulnerability iffedent types of grain boundaries to hydrogensissi
cracking (HAC), and also to determine the mecharigsecondary crack initiation and propagation.

2. Experimental

The studied material is a Fe-22Mn-0.6C (wt. %) TVEtBel and its chemical composition is shown in
Table 1. The material was prepared by ingot castioljpwed by hot rolling and cold rolling to a
thickness of 1.5 mm. It was then heat treated &80T for 5 h in an argon atmosphere to obtainelarg
grain size for nanomechanical tests [11]. The spews used for slow strain rate tensile (SSRT)vwese
cut by electrical discharge machining into a twepstiog-bone shape with gauge geometry of 5xn
mm x 1 mm as shown in Figure 1. Prior to the hydrogkarging, the sample surface was ground
sequentially from 120 to 4000 grit SiC papers drahtpolished with @m and 1um diamond pastes. The
surface preparation was finalized by additionaighihg with colloidal silica suspension for 20 nim

remove the deformation layer from the previous raedal polishing.

The hydrogen pre-charging process was performedidiyg a standard electrochemical cell, which
consists of a Pt net as counter electrode and ahg&l reference electrode (Ag/AgCl in saturated KCI
Hereafter, all the reported potentials in this gtade versus Ag/AgCI reference electrode. The hyeino
charging was performed at 80 °C with a constartiagdit potential of -1400 mV (~10 mA/&nin a
glycerol-based electrolyte, which consists of 6Qfbgax (sodium tetraborate decahydrate) dissolwex i

1 L glycerol. In addition, 20 vol% distilled watevith 0.002 M NaS,0; was added to enhance the
conductivity and promote the hydrogen absorptic®].[This electrolyte has been proven to be able to
preserve the sample surface from corrosion aftgg-tome electrochemical charging [11], easingitle

situ observation during tensile tests without additiomarface preparation. In the current study, three
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different charging times of 50, 150, 300 h wereligopto study the effect of different hydrogen ants
on the mechanical properties.

The hydrogen content after different charging tiwess measured by thermal desorption spectroscopy
(TDS). The TDS tests were performed using a Br@&PHOENIX DH hydrogen analyzer together with
a mass spectrometry detector set up (ESD 100, ¢eBsolnstruments, Germany) at a constant heating
rate of 25 °C/min from room temperature (25 °C)7&0 °C. In order to eliminate the outgassing of
hydrogen, the TDS tests were started immediatéty abch hydrogen charging process with a dwe# tim

of less than 5 min.

The SSRT tests were carried out by a Kammrath &s#/éensile/compression module, which was
installed into the chamber of a high-resolutiodfiemission gun (FEG) scanning electron microscope
(Quanta 650, Thermo Fisher Scientific Inc., US) flee sake ofn-situ observation. The engineering
strain rate was chosen as 4 x°1§'. In the current study, the proposed nominal straitue was
calculated by dividing the elongation by the iditimuge length. Similarly, the dwell time betweée t
finish of hydrogen charging and the start of tentéist was also controlled to less than 5 min t@mize

the hydrogen loss. The SSRT tests were performetvorgroups of charged samples: One group was
loaded till fracture to study the hydrogen effentrnechanical properties and fracture mode. Therothe
group was loaded till 10% elongation to analyzeittigation of secondary cracks on the gauge setfac

The details of the testing conditions in the curstndy are summarized in Table 2.

Prior to the tensile tests, the microstructure e studied material was characterized by SEM with a
backscatter electron (BSE) detector as well asetbetron backscatter diffraction (EBSD) technique.
After the tensile tests, the same microstructuharacterization process was also conducted to wbser
the fracture surface and gauge surface. Specifictde fracture mode transition was determined by a
detailed fractographic analysis. The EBSD measungnaere conducted on the re-polished gauge
surface to analyze the crystallographic informatioraddition, the secondary cracks on the gaugaca!

in association with deformation twins were obserkgdhe electron channeling contrast imaging (ECCI)
technigue, which has been proven to be an exceltmitfor identifying twins, stacking faults, and
dislocations based on the controlled diffractiomdiion with optimum contrast [6, 30]. In the curte
study, the ECCI was performed in the same SEM eguipwith a solid-state four-quadrant BSE detector
at an acceleration voltage of 30 kV with a workdigtance of ~6 mm. The ideal channeling contrast wa
obtained by tilting the specimen to an angle whengrain matrix is exactly in the Bragg conditiths

enabling the diffraction vector in a two-beam cadiodi.



Table 1 Chemical composition of the studied Fe-2ZMBC TWIP steel.

Element Mn C Nb Ti \Y N Al Fe

wt. % 22.60 0.63 0.03 0.03 0.108 0.016 0.008 Bal.

Table 2 Testing conditions in the current study.

Testing o _ )
Charging time/ h Testing Aim
group
) ) Mechanical properties al
1 0, 50, 150, 300 Tensile test till fracture
fractography
2 0, 50, 150, 3C TDS Content of dissolved hydrog
~ Hydrogen charging induce
3 0, 300 Subsurface characterization
subsurface crack
Tensile test till10% o
4 0, 50, 150, 300 _ Secondary crack initiation
elongation
. 5
P’ 12
10
_._ﬂ_%_. 1 1.0£0.1
I 35 [ =l
Figure 1 Geometry of the tensile sample (in mm).
3. Results

3.1 Effect of electrochemical charging on surface subsurface

The BSE image and the normal direction-inverse figiere (ND-IPF) map of a studied sample after
surface preparation (but before hydrogen chargang)presented in Figure 2. It shows a smooth sairfac
without any detectable scratches or cracks. TheEBSult shows a pure FCC phase with equiaxed

grains containing annealing twins in the initiatnaistructure. The average grain size isi86



Lu et al. [31] studied the effect of electrocherhiwpdrogen charging on the sample surface of Nebtlas
alloy 718. After long-time (60-80 h) charging wighsimilar charging condition as the current stutsg,

slip lines and transgranular cracks were observedhe gauge surface of alloy 718. The cracks on
subsurface were also detected through cross-seatialysis. Moreover, the amount and size of cracks
increased as a result of longer charging time. froephology changes due to the electrochemical
charging can be a strong influencing factor in téwesile performance of the charged material. Thus,
surface check after charging is needed to avoitl smftuence in this study. To detect the influerde
electrochemical hydrogen charging process on thkasurface and subsurface, a maximum charging
time of 300 h was performed followed by subsequgmige surface and cross-section microstructure
analysis. Figure 3a and b show the SEM image amdnthgnified BSE image of the gauge surface after
300 h hydrogen charging. In contrast to the aforgioeed observations in alloy 718, neither slige$in
nor surface cracks were detected on the gaugeceudhthe studied TWIP sample after long time
hydrogen charging. The charged specimen was fugleetroplated with Ni and cut from the center to
obtain the cross-section surface. The cross-sedtiwas carefully ground and polished with different
removal thickness to guarantee the reproducibilftpbservation. The representative BSE images®f th
cross-section of the sample charged for 300 htewewrs in Figure 3c and d, and a defect-free subserfa
without any observable cracks can be observed eftmey, the charging process in the current stuahgus
glycerol-based electrolyte can not only protect gansurface from corrosion, easing the followingsitu
SEM observation, but also maintain the sample mttegluring hydrogen charging without forming

cracks on surface and subsurface.

It needs to be mentioned here that the authors hésee applied the same electrochemical charging
method on two types of high-entropy alloys with gowustenitic structure, in which slip lines were
generated [32] or martensitic phase transformati@s detected [33] during the charging process.
However, due to the different alloying systems anelatively higher SFE (20-40 mJ)mthe currently

studied TWIP steel did not show such behaviors ndurélectrochemical charging, which can be
confirmed from the SEM characterizations (FigureT3)erefore, the performance measured in the durren
study is the intrinsic hydrogen influenced propesfythe studied material without hydrogen charging

induced defects.



Figure 3 a) SE image of gauge surface after 3d@dtrechemical hydrogen charging. b) BSE image afjnified
area of (a). ¢) BSE image of cross-section aftért8@lectrochemical hydrogen charging. d) BSE in@fge
magnified area of c).

Another issue that needs to be taken into condiderds the segregation of sulfur (S) by the
electrochemical hydrogen charging, since a S-coimgi poison (Ng5,03) has been used in the
electrochemical reaction and the local segregaifdd can be detrimental to the toughness of thdiestu
material. To eliminate the possible influence ofegregation, an energy-dispersive X-ray spectrgscop
(EDS) mapping was conducted on a random regiomafita200 um x 200 pum (to include several grain
boundaries) on the samples before and after hydrogarging. The SEM was operated at 10 kV with a
working distance of 10 mm and an aperture of 100 Time spectra are shown in Figure 4. The mapping
procedure took more than one hour for both casdstanspectra were the accumulated signal counts of

roughly 30 k for each case. From the quantitatiwalyses, no substantial different can be realized
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regarding the S signal of the two cases (concéotratf S detected as 0 in both cases). Therefbee, t
current charging approach did not introduce sigaift change in the S concentration and thus the

dominating factor in the embrittling effect shobld hydrogen but not sulfur.
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Figure 4 EDS spectra of the H-free and H-chargedispens with major elements annotated. No substanti
difference can be found in the S signal betweentloespecimens.

3.2 Tensile tests and associated hydrogen contessunement

The tensile tests were performed inside the SEMmtlea with in-situ SEM observation for both
hydrogen-free and hydrogen pre-charged specimeost fdeos recording the testing process are
presented in the supplementary documents. For ydeopen-free specimen (as shown in Videol), a
uniform elongation before the necking and fraciarpresented. For the specimens charged with 31), 15
and 300 h hydrogen (as shown in Video 2, 3, andedpectively), secondary cracks can be clearly
detected on the gauge surface after the yieldirdytha fracture elongations were also reduced with
increased charging time. The engineering streafsiturves of hydrogen uncharged and charged
specimens are shown in Figure 5. Clear serratiansbe observed on the stress-strain curves dueto t
dynamic strain aging effect [34], which has beemppsed as a common phenomenon in TWIP steels [1,
35]. The curves show an overlapped elastic regitim a'same yielding strength regardless of thegddhr
hydrogen. However, a reduction in both the terstilength and the elongation to fracture was obseirve
the hydrogenated specimens, and the reduction was significant with increased charging time. Far t
uncharged specimen, the fracture elongation w4 and the ultimate tensile strength was 828.1 MPa.
When charged with hydrogen by 50, 150, and 308éhfracture elongation was reduced to 62.8%, 49.1%,



and 29.6%, and the ultimate tensile strength wdsced to 747.1, 622.7, and 477.4 MPa, respectilrely.
addition, the corresponding mechanical degradatiom to dissolved hydrogen can be described by the

embrittlement factor (EF) [36] as follows:

€n

EF = (1 - ) x 100% (1)

€noH

Whereey ande,,, ; indicate the engineering fracture strain of hy@mgre-charged sample and
uncharged sample, respectively. Zero is definatie@&F value at the uncharged condition and it
continuously increased to 11.7%, 36.4%, and 61.ffé6 &0, 150, and 300 h hydrogen charging,

respectively. A detailed summary of hydrogen inducechanical property degradation is shown in

Table 3.
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Figure 5 Engineering stress-strain curves of speegmith different hydrogen pre-charging time.

Figure 6 shows the curves of hydrogen desorptiten wa the charged and uncharged samples obtained
from the TDS measurements. The amount of hydrogeenthe first peak at 30C represents diffusible
hydrogen, while that under the second peak at ®R0® corresponds to trapped hydrogen. The original
hydrogen content of uncharged sample was 0.02 wgminthe dissolved hydrogen contents were 9.39,
16.57, and 22.31 wppm after 50, 150, and 300 Heztr@chemical hydrogen charging, respectively. The
aforementioned hydrogen contents are the total atmafudetected hydrogen from the TDS measurement,
which include the hydrogen dissolved in interdtiiles and trapped in both reversible and irrdlktas
trapping sites. With increasing charging time, lilydrogen content increases significantly, whichtfer
degrades the mechanical properties to a highel. lieve noticed that the desorption rates in F@g6rare

not zero at the end of the test for hydrogen clthsganples. This is due to the fact that part opbee
trapped hydrogen cannot be extracted at 750 °C aanigher temperature of 800-850 °C is needed to



fully extract the deeply trapped hydrogen [13]. ffiere, the reported hydrogen content leads to an
underestimation of the total hydrogen contents,ctvhvas calculated as 2-3% by assuming a linear

reduction on the TDS curves from the current valiig50 °C to zero at 850 °C.

0.04

—Vacuum
| —H son
0.03 1 —H 150n
1 —H_300h

22.31 wppm

e

16.57 wppm

9.39 wppm

0.01 4

H desorption rate [wppmny/s]
f=4
f=3

0 100 200 300 400 500 600 700 800
Temperature [°C]

Figure 6 Hydrogen desorption rate curves of hydnagecharged and charged samples.

Table 3 Properties of the studied materials und&rdnt hydrogen charging conditions.

Charging Fracture Ultimate tensile EF (%) Brittle Total measured hydrogen
time (h) elongation (%) strength (MPa) 0 depth {um) content (wppm)
0 77.2 828.1 0 0 0.02
50 62.8 747.1 11.7 57.6 9.39
150 49.1 622.7 36.4 102.2 16.57
300 29.6 477.4 61.7 148.5 22.31

3.3 Fracture surface and gauge surface charadteniza

The fracture surfaces after failure are summarimdgigure 7. Figure 7al shows the fracture surfafce
the uncharged specimen and Figure 7a2 is the niegifhage of the highlighted area in Figure 7al. A
notable ductile fracture surface can be observetth®mnincharged sample from gauge surface to thercen
region with fully covered dimple structure. Thediare surface after hydrogen charging of 50, 15d, a
300 h are exhibited in Figure 7b1l, c1, and d1, ek & in the magnified images of Figure 7b2, act] a
d2, respectively. In contrast, brittle intergramtacture surfaces were observed at the areassaegle
surface. Clearly, the ductile fracture mode wasdf@ermed to intergranular fracture mode after hgdro
charging with an observable transition boundarykedias blue dashed lines in Figure 7b1, c1, anthdl.
addition, the intergranular fracture was more promwed with a longer charging time. The depths ef th
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intergranular zone were measured as 57.6, 1022,148.5um after 50, 150, and 300 h hydrogen

charging, respectively.

As exhibited in then-situ tensile test videos in the supplementary documémsfracture happened with

a crack initiated from one side of specimen edgkmopagated to the other side as the main or pyima
crack. The direction of the main crack propagatias nearly perpendicular to the tensile directian.
addition, a considerable number of secondary craske formed parallel to the main crack on the
hydrogen charged samples (Figure 8b) after thaliyiglpoint. Figure 8a summarizes the crack surface
density at different charging conditions throughthg whole tensile tests. The crack surface derfisity
defined as the ratio between the sum of the craogths and the total area. For each step, the crack
surface density was analyzed on three regions®f15 mnf using ImageJ software to minimize the
statistical discrepancy. The result shows thatetlvesis no detectable secondary crack on the uncharge
sample (Figure 8c), while the crack surface dermitythe charged samples increased with largemstrai
Moreover, the crack surface density on the samjile lwnger charging time was larger than that with
shorter charging time, and this difference becaraeerpronounced along the tensile elongation.

Vacuum

H-50h

H-150h

H-300h |

Figure 7 Fracture surface of the tensile testecpsssrwith and without hydrogen pre-charging. ackree surface
of reference sample without hydrogen charging. teracsurface of samples after b) 50 h, c) 150 H,§r800 h
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hydrogen charging. a2), b2), c2) and d2) are thkérimagnification details from the areas markethieyyellow
rectangles in al), b1), c1) and d1), respectivEhe blue dashed lines in al), b1l), c1) and dl)rdesthe transition
boundary between brittle and ductile fracture.

a) S
45
4
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3
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1 .
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0 10 20 30 40 50 60
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=~ Vacuum
-~ H_50h

-~ H _150h
= H 300h 4-meplommmmm=—=====""

Crack surface density [m/m?]

Figure 8 (a) The evolution of crack surface denaitglifferent charging conditions. The fracture gmsurface of
sample with 300 h pre-charged hydrogen (b) andowithydrogen charging (c).

Figure 9 shows the SEM image with the correspondiBgD characterizations of typical secondary
cracks on gauge surface after failure on the spatimith 300 h pre-charged hydrogen. The paths of
secondary surface cracks are in general perpeaditulthe global tensile direction. To investigtie
secondary cracks at a microstructural level, EB8&hsvas performed in the area highlighted in Figure
9a. It can be seen from Figure 9b that the secgratacks have been initiated at the grain bound el
propagated in an intergranular manner. No transdgaitype cracks can be detected. Figure 9c shiogvs t
Kernel Average Misorientation (KAM) map of the samaeea. This method calculates the average
misorientation from the surrounding points regagdthe scanned point, and this criterion is used to
evaluate the local deformation and local dislocatiensity of each scanned point. It can be seen tfhe
map that a higher KAM value is always found at grioundaries, implying that grain boundary is a
favored place for deformation concentration. Alooacked boundaries, the KAM value is not
significantly higher than the deformation-concetgtdaareas along non-cracked boundaries and the area
with higher KAM value is rather confined to the cka, suggesting a brittle cracking manner with tédi
plastic deformation mechanism. Figure 9d showsbtiendary map over the same area with high angle
grain boundaries (HAGBs, >15°), low angle grain tidaries (LAGBs, 2-15°) and twin boundaries. The
LAGBs appear at the places roughly the same agl¢f@rmation-concentrated areas revealed by the

KAM map, indicating a deformation-nature of the LB& An interesting feature is that most of the
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intergranular cracks are connected to some twimttaties. Most of the intersecting twins are meatedni
twins since they appear as thin bands. No cleagr#gncy can be found on the annealing twins.

Figure 9 a) SEM image showing surface cracks; bjIRBmap; ¢c) KAM map and d) boundary map with black
lines showing HAGB, blue lines showing LAGB and tiggts showing twin boundary. b)-d) are the sanea as
highlighted in a). The tensile direction is horitarfor all images.

4. Discussion
4.1 Hydrogen influence on the strength

The general hydrogen influence on the mechaniadbpeance of metallic materials is a decrease é th
ductility, referred as embrittlement effect. Howegwvilne hydrogen influence on the strength is nearcl
yet. Different studies have shown different effénotduding both hardeninf87, 38] and softenind39,

40]. But a common agreement has not been reached yet.

To estimate the effect of hydrogen on the stremdtthe material in the current study, true stressie
strain curves are needed. The solid curves in Eid0rare the calculated true stress - true straives
based on the conventional approach by assumingistastt gauge volume during tension until necking
happens i(e. when the geometrical softening is in equilibriunithwthe work hardening, as can be
estimated by the Considére criterion). From thé&dsolrves, a decreasing true stress is displayedlffo

13



three hydrogen-charged specimens, showing a “sofjdike” behavior. However, since the hydrogen-
induced crack formation on the gauge surface dugngion is detected (as shown in the video 2ithén
supplementary documents), which makes the estinatess-section area larger than the real case, the
assumption of “constant gauge volume” becomes iithaadd the conventional method of calculating true
stress becomes improper. As a result, the calcllatee stress values would be underestimated. To
improve the accuracy of the estimation, startimgrfthe definition of the “stress”, correct loadualand
correct area of the cross-section are needed. sunrgstion is thus made here: the ductile area on the
fracture surface indicates the area of the croseseat the maximum load, while the brittle areatioe
fracture surface has been developing before regcttie maximum load. Therefore, we totthke
maximum load divided bythe ductile fracture area as the true UTS value. By this method, the
calibrated true UTS values are shown as solid dietmdn Figure 10. Worthy of note, the true UTS ealu
of the hydrogen-free specimen from this method shg@aod agreement with the value from conventional
method {.e. the black diamond data point fits well with theximaum true stress value of the black solid
curve). However, the hydrogen-charged cases shghehtrue UTS values than the conventional curves.
The dashed curves are plotted to estimate thestrass in the intermediate stage. It needs to mehtre

that the method for calculating the true UTS valuthe current study does not consider the effébigh
triaxiality levels in the ligament induced by thecendary cracks. As a result, the obtained true UTS
values are overestimated than that for a smootiléebar having the same minimum cross-section area
[41]. Though these curves cannot correctly reftbet real true stress, they can be used to exphness t
continuous evolution of the values in this stagas€l on these curves, surprisingly, a hardenirmegtedf
hydrogen instead of softening is clearly observied same strain level. With the increasing hydregen
charging time (referring to a higher hydrogen cat)tethe hardening effect becomes more considerable
Recently, the effect of hydrogen on strength ha® dleen studied by fatigue crack growth testing
showing a hydrogen-restricted plasticity evolutid?], nanoindentation testing showing a hydrogen-
enhanced lattice friction [11] and micro-pillar cprassion test showing a hydrogen-increased sigss |
[43]. These studies as well as the current workvsacimilar hardening effect of hydrogen on diffare
metallic materials.
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Figure 10 True stress - true strain curves of spens with different amounts of pre-charged hydrogéw
diamond data points are the true UTS values.

It worth mentioning that the strain hardening betwaef the studied TWIP steel is an important fadto

its excellent mechanical properties (when hydrogeluiced secondary cracks are absent) and has been
intensely studied in literature.¢. [44]). The mechanisms during plastic deformatioohsas mechanical
twinning and dynamic strain aging can have a sulistaimpact on the plasticity evolution. However,
due to the secondary surface cracks in some hydrogerged cases such as the current work, the
suitable approach to evaluate the true stress dtalseen well established yet and thus a deep diggus

on this point might be controversial and inconsedjaé The authors have planned a quantitativeneefi
study on the real area of the cross-section dutiegdeformation of hydrogen-charged specimens by
using 3D tomography technique combined with fiitement modelling in determining the more

accurate stress response (and therefore refletttengorrect work hardening behavior), and this bél
realized in the near future.

4.2 Hydrogen induced fracture mode transition

The hydrogen contents after different pre-chargpegiods were measured by TDS tests and the
corresponding values are shown in Figure 6. Theaanation of hydrogen on the sample surfacean

be estimated based on the total dissolved hydrogetent according to the method proposed by Pontini
and Hermida [45] as follows:

(A)CM A

i R 2
Cs 7 \Dr (2)

wherew is the sample thickness,, is the total dissolved hydrogen content measuye@dS testst is
the hydrogen pre-charging time, abds the hydrogen diffusion coefficient at the chaggtemperature

of 80 °C. TheD value used in Eq. 2 was calculated as 4.38%1/s by setting diffusion activation
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energy as 30.4 kJ/mol [46] and diffusion coeffitigalue at room temperature as 5.24%¥16¢%/s [15].
The surface content after 50, 150, and 300 h pre-charging were caedlas 145.6, 151.3, and 152.7
wppm, respectively. These values were similar veiith other with a difference less than 5%. The
hydrogen concentratiofi(x, t) after different charging timeat the depth of can be further calculated

by using the Fick’s law-based “semi-infinite” modér]:

erf(u) = ifuexp(—uz) du (4
Vr Jo

where(, is the original hydrogen content dissolved in #pen as 0.02 wppm as shown in Figure 6.
Figure 11 shows the hydrogen concentration profifésr different pre-charging conditions with respe
to depth. The hydrogen concentration exhibits aeraible decrease immediately below the sample
surface, which is a common feature in FCC alloysnduelectrochemical hydrogen charging due to their
low hydrogen diffusivity [48]. The longer chargirigne yields a richer hydrogen content at the same
depth, and a deeper hydrogen penetration depthlsare obtained.

The brittle area after different pre-charging pdsican be measured from fractographies shown uré&ig
7 and the corresponding depths are marked as Watikal dashed lines in Figure 11. By comparirg th
critical hydrogen content at the ductile-to-britilansit boundary (see

Table 3), a common critical hydrogen content ofwg%m can be found for each charging condition as
the threshold value. This result means that tha betow sample surface charged by hydrogen to the

critical content (22 wppm) and above would caustldfracture upon further mechanical loading.

180
160 - —H_50h
140 - —H_150h
120 - — H_300h
100 -
80 -
60 -
40 -
20 -

0

22 wppm

Hydrogen content [wppm]

0 50 100 150 200
Distance from surface(um)

Figure 11 Hydrogen concentration profiles of sarapiéh different pre-charging time. The black dathees
indicate the depth of brittle fracture with corresding hydrogen content (from

Table 3).
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4.3 Hydrogen-assisted secondary crack during deftoom

As illustrated in the tensile videos attached ie gupplementary documents as well as the fracture
surfaces shown in Figure 7, no detectable interdaarfracture was observed on the specimen without
hydrogen pre-charging and the final fracture swfa@s pure ductile. As a contrast, the failurehef t
hydrogen charged specimens showed a mixture diebiittergranular fracture near the surface and
ductile transgranular dimples close to the centighomt any evidence of apparent necking before the
failure. This behavior has been commonly obseragdE studies on other FCC alloys [9, 49]. In aduditi

a large number of secondary cracks were observatieogauge surface of pre-charged samples during
tensile tests. EBSD analysis (Figure 9) shows these secondary cracks are pure intergranular. The
secondary cracks along both grain boundaries amdd@undaries were reported in the former studies |
50, 51]. However, in the current study, all craslexe along grain boundaries and no cracks along twi
boundaries were detected. This difference mightecémom different charging conditions and different
heat treatments.

To illustrate the microstructural features on selewy crack initiation and propagation paths, theral
grain boundary distribution on the pre-charged spens before test was statistically analyzed.
Additionally, the grain boundary types of the iatéd secondary cracks after 10% straining and after
fracture were also analyzed to investigate thekimgcpreferences. Figure 12 shows the results ef th
aforementioned analysis on the 300 h pre-chargedplsa The grain boundary distribution was
characterized by EBSD mapping on the gauge sudbadieree stages: before tensile test, at 10% strain
and after failure. Before tensile test (Figure 12a)l after failure (Figure 12c), more than 100 iogaf
grain boundaries and secondary cracks were measkoedhe stage of tensile till 10% strain, all the
initiated secondary cracks on the gauge surface alaracterized. Figure 12a-c show the SEM imafjes o
the three stages and Figure 12d-f illustrate thieesponding distribution of grain boundary as ecfiom

of misorientation angle.

As shown in Figure 12d, the initial microstructaantains 5.7% LAGBs and 94.3% HAGBs. Among the
HAGB, a large fraction was detected between therndstation angle of 40-45°. Figure 12e displays th
fraction of cracked grain boundaries after 10%istra slightly larger fraction (97.4%) of crackssHaeen
initiated at HAGBs, while only 2.6% of them has béeitiated at LAGBSs. In the fracture stage, 97.@P%6
the cracks have been propagating along HAGBs 8% 2f them have been propagating along LAGBS,
as shown in Figure 12f. Compared to the initialnmstructure, it is clear that the HAGBs are morenpr

to crack compared to LAGBs during the tensile lagdiThe similar statistically values from the 10%
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elongated specimen and the fractured specimenaitedibat during crack propagation, the initiateatks
have not been significantly deflected to other tgp&Bs in a global sense. The results demonsttaed
LAGBs exhibited better resistance to both crackation and propagation. No specific HAGB (regagdin
misorientation) can be determined as preferenti@cking sites, since they showed a similar
misorientation distribution as original microstuet. The observation of LAGB being crack
initiation/propagation resistant has also been gsed in pure Ni by Bechtle et al. [52], who fouhdtta
higher proportion of LAGB reduces the hydrogen-icelll intergranular embrittlement. This crack
resistant property of LAGB might come from their mamrdered structure, which leads to a lower local
hydrogen diffusivity and thus impedes the hydrogansportation and segregation [53]. As a reshit, t
formation of new vacancies and the reduction ofingtaoundary cohesive strength are minimized.
Another possible reason for the better crack rasitst of LAGBs is their higher boundary separation

energy [54], which makes these boundaries morsteggito fracture.
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Figure 12 SEM images of specimens after 300 h lgetr@re-charging at different strains: (a) beferesile test
with 0% elongation, (b) at 10% elongation, (c) aftacture at 31% elongation. Statistical analygisecondary
crack initiation and propagation: (d) the fractmfrtotal grain boundary types. the fraction of greoundary types
that (e) initiate cracks and (f) susceptible tackmaropagation. The black dotted line in (d), @@)d (f) are the
dividing line between LAGBs and HAGBs.

4.4 Mechanism of secondary intergranular cracking

It has been seen from the EBSD analysis that nfagteotypical secondary cracks are intersectindy wit
some mechanical twins (Figure 9). However, sineedtep size of the EBSD scan was relatively large,
some small-scale mechanical twins could not beectyr detected. To further investigate the intecect

between the deformation twins and the cracked bamies] ECClI was conducted near the cracked
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boundaries. Figure 13 shows the ECC images denadingfrthe initiated secondary cracks on the gauge
surface of specimen with 50 h pre-charged hydradftar 10% elongation. By tilting the specimen to an
optimized contrast condition, the matrix backgroundECC image appears as dark due to its low
backscattering yield. While dislocations appeamdiste contrast on the dark background due to the
interaction between dislocations and matrix surfacel the stacking faults appear as bright aretts avi
white straight line on one side, indicating thesiattion between the stacking fault planes andaneple
surface [55]. All the ECCI results show a cleaeigtanular crack manner as exhibited in Figure 1841
and cl. The formed cracks were along grain bouesgavith impinged thick deformation twinning bands
at a relative perpendicular angle (measured asamfi°98° in Figure 13a2 and b2, respectively). The
propagation of the crack with an increased operimgle can be detected at the intersections between
crack and deformation twinning bands as shown gguieé 13a2. Moreover, the intergranular crack
propagation was stopped when no further deformatiiming bands intersect with the grain boundary,
as shown in Figure 13b2 and c2. Figure 13b2 showtoppage of crack when the grain boundary
intersects only with stacking faults, and Figure28xhibits the grain boundary without initiatecaks
when only a small quantity of thin deformation twimwas intersected. This indicates that the grain
boundaries intersected with thick deformation twignbands act as the preferential sites for crack
initiation and propagation paths. In addition, theersection angle between deformation twinningdban
and grain boundary is also a decisive factor fer ¢hack initiation. As shown in Figure 13c1, paall
twinning bands intersecting with a curved grain fary at different angles. When the low intersect
angle (28°) was applied, no initiated cracks caddtected even at the triple junction of grain larres,
which was proposed to be more vulnerable to hydragsisted intergranular cracking due to the stress
concentration [56]. By contrast, cracks (Figurel)3gere observed when the intersection angle isecta
to a value that close to perpendicular angle. $ipally, a crack was detected at the high interseile
(76°) within the same system containing a samengnaundary and an even thinner deformation band
compared with the non-crack sites shown abovehEurtore, a local stress relief could be expecteah fr
the cracking event at the grain boundary - 76° mivig band intersection, which made the crackingheve

more difficult at the triple junction - 28° twinrgrband intersection.

The stress concentration together with the hydrogféect on grain boundaries intersecting with thick
deformation twins are the reasons for the cradiation and propagation. The deformation twin inelic
grain boundary failure has been demonstrated bly égperimental work [57] and molecular dynamics
simulation [58]. It proposed that high stress comegion, high dislocation density, and high ladtic
rotation would be developed at the grain boundaimésrsected with deformation twins due to the
incompatible plastic deformation. A recent study lshown that the stress concentration induced by
mechanical twinning intercepting with GBs is higtoagh to initiate the plastic deformation bothhie t
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original grain and in the neighboring grain [59]oMover, a thicker deformation twin results in ghtar

concentrated stress, leading to intergranular angchy nucleation of microcracks and coalescence of
voids. On the other hand, grain boundaries are knasvpreferential sites for hydrogen trapping and
segregation [60]. The large amount of segregatetiogen on the grain boundary would promote the
vacancies formation [61] and reduce the grain baundohesive energy [62], which further results in

intergranular failure.

grain boundary

10.pm

/‘\ crack.along

deformation dislocations
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Figure 13 ECC images showing the intergranularsgary cracks on the gauge surface of specimen5Qith pre-
charged hydrogen at 10% strain. The tensile doeds along horizontal direction for all images),d2), and c2)
show the areas highlighted by yellow rectanglesli) bl), and c1), respectively.

5. Conclusions

In this study, the susceptibility of HE on Fe-22/i6C TWIP steel was investigated by tensile testis w
in-situ SEM observation. The tests were performed on mamged specimen and on hydrogen pre-
charged specimens with different pre-charging {56 150, and 300 h). By further using TDS hydrogen
content measurement and post-mortem SEM, EBSD aB€I| Echaracterizations, the following

conclusions can be drawn:

1. The presence of hydrogen has detrimental effattsoth the tensile strength and fracture elongati
The fracture surface of the uncharged sample wes guctile with fully covered dimple structure. By
contrast, brittle intergranular fracture surfacesvedserved in the vicinity of sample surface onrbgdn
charged samples. Moreover, a longer charging teselts in a higher dissolved hydrogen content. The
different amounts of charged hydrogen showed amractatively effect on the mechanical property
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degradation and led to thicker brittle featuredetayA specific amount of hydrogen (22 wppm) was
determined as the threshold value for this ductiterittle transition.

2. During the tensile tests, the secondary crackgauge surface were detected only on the charged
specimens. All these cracks were nucleated on tthie ¢poundaries and propagated in an intergranular
manner. The amount and area occupation of secondaeks increased as the increasing of charging tim
and tensile elongation. By further statistical ga@l on the secondary cracks, it shows that the RAG

have a better resistance to crack initiation amgg@gation compared with the HAGBSs.

3. The grain boundaries that intersect with thiefodmation twins are the preferential crack initiat
sites and propagation paths. This is due to thesstconcentration at these intersecting points in
combination with the intrinsic hydrogen effect amig boundaries. The intersecting angle can infteen

the stress concentration and thus influence thekicrg behaviors.
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Highlights

Tensile deformation of H-charged TWIP sted was investigated viain-situ SEM imaging
H-induced surface cracks were systematically investigated via SEM techniques

An innovative approach was proposed for determining the true stress level

H was found to have a hardening effect on the TWIP steel

Thethreshold H concentration for ductile-to-brittle transition was determined by TDS
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