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Hydrogen-inducing nanovoids in thin crystals of
310 stainless steel

Q. Z. CHEN, G. H. ZHOU, Y. Z. HUANG, W. Y. CHU
Department of Materials Physics, University of Science and Technology Beijing,
Beijing 100083, China

Hydrogen-inducing nanovoids in hydrogenated 310 stainless steel was investigated by in
situ tension in TEM. It was found experimentally that hydrogen-induced cracking happened
through nanovoid nucleation and then quasi-cleavage along {11 1} planes when C4 is high.
Otherwise, in the case of low Cy, hydrogen-enhanced ductile fracture through
hydrogen-induced microvoid nucleation, growth and connection. A new model was
proposed based on the present experiments. Dislocations breakaway from defect
atmospheres and move away from the DFZ, leaving vacancy and hydrogen clusters along
{111} planes. Hydrogen tends to combine with vacancy clusters and initiate nanovoids
along {111} planes. Dense nanovoids connect each other, resulting in brittle cracking.
Scattered nanovoids grow into microvoids or even macrovoids, leading to ductile fracture.
© 1998 Kluwer Academic Publishers

1. Introduction different mechanisms of HIC when hydrogen concen-
Many experiments [1-5] have shown that hydrogen4rations are varied.
induced cracking (HIC) in intermediate- and low- Obviously, the vacancy-hydrogen interactions can be
strength steels involved the mechanism of hydrogenuseful for interpretation of HIC. Chest al.[15] found
enhancing voids. There are two views on hydrogenthat dislocation-free zones (DFZs) played an impor-
promoting voids. Thompsoet al.[6—8] suggested that tant role in failure. They are beneficial to nanocrack
hydrogen-promoted void growth and interlinkage, butnucleation. The highly concentrated stresses induced
it had almost no effect on void nucleation. On the othersupersaturation of vacancies in DFZs, where the diffu-
hand, Kwon and Asaro [9] concluded that hydrogension and enrichment of vacancies initiated nanovoids.
enhanced void nucleation at average-sized carbide pafhe calculation by Bockris and Subramanyam [16] in-
ticles by reducing the critical interfacial strength. How- dicates that a high-stress concentration enriches hydro-
ever some experiments indicate that second phases mggn in the precharged specimen. Recent theoretical and
not be essential for initiation of voids [10, 11]. Lee and experimentalwork[17, 18] has predicted and confirmed
Bernstein [3] found that hydrogen-enhanced void nuthat the vacancy-interstitial interactions can lead to the
cleation along the characteristic slip bands. The preseriormation of much higher vacancy concentrations in
investigation is aimed at how hydrogen promotes voidsnetals than are observed in the interstitial-free mate-
that induce HIC in 310 stainless steel. rials. The other objective of this paper is to propose
HIC could occur in hydrogenated stable austenitica model of void initiation by cooperation of hydrogen
stainless steel [5, 13-14], which had no relation withand vacancies in highly concentrated stress fields.
martensitic transformation [12-13]. Macro experi-
ments on stable stainless steels show that hydrogen
enhanced ductile failure by promoting voids when hy-2. Experimental procedures
drogen concentratio@y was low and applied stress Stable austenitic stainless steel of type 310 was used,
strength factoiK s, was high, resulting in dimple frac- considering that not only could HIC happen without
ture [12]. Otherwise hydrogen-induced brittle failure involving e-martensite in it [12—13], but also the diffu-
when Cy was high andK,, was low, resulting in  sion coefficient of hydroge®y is quite small (about
quasi-cleavage fracture [12]. The microvoids (or mi-10~1? cn?/s) [19]. Therefore, hydrogen can stay in this
crocracks) that were observed in the above-mentionetype of thin foil for a longer time than in ferritic steels
macro-investigations, even in TEM observations [5],(Dy is about 10° cn?/s [19]). The testing time must
were developed quite away from the earliest initiationbe so short that there is sufficient hydrogen to initi-
stage and might not exactly reflect their initiation mech-ate cracking in thin foils durin@n situ elongation. The
anism. One objective of the present investigation is tovariation of hydrogen concentration with testing time
observe, byn situtension in TEM, the effect of hydro- is estimated in Appendix A.
gen on nanovoid nucleation while elongating thin foils The composition of the present 310 stainless steel,
of hydrogen-charged 310 stainless steel, as well as thibe heat treatments and the polishing solutions are the
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same as those in the earlier work [15]. TEM foils were
prepared from a strip of 0.2 mm. First, the sheet was
thinned to about 5@&m by chemical polishing. Then,
the specimens were cathodically charged at room tem
perature for at least 50 h in a 0.5 M,80O, solu-
tion containing 250 mg A3 per liter. A platinum
counter electrode and a current density of 0.5 Alcm
were used. The hydrogen concentration was measure
by degassing at 100, to be more than 200 ppm. Fi-
nally, the precharged specimens were electropolishec
In situ elongation was performed in JEM 100-CX im-
mediately after hydrogenating and electropolishing.
The presenin situ observation was carried under
constant displacement for the following reasons. First,
the details of initiation could be caught under such arel-
atively stable condition. Second, the applied-stregs
can be smaller than the yield-stregswhen constant
displacement was kept, and HIC can be observed.
The ductile cracking of the hydrogen-free specimen,
which was prepared by ion milling, was observed first
under constant displacement so as to compare it witl
that of the hydrogenated specimen.

3. Results
3.1. Crack initiation in the hydrogen-free
specimen

Cracking took place when a region was loaded suf-
ficiently. When keeping constant displacement for a
while, the main crack stopped propagating, and no de:
formation was observed in the whole specimen except

in the zone ahead of the crack tip. This indicated thaFigure 1 The microvoid formation under constant displacement in the

the macro-applied stresg, had been smaller than the hydrogen-free specimen. B®0 11,9 =200.
yield-stressyy. In the zone ahead of the crack tip, how-
ever, cracking was still developing slowly, as shown i
Fig. 1. The voids developed slowly [it took about 30 m
from Fig. lato c], as in the case of creeping where vei &
cancies played an important role. In the zone AB, ni
dislocation was observed by tilting the specimen extery
sively. Two factors may be responsible for DFZs. First @)‘
mechanical equilibrium needs such a DFZ to exist[15
Second, a dislocation may not be supported in such
sample thickness [10]. LT
In Fig. 2, the effect of vacancies on void formation
was more obvious when constant displacement we &
kept for along time. Two nanovoids formed very slowly =
just ahead of the crack tip, as arrowed in Fig. 2b an (c
c. Itis vacancies that initiated the two nanovoids. Chen
et al. ascribed this phenomenon to vacancy supersat
ration induced by stress concentration inthe DFZ ahead ¢ 1 1,4 = 200.
of the crack tip [15]. Itis imaginable that hydrogen will
enhance the nucleation of nanovoids and stabilize them
in hydrogenated specimens.

(b

Figure 2 Two nanovoids formed just ahead of the crack tip after keeping
Wonstant displacement for along time in the hydrogen-free specimen. BD

3.2. Crack initiation in the hydrogenated
specimen with high Cy
Fig. 3 shows the HIC procedure within the first five

marked after loading. The bright specked contrastis not
voids because they did not show the expected contrast
variation as the objective focus was changed from under
to over focus. Thn situelongation indicated that these
bright specks formed after the foil was loaded. Since
the exact loaded position was not recognized before ob-

min when the hydrogen concentration is not less tharserving the pockmarking phenomenon, itheitucom-

100 ppm, according to Appendix A. There are two

parison between before and after tension could not be

salient phenomena different from the cracking in therealized. Hence the formation procedure of the bright
hydrogen-free specimen. First, the foil became pockspecks was not grasped. In addition, they developed
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Figure 4 Brittle cracking took place in the heavily hydrogenated speci-
men wherCy was high. BD~111,g=220.

is smaller than the yield stress, the fracture is brittle.
Otherwise, the fracture is ductile. In Fig. 3, the microc-
racks formed under lower stresses than the yield stress,
with the assistance of hydrogen. They could also prop-
agate under similar stresses, instead of blunting into
voids that is a plastic procedure driven by the yield
stress.

The foil normal is near [111], which is also the
approximate beam direction of Fig. 3 with operating
vectorg=[2 2 0]. By trace-analyzing Fig. 3c, the di-
Figur_e 3 Cleavage cracl.<ing took place in the heavily hydrogenatedrectionab is consistent with the cross line J01] be-
specimen whe@y was high. BD~ 111,g=220. tween plane (11) and (111), anetd with the cross

line [110] between planel(1 1) and (11 1). This fact
too quickly to take photos wheBy was high. It is  indicates that, at least in 310 stainless steel with high
conceivable that smaCy will slow down this devel- ~C, HIC develops through alternative cleavage of two
opment appreciably, (see Fig. 5). Tihesituinspection  different{1 1 1} planes, which results in quasi-cleavage
indicated that local breakage of the surfaces, which ledfactographic morphology. The Burgers vector of the
to local thinning of the specimen, is responsible fordlsloca'{lons_at the top of the figures was determined
these bright speckles. The breakage might be causdfl be=3[101]. These dislocations were bowing to the
by the inner nanovoids near the surfaces. The similaf10ving direction. Referencing to the triangle of three
procedure also happened in hydrogen-free specimerid 10 on (111) plane, it can be seen from Fig. 3c that
if only saturated vacancies could initiate nanovoids. Inthese dislocations are roughly screw.
this case, the distribution of light spots is certainly much _ Fig- 4 demonstrates the cracking that happened after
sparser than that in the hydrogenated specimen [Fig. 2fi9- 3. The HIC was also brittle. However no obvious
Second, the cracking was brittle. By inspection, it cancrystallographic cleavage was observed. By inspection,
be seen from length AB in Fig. 3a and length BC in 3cit can be seen that there are the traces of crack DE in
thatthe directions of microcrack propagationaband ~ Fig. 48, as marked with *abcdef”. That is to say crack
cd. The crack propagated along the two directions al2F in Fig. 4b developed from some bright spots in
ternately, leading to quasi-cleavage fractographic morfi9- 48, which were frail positions of cracking.
phology (e.qg. length AB). During the propagation from
Fig. 3cto Fig. 3d, microcracks (i.e., AB and CD) did not
blunt into voids, which is the important nature of brit- 3.3. Crack initiation in the hydrogenated
tle cracking. The previous work [15, 20] showed that specimen with low Cy
the behavior of microcracks after their nucleation wasAs mentioned above, the development of light spots
principally different between ductile and brittle frac- could be caught whe@y was reduced during the elon-
tures. Microcracks blunted into voids, resulting in duc-gation of the specimen in TEM. The cracking shown in
tile propagation. Otherwise microcracks cleaved con¥ig. 5 happened after loading the same specimen again
tinuously, leading to brittle propagation. Cottrell [21] and keeping constant displacement, or no further de-
pointed that the growth of microcracks after their nu-velopment was observed. Comparing Fig. 5a with 5d,
cleation was a critical stage between ductile and brittlét can be seen that the originally clean area ABC was
fracture. If the stress for the growth of microcracks spotted with some light spots. A vo&was forming in
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The ratioCy(0)/Cyo Was estimated to be 1bin
the DFZs ahead of a loaded crack tip, a ratio which
corresponds to the concentration of the supersatura-
tion vacancies under high temperature of 800-9D0
in absence of the stress concentration [15]. Using the
similar estimationCy(o)/Cho is evaluated to be 37
whenVy = 107® m®/mol[23] (no value ofV4 is avail-
able iny-Fe, so the magnitude order Wf; in a-Fe is
adopted here}y, = 9x 10° N/m?in the DFZ [24] and
T = 300 K. In the case of large hydrogen concentra-
tions, more superabundant vacancies would form near
the crack tip [17, 18]. The highly supersaturated vacan-
cies tend to form clusters and even nanovoids. At the
3 By 4 sametime, the heavily supersaturated hydrogenis liable
) P —Sam to combine with vacancy clusters or unstable voids, and
hence to initiate nanovoids. The critical size of a stable
voidr is given by [15]

e
It

Figure 5 Hydrogen-enhanced ductile cracking through nanovoid nucle-
ating, growing into microvoids and connecting with each other wlhgn
was low. BD~111,g=220.

302,

re = [8r] [4oyy + %} (3)
Fig. 5b, and it connected with the main crack in Fig. 5c,
resulting in the dimple morphology on the crack edge . .
in Fig. 5d. After keeping constant displacement for awhereI" is the true surface energy of the material
long time (e.g. more than 30 m), there was insufficien@nd E is Young's module. Choosing = 2 J/n?[25],
hydrogen to cause much of the effect, and the failure?yy = 9 x 10° N/m? in the DFZ [24], it was obtained
procedure was very similar to that of the hydrogen-fre¢hatrc~ 0.5 nm [15]. This result indicates that heavy
specimen. concentration of tensile stress largely reduces the criti-

Finally, two points should be emphasized. First, thecal size of void nucleation. o

before tension because no bubble was observed befo¥®id rc(H) is given by
tension, and the cracking demonstrated hydrogen-free
characteristics after the hydrogenated foil was placed 3(0 ¥ pu )2 -1
in the air for long enough time before tension. This r(H) = [8'(H)] [4(0yy + Pr,) + #}
result agrees with others’ work [12]. Second, what is
investigated in the present paper is nanovoids that were (4)
induced by vacancies and hydrogen without involvingwhereI'(H) < I'. Equation 4 indicates clearly that hy-
plastic deformation. Their role in fracture is naturally drogen further reduces the minimum size of nanovoid
different from that of the voids (or microvoids), a role nucleation.I'(H) is estimated as follows: Adopting a
that was discussed by many works [5, 11], where void$imple coordination model and considering the nearest
were produced by plastic deformation. The presencénteraction, atomic binding energ?yb:Z(%), wheregp
of the nanovoids increases brittle tendency. The miis the bond energy that is shared by a pair of closest
crovoids, however, enhance ductility. atoms, and is the coordination number. Some of the
coordination bonds are broken so as to produce two sur-
faces. Supposing thag coordination bonds are broken
to form a surface atom and interatomic spacing is
in the surface, it is obtained thatl' = zo(% = % Ep.

Both of the equilibrium concentrations of vacancies and> noe, L Ep, AT/I'=AEy/Ep. Hsiao and Chu

o . 26] obtained experimentally that atomic binding en-
hydrogen will increase with the local stress concentra: 0 0
tion ayy, as given in [22, 16] ergy Ep, was reduced 5% by 1% (atom) hydrogen.

Hence,|AT'/T'| is estimated to be almost 100% when
. Cu(o)/Cho =37 in the DFZCyo= 100 ppm and then
_ oyyb Cu(o) =21% (atom). Thereforeg became almost zero
Cv(0) =Cvo exp< KT ) (1) i the case of saturated hydrogen. The instant impres-
sion is that the reduction seems absolutely absurd. But

4. Discussion
4.1. Hydrogen-induced nanovoids

and subsequent thinking indicates it has some plausability.
Hydrogen atoms combine to form molecular hydrogen

Vaon as soon as they enter the vacancy clusters or unstable
Cu(o) = Cho exp< RT > (2) nanovoids. The reaction is irreversible. Hence, no mat-

ter how small they are, nanovoids will become stable if
only there is molecular hydrogen in them. In principle,
whereVy is the partial mole volume of hydrogen in the the critical size of a stable void could be reduced toH

alloy, andoy, = %(axx + oyy + 022). volume. In a word, highly saturated hydrogen strongly
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reduces the critical size of a stable vaid though  (111) are not the most suitably orientated planes. The
the amazing reduction is clearly over-estimated. Thergressing situation of interstitial hydrogen atoms can
are several factors responsible for the over estimatiorpe relaxed by defects, such as vacancies and disloca-
Firstly and mainly, the result—that atomic binding en- tions. Our first thoughts are that hydrogen tends to com-
ergy E, was reduced 5% by 1% (atom) hydrogen—washine with vacancy clusters that are produced randomly
obtained according to line extrapolation, which mightin highly concentrated stress fields so as to initiate
be over-evaluated. Secondly, the magnitude orde,of nanovoids. This model, however, cannot explain Fig. 3
in a-Fe was adopted. Thirdly, the derivation of Equa-either.

tion 3 [15] does not fit such a small nanovoid. Foravery |t is well known that in the equilibrium distribution
small volume medium, the concepts of surface energyibout an edge dislocation, there is an increased con-

and volume energy are ambiguous. centration of vacancies but a decreased concentration
pH, is evaluated as follow. According to Arrhenius of interstitials in the region of compression; the oppo-
equation, it is obtained that site holds for the region of tension [28]. When a slip

system s activated by the applied force, the correspond-
AHN 1 ing dislocations break away from the point-defect at-

INCq =1n A(sz)l/2 — <?>? (5) mospheres (including core drags) and glide along the

{111 planes, leaving the defect clusters along the
{111} planes. The vacancy clusters and hydrogen clus-
In 18-8 stainless steel [27], it was determined thatters tend to combine to produce stable nanovoids along
INA=1.314 andAH/R= 3669 (the units ofCy; and the{111} planes. Thus linkage betwe¢hl 1} planes

pu, are 10°3 cm?/100 g and mmHg respectively). Sup- is weakened by these nanovoids.

posing T=300 K andCy = 3700 ppm= 4.144 x 1P SinceCy andCy are both high enough in the DFZ

(x 1073 cm®/100 g), we obtainpy, ~ 157 mmHg= ahead of a loaded crack, the nanovoids are very dense.
2 x 10* N/m?2, which is much smaller than the stress When the apparent, i.e., average, stress on the honey-
9 x 10° N/m? in the DFZ althoughpy, has been, in comblike plane is low, the real stresses on the link-
fact, over-evaluated becauSg should have been a hy- age parts can be up to cohesive strength. Hence the
drogen concentration in perfect lattice rather than théesidual atomic bonds between tfiel 1} planes can
apparent value. In a word, hydrogen pressure, even direak under low apparent applied force. i.e., cleav-
so highly saturated hydrogen, will not cause much ofage happens. In addition, in the case of low applied
the effect on nanovoid nucleation. force, only one or two slip systems are activated. Thus

The above estimation suggested that hydrogen rethe density of nanovoids on each activatéd 1 slip
duced the critical size of the stable nanovoid mainlyplane is larger than in the case of multislipping (duc-
through decreasing the surface energy rather than itle behavior). This factor further increases the brittle
creasing the hydrogen pressure. tendency described above. Therefore the teleav-

In summary, vacancies and hydrogen atoms migratége which means the break of atomic bonds, is not
to the region of sufficiently concentrated tensile stressestrictly used here because the present cracking involves
ahead of the cracktip, resulting in superabundant vacariranovoids unlike the cleavage of intrinsically brittle
cies and hydrogen there. These supersaturated vacamaterials.
cies tend to form an amount of vacancy clusters which With the releasing of hydrogen, fewer and fewer
combine with hydrogen and become stable to form &hanovoids form. Hence greater and greater force is
lot of nanovoids randomly near the crak tip. The burstneeded to break the linkage parts betwgérl 1)
of nanovoids at the foil surfaces results in the specke@lanes. Of course, the real strength of breaking resid-
morphology. ual atomic bonds does not change. The greater applied

force will cause multislipping, which further reduces

the average density of nanovoids along e&th 1}

plane and blunt microcracks into microvoids. Therefore
4.2. Hydrogen-induced cracking the microvoids can grow largely before they meet each
Undoubtedly, hydrogen concentrationis the critical fac-other. The coarse voids, together with the multislipping,
tor of HIC in stainless steels. The present work showedesulted in the dimple fractography of ductile fracture
that a sufficiently high concentration of hydrogen in- (Fig. 5). In the case of hydrogen-enhanced ductile fail-
duced cleavage on a nano-scale, which correspondge, the mechanism of randomly distributed nanovoids
to quasi-cleavage on a macro scale. And low hydroshould also operate.
gen concentration enhanced ductile cracking. The aim In summary, vacancy clusters and hydrogen atom
of this section is to discuss the micromechanism ofclusters are left alongl 1 1} planes when the corre-
hydrogen-inducing cleavage alodgj1 1} planes and sponding slip systems are activated. Vacancy clusters
that of hydrogen-enhancing ductile fracture. and hydrogen atoms tend to combine with each other

No obvious reason can be conceived why hydrogemo form stable nanovoids. Whée2y, is high and applied
atoms tend to distribute alor{d 1 1} planes in the per- force is low, very dense nanovoids are produced, and
fect and stress-free structure. The cleavage microcrackhen HIC takes place alond 1 1} planes. Otherwise,
can be initiated by applied stresses along suitably oriin the case of lowCy and high applied stresses, sparse
entated crystal planes. However, this view cannot exnanovoids nucleate and grow into microvoids. The con-
plain the fact demonstrated in Fig. 3, whetdl(l) and  nection between microvoids results in ductile fracture.
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Figure A1 Gy(x, t)/Cop curves of different sample thicknesses for different lengths of time.

5. Conclusions Appendix A

1. The effect of hydrogen on cracking can be inves-Suppose the thickness of the thin foil is a constant

tigated successfully in stable austenite stainless steend the original hydrogen concentratién = Cy. The

that are hydrogenated heavily. x-axis is along the foil normal, and its origin is fixed
2. WhenCy is high, HIC happens through nanovoid at the mid-thickness of the specimen. The solution of

nucleation and then cleavage alofigl 1} planes. In  Fick’s second law that satisfy the initial condition

the case of lowCy, hydrogen enhances ductile frac-

ture through hydrogen-induced microvoid nucleation, |

growth and connection. Co <|X| = _>
3. The model for HIC is proposed in the paper. Va- Cu(x,0) =

cancies and hydrogen atoms migrate to the region of 0 <|x| > |_>

tensile stress concentration ahead of the crack tip, re- 2

sulting in supersaturated vacancies and hydrogen there.
First, these supersaturated vacancies tend to form da
amount of vacancy clusters that combine with hydro-

gen and become stable nanovoids randomly near the Co X+ '5 X — Ii
crack tip. Second, dislocations break away from defect Clx 1) = 3 erf 172 | — f 1/2

. 2(Dt) 2(Dt)
atmospheres and move away from the DFZ, leaving va-
cancy and hydrogen clusters alofigl 1} planes. Hy- (A1)

drogen tends to combine with vacancy clusters and ini-

tiate nanovoids alon@l 1 1} planes. Dense nanovoids Figure A1 showsC(x, t)/Cy after 5, 10, 30 and 60 m,
connect each other alofgy 1 1} planes before growing, wherel equals 80, 100, 150, 200, 250 and 300 nm.
resulting in brittle cracking. Scattered nanovoids growSupposéC, = 200 ppm, it can be seen thag; is about
into microvoids through plastic relaxation, leading to 25 ppm in the specimen with thickness of 20@50 nm
ductile fracture. after 1 h. Experimentally, the hydrogen concentration
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was measured, by degassing at 100(to be more than
200 ppm after cathodically charging for 50 h. It reduced
to about 50 ppm after observation in TEM for 60 m. The %
difference between the experimental measure and thg,
theoretical estimation is mainly due to many hydrogen ;.
traps in the specimen.

For the specimen in this paper, its thickness wag?2.
about 200 nm by convergent-beam-electron-diffraction1
(CBED), and the original hydrogen concentration was;,
about 200 ppm. According to Equation A1, the hydro-
gen concentration should have reduced to about 60 ppms.
Considering hydrogen traps, however, it can be kept to
100 ppm. 16.
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