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ABSTRACT

A combined study of localized effects caused by hydrogenation and austenite stabi-
1lity-degree aspects in 3041, stainless steel was attempted. Localized events were
investigated by plastic zone examination where stress-strain gradients prevail.

On the other hand, gustenite gtability variations were included by tracking hydro-
gen influences at77 K and 2987K.

Due to the important role of hydrogen redistribution and release processes in acti-
vating phase transformation and microcracking, detailed approach was adopted,
regarding possible controlling parameters. Specifically, the interrelationship
between microstructural variables and hydrogen redistribution and release was
focused.

FElectrolytic charging was utilized on uniform and single edge notched (SEN) speci-
mens. The plastic zone was formed by open mode loading before and after hydrogena-
tion. Thermo-mechanical austenite stability, hydrogen induced martensitic trans-
formation studies and microstructural mapping of the plastic zone were performed
by x-ray diffraction and Mossbauer spectroscopy. Direct observations of hydrogen
bubbles formation were performed and analized in the plastic enclave as well as at

remote elastic regions.

Following the proposed experimental scheme, the overall view of dominating variables
and their interaction in hydrogenated austenitic steels are discussed. Additional-
ly few aspects related to cathodic charging parameters are further evaluated.
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INTRODUCTION
Hydrogen related effects, namely, plastic deformation, phase transformation and
microcracking are influenced by metallurgical, environmental, geometrical and me-

chanical field variables. Austenitic stainless steels happened to be representati-
ve systems where hydrogenation induces phase transitions. Occasionally the
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typical reaction of the form y»e'»>o' has been experienced, (Holzworth and Louthan,
1968: Burke and others, 1972; Mathias and others, 1978) vhere €' and o' are the he-
xagonal close-packed and the body-centered martensitic phases, respectively. Thus,
austenite stability degree appears to be an additional parameter, calling for fur-
ther research attention. Furthermore, if a stress-strain field is applied in such
hydrogenated alloys, austenite decomposition occurs in the M -My range by plastic
deformation and by internal hydrogen effects.

During the many years of extensive activity on hydrogen metal interactions and par-
ticularly topics related to hydrogen embrittlement, cathodic charging has been
applied almost by routine fashion (Troiano, 1960; Smialowski, 1962). In fact,elec-
trolytic charging was utilized in the current investigation with attempt to elabo-
rate specific parameters directly relevant to this hydrogen charging technique. How-
ever, the main purpose of the present investigation lies in the combined problem
of hydrogenation effects and austenite stability in frame of localized events stu-
dy. Discussion concerning the importance of reduced scale observation,down to the
microscale,has been already addressed elsewhere (Mathias and others, 1977). 1In
this respect, the current study is actually an extension of previous experimental
activities in a more detailed and refined approach.

Referring to hydrogen interactions in metastable austenite as occur in uniform and
SEN specimens (specifically at the plastic zone), two main arguments are conside-
red. Firstly, it is believed that only proper metallurgical definition of the plas-—
tic zone might promise progress in establishing the microstructural sensitivity to
hydrogen interactions. Secondly, detailed investigation of hydrogen redistribution
and release are in fact major issues, since these processes dominate and activate
phase transformations and microcracking in austenitic stainless steels.

In order to illustrate the complexity of processes involved at the vicinity of a
discontinuity, two different cases are described for identical electrolytic char-
ging conditions. In one case the plastic-zone may consist of deformed almost mono-
lithic y . However, in case of low stability degree the plastic zone is a micro-
multiphase structure, namely y+ €'+ a'. Moreover, even if the initial microstruc-
ture after deformation is carefully controlled at the vicinity of the crack tip,
hydrogen dynamic effects might alter it completely. This applies to plastic and
elastic regions. As pointed out in previous studies (Mathias ard others, 1977,
1078): austenitic steels as 304L, 316L and 310 result martensitic transformations
due to hydrogenation even in the absence of applied stress field.

All these mentioned parameters and particularly structural variables, need to be
accounted in the complex topics of hydrogen effects. Unfortunately very limited
amount of quantitative information is availahle in the literature along this expe-
rimental field.

Keeping in mind the mentioned objectives, 30LL was selected and uniform and SEN
specimens were included. Direct observations of hydrogen bubble formation at the
plastic and elastic regions were programmed with special attention to quantitative
analysis and hydrogen redistribution. Additionally, examinations with a clear dis-
tinction between hydrogenation prior and after open mode loading of SEN specimens
enabled further studies related to cathodic charging variables.

This proposed experimental scheme intended to crystallize a better physical view
on hydrogen effects. The inclusion of austenite stability among other controlling
parameters, might provide a more realistic description of possible hydrogen inter-
actions and events in austenitic stainless steels.
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EXPFRIMENTAL PROCEDURES

Uniform and single edge notched tensile specimens were prepared from as-received
ATST 304, stainless steel. The chemical composition is given in Table 1.

Table 1 Alloy Composition

Tlement C Cr Ni Mn Mo Si Fe

Wt-% 0.03 18.2 10.7 1.7 0.5 0.48 bal

Tn order to eliminate undesired cold-work influences, spark-erosion was utilized
for cutting and surfaces were electrolytically polished. Standard mechanical tests
were performed at 208% and T7°K. These included determinations of critical frac-
ture toughness parameters. Prior to hydrogenation, the thermal and thermo-mecha-
nical stability of the austenite Y - phase was studied, emphasizing the behaviour at
ambient and cryogenic temperatures.

Temperature selection of 298%K and TT9K intended to introduce the variation of sta-
bility degree. Moreover, the detailed investigation in terms of localized events
was achieved by plastic zones examination. The general scheme of the experimental
procedure is summarized in Figure 1. Notice that hydrogenation before and after
the developments of the plastic zone at constant strain rate was included.

o-ep 3 298°K o-€, 3 298°K
SEN —| for monophase P.Z. for monophase
A
specimen I
for | hydre ti uniform
> ycrogenation < specimen
localized .
|
studies ﬂ v \L
BN 77°K oep 3 77°K
for multiphase P.Z. for multiphase

Fig.l. Scheme of experimental procedures. The specifie arrows
indicate the order of the experimental stages.

Hydrogen was introduced at room temperature into specimens by cathodic charging at
a current density of 5 kAm—2. The electrolytic cell was provided with a platinum
anode and 1N H,SO) electrolyte. 250mg arsenite per liter solution was added in
order to delay hydrogen molecules formation.

Optical microscopy, X-ray diffractometry and M&ssbauer transmission spectroscopy
were applied. For the latter, a constant acceleration computerized spectrometer
was used, utilizing a 25mCi 57Co(Pd) source. Thin foils of appropriate thickness
(5:25um) for the M&ssbauer spectroscopy were prepared by electrolytic polishing.

X-ray diffractometry was mainly performed with the shallow penetrating CuKo radia-
tion in steels. A graphite-monochromator was used in order to eliminate high fluo-
rescence background. Radiations of higher penetrating power, namely CoKy and MoKg
were used for comperative studies. This spread of radiation sources provided addi-
tional information, regarding especially proper phase concentration measurements.
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To enable observation of effects which occur at very short time intervals after
cathodic charging (Mathias and others, 1977T: 1978), hydrogenated specimens were exa-
mined immediately after the charging termination. Here, X-ray diffractometry was
repeatedly applied and continuous microscopic observation was performed. Additional-
ly, the surface of hydrogenated specimen was covered with a glycerin layer. This
enabled unique observation and analysis of released hydrogen bubbles formaticn and
typical distributions. These observations were performed on specimens with applied
constant strain-rate at ambient and cryogenic temperatures before and after hydro-
genation, as shown in Fig.l.

EXPERIMENTAL RESULTS

Stress-strain curves for the selected material, are shown in Fig.2, As can be seen,
the mechanical properties are strongly temperature dependent. At TT°K the steel
revealed a considerably higher yield stress, strain hardening and fracture stress,
but lower strain to fracture, than at ambient temperature. These differences are
direct reflectionsof the thermo-mechanical instability of the austenitic y-phase.
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Fig.2. Fngineering stress-strain curves for 30LL stainless steel

As previously reported (Mathias and others 1977), the investigated 30LL stainless
steel showed high thermal stability, i.e. only monolithic y-phase was observed even
after immersion into liquid helium. External loading at 298°K resulted stable be-
haviour, and strain induced martensitic y»a' transformation occurred only at very
high plastic strain. Cryogenic plastic straining resulted the well known y-e'-a'
transformation sequence, when true plastic strains exceeded the value of 0.015.

Figure 3 illustrates typical results of the thermo-mechanical induced martensitic
phase transitions for 304L, SEN specimen strained at TTOK. Selected area x-ray
diffraction was utilized in order to scan the plastic zone region (PZ) which deve-
loped during loading at the notch vicinity. This procedure was essential for the
localized hydrogen effects, to be analized,

Figure 4 shows x-ray diffraction spectra for hydrogenated 304L stainless steel,
While mechanically induced phases formed without delay, the hydrogen induced changes
were time dependent. Especially, high-rate changes took place at very short times



Direct Observation at a Sharp Crack Tip Vicinity 453

after hydrogenation. As clearly indica-
ted in figure 4(a), every reflection peak

(@) ‘; of the y-phase was accompannied by a se-
S i cond peak designated y*. Repeated dif-
5..-:’_;“ g 2 =7 ;_"'g fractometer scanning through 26 angles

revealed that y* peaks moved continuously
with time, until their position coincided
with those of the original y-phase (Fig.
4d). Similar position changes where ob-
served for the reflection peaks designa-
ted e* (Figs. ba:d). Accordingly, it was
concluded that hydrogen induced v* and
e* phases are actually expanded versions
of the original Yand the martensitic e¢'-
T' phase respectively. Furthermore, it was
observed that unexpanded martensitic o'
Notch ) [ formed in a delayed manner during the lat-
| tice contractions y¥»>y and e*»>e'. At
n | the same time the total amount of e¥*+e'
% decreased (Fig.lkas:d).

e E;I

Quantitatively, x-ray spectra provided the
determination of y-products(volume or ato-
: mic fractions). In order to overcome dif-

‘ ) ficulties due to preferred orientation,

il : \ : volume fractions Cé of the phases é¢=a':
\ : f ‘ ) Y: €', were calculated by extending the
i ‘ : 5
X I . equation
Lo }-L e et L«-W v n I
80 70 60 50 40 c = k' [ Z¢ hkl, ¢ (1)
20 (deg) ) n V=l \p2
) T.p .LP

Fig.3. Selected area x-ray diffraction
at PZ of unhydrogenated 30LL SgN speci-
men. Straining temperature TT K.

of Dickson's (1969) x-ray analysis to
three phase materials, taking also reflec-
tion peak overlapping into account.

The factor K'was eliminated from Eq.l by using the relation Zcy=l. The unit volu-
mes V¢ were calculated from d-spacing measurements. For every phase ¢, the inte-
grated intensities Iy, b, the multlpllclty factors p, the Lorentz-polarisation
factors LP and the stricfure factors Fp were determined for all n, reflections
hkl of the scanned 26 region. Calculations of the structure factors were based
on the International Tables (1962; 19T4), taking into account all transition ele-
ments of Table 1 and the corresponding Debye-Waller factors.

Phase concentrations were also determined from M&ssbauer transmission spectra.With-
out entering into details of the quantitative procedure, some remarks are given.
For specimens strained at TT°K or hydrogenated at 298°K, the Mdssbauer spectra con-
sisted of a central single paramagnetic peak (y and e'-phases) and six ferromagne-
tic hyperfine split peaks (o'-phase). The fraction of atoms present in the y+ '
phases and the o' phase were determined from area ratios of the corresponding
M6ssbauer absorption peaks.

Quantitative results obtained for uniform specimens, are given in Fig.5. Both,
x-ray and MOssbauer data confirmed the sigmoidal shape of the o' phase. Typical
increase of €' up to 30% for 0.05 true plastic strain was obtained. Further
straining resulted monotonic decrease of ¢'

Regarding the plastic zone (Fig.3), phase concentrations are listed in Table 2.
As shown, the a'-phase and the e'-phase are differently distributed over the plastic

FAT E
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zone region. In fact, highest o'-phase concentration was detected near the notch,
where the plastic strains were largest. For different directions, the concentra-
tion of the a'-phase decreased with increasing distance from the notch. A relati-
vely low e'-phase concentration was obtained near the notch. However, near the
elastic/plastic boundary, mainly €'-phase was detected as y-decomposition product,
providing evidence that €' is really an intermediate phase.

Table 2. Volume Fractions C¢ of Plastic Deformation or Hydrogen Induced
Phases ¢=a'; y:€'.

Volume After plastic deformation. After
fraction | Mapping according to indicated regions of Fig. 3 hydrogenation
C¢ a b c da
Cyr 0.39 0.26 0.10 0.01 0.15
Cy 0.45 0.51 0.70 0.81 0.62
Cer 0.16 0.23 0.20 0.18 0.23

For comparison, Table 2 includes results for hydrogenated specimens. Notice that
a'- phase concentrations caused by normal hygrogenation resembled transformations
due to true plastic straining of 0.065 at 77 K (Fig.5).

Microscopic observation of hydrogenated glycerin-covered specimens revealed that
hydrogen evolved during several hours. Thus, hydrogen bubble dispersion micro-
graphs, taken at different times, provided quantitative information. The volume
V(ts) of hydrogen that emanated during time tg from the unit area of a selected site
was determined by

_ 1
v(ts) - BMs

Where; M - magnification factor,

with diameter D;(tg) at time tg.

niDz(ts) (2)

- selected area and nj - the number of bubbles

wn Hm™

In case of SEN specimens, straining at 2089K before hydrogenation indicated minor
influences on early gas release rates. However, prolonged hydrogen emanation at

PZ resulted significant preferential gas release. In fact, increase of about 30%
of total evolved hydrogen was measured at the PZ relative to the elastic region.
Straining at T7°K before hydrogenation showed similar behaviour, with one exeption,
namely; accelerated hydrogen release during early stages at PZ.

During straining at 298°K of precharged specimens, enhanced hydrogen bubbles for-
metion was observed. The effective area for the enhanced release matched complete-
ly the PZ while expanding as the latter increased to its final shape. Preferen-
tial release continued also after unloading. Figure 6a illustrates this behaviour.
Similar tendencies, but much more pronounced effects were obtained for precharged
SEN specimens strained at TT°K (Fig. 6b).

The effect of reloading was investigated at 298°K and TT7°K. Generally, reloading
resulted further increase of the preferential hydrogen emanation at the PZ. Figure
Ta illustrates specific experimental variation. Here continuous hydrogen release
from 2980K PZ (Fig.6a) was interrupted by cooling to T7°K and reloading at this
temperature. Drastic changes, that occurred in hydrogen release behaviour, could
not be attributed just to reloading effects. In fact, observations of continuous
release, reloading effects and temperature transition effects provided the basis
for proper comperative studies, Consequently, due to the intensified gas release
at TT°K PZ, fast hydrogen exhaustion of the PZ resulted, as clearly emphasized

in Fig. Tb,
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Fig.6. Hydrogen release from 2h hydrogenated 304, SFN specimens, stored
oh at 298°K and subsequently strained; (a) at 298°K with glycerin
cover and examined 25min later: (b) at TT°K and glycerin covered
after reheating to 298°K, examined 12min later.

Fractions n(ts) of hydrogen released from specific sites at the PZ relative to
that released outside the PZ, were calculated on the basis of Eq.2, and are given
in Teble 3. Actually, this table demonstrates the possibility of refined PZ map-
ping in terms of preferred gas release, which should be compared to the already

known plastic deformation induced martensitic phases formation as microstructural-
background (Fig.3; Table 2).

Table 3. Volume Fractions n(ts) of Hydrogen Released During Time ts at
Sites (730) of PZ Relative to Outside Regionms.

Distance Relative volume fractions n(ts) according to indicated Figures
Criiﬁmtip Fig. 6a Fig. 6b Fig. Ta Fig. Tb
r (mm) 0=0° 8=45° 0=0° g=ls® 0=0° 0=U5° 6=0°  @=h5°
0.3 2.7 2.9 3.3 3.7 5.8 6.5 0 0
0.5 2.3 2.7 2.4 4.0 bk 6.2 0 0
0.8 2.2 2.k 1.8 2.9 3T 543 0 0
1.0 2.1 2.2 1.7 1.8 3.2 L.6 0 0
1.5 1.9 2.1 1.3 1.5 2,0 L.3 0 0
2.0 1.9 2.2 1.5 1.k 2.6 3.5 0 0
3.0 1.8 2.4 1.k 1.6 2.4 3.0 0 0
k.o 1.5 1.7 1.2 1.k 2.2 2.5 0.6 0.k
6.0 1.2 1.k 1.1 1.2 2.1 1.8 0.8 0.8

Experimental results, as given for example in Tables 2 and 3 emphasize the role of
microstructure variations and y-stability in 3041 on hydrogen effects. Hydrogen
distribution and release processes are highly structurally sensitive. The reflec-
tion of these parameters, (as shown locally) on the sequential hydrogen effect, will
be discussed later on.
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—

Fig.7. Hydrogen release from 30LL SEN specimen shown in Fig,ba, reloaded at
TT°K (2h after first straining) and reheated to 2980K. (a) subsequently
glycerin covered and examined l1h later. (b) examined 18h after glycerin
cover was renewed.

DISCUSSION

Referring to the experimental results, few points need some further explanation.
Naturally the plastic zone size in specific material is controlled by the applied
stress intensity factor. For open mode loading and for 6=0; x = r, the plastic
zone size T, can be estimated by :

1 ( K1>2 (3)
r = — (—
p- o oy

Where; K. - the applied intensity factor in open mode loading, oy - the yield stress
of the nonhydrogenated or the hydrogenated material and a-constant dependent on

the stress-strain state. Although the present results demonstrate mainly the loca-
lized reduced scale observations, the formation of a measurable plastic-zone satis-
fied the experimental demands. However, the complete data can be formulated in
principle as a function of KI serving as an independent parameter.

As shown, electrolytic hydrogenation after the PZ development indicated that the
structure sensitivity of charging depends not only on austenite products due to

plastic deformation (in case of TT79K PZ), but also on dislocation density, as shown
%n caie of 298°k PZ. This finding confirms previous claims by Louthan and others
1972).

By analyzing the bubble dispersion vs. time, the role of the PZ 1is reflected mainly
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in higher levels of total hydrogen release, attributed also to deeper hydrogen pe-
netration. The latter point was concluded from short and long time observations

of 298°K PZ. As already mentioned, minor variations occured during the early sta-
ges, between the plastic enclaved and the elastic regions. Additionally, the elas-
tic/plastic boundary was not detected to be a preferential site, even not after
long time observations.

In case of plastic zone formation after hydrogenation, the sequential events are
summarized for a more lucid description. Deformation as such will cause accelera-
ted hvdrogen release as has been pointed out by Louthan and others (1972). However,
the initial y structure is preserved at ambient temperatures in the plastic zone,
after short time delay. Notice that hydrogen release and redistribution with the
absence of an external stress field induces delayed martensitic a' phase. On the
other hand, deformation at low temperature transforms the material at the crack tip
simultaneously. Thus, kind of superposition, or interactive nature of events will
occur, as demonstrated in case of T79K plastic zone. It has been the authors con-
sistent approach that actually autocatalytic processes take place after charging
termination. Hydrogen redistribution and release result transformations and micro-
cracking, while both play significant roles in affecting further hydrogen redistri-
bution and enhanced gas release.

Accordingly, kinetics arguments need to be added. If tgpg is the observation time,
t! 1is the delayed time for phase transformation and tg is the delaved time for
microcracking, than tob relative to Tt} and Ta must be considered. The typical
bubble distribution at %he vicinity of the crack tip for tgpg << Th;Ta is comple-
tely different than for t ,  >> ra;rg‘ Tn fact this behaviour was confirmed experi-
mentally, stressing clearly the kinetics aspects. Extended work including kinetics
formulation and analysis is beeing carried on and will be reported separately.

Referring back to two important delayed events i.e. phase transformation and micro-
cracking. Louthan and others (1972) utilized uniform specimen and monitored tri-
tium release during uniaxial tension tests. TFnhanced release was obtained in the
plastic region and high peak at the fracture stage. Detailed observations in

terms of hydrogen release near microcracks in hydrogenated specimens has been repor-
ted also by Katz and others (1977). Although the mentioned studies deal with rele-
vant events, the role of structural parameters in stainless steels is far more in-
volved.

The experimental programme included a wide range of t, S,but the present experi-
mental results emphasize examinations at tobs” tﬁ:ta. %his examnle was selected,
since it demonstrates the main issues in more general fashion. Consequently, under
the mentioned circumstances comparison between 208°K and TT7°K plastic zones reflects
influences with origins related to the initial microstructure and hydrogen related
effects.

The stage of transition as shown in Fig.T7a is particularly striking. The reloading
at T7°K provided a sharp discontinuity in the gas release characteristics, indica-
ting the structural sensitivity of hydrogen dispersion and release.

Tor the sake of a more complete picture, complementary information regarding frac-
ture behaviour of 30LL was recentlylobtained from parallel studies. The criti%al
stress intensity factor of 130 MPa m?was measured at 779K, compared to 85 MPa m2

at 2980K. On the microscale, fractographic findings indicated that generally the
ductile high energy mode still dominates at low temperature. Relative to the typi-
cal fracture mode at 298°K, some differences could be observed at low temperature,
in terms of alternative fracture modes, mainly related to interphase decohesion.
Clearly, the problem of microcracking or pre-microcracking, and therefore limita-

tions due to variables isolation are recognized as major discussion points.
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However, even by taking into account microcracking effects, the important role of
plastic strain induced phases in hydrogen processes could not be masked. This
conclusion is mainly based on detailed comparison between spatial distribution of
the gas release and microstructure mapping illustrated for example in Table 3 and
Figs.6 and 7. Further evidence supporting the structural sensitivity factor can be
seen from data obtained at room temperature with applied loading and reloading.

At this stage comparison between Fig.fa and Ta can be more understandable. Actual-
ly in both cases the PZ contained induced martensitic phases. The PZ obtained
at room temperature is bounded in terms of o'-phase level. On the other hand,phase
concentration for the TT°K PZ is much higher as shown in Table 2. Consequently,
volume fractions n(ts) of hydrogen release can be rationalized by the incorporation
of a'-phase variations and by including carefully kinetics factors. In addition

to the indicated tendencies, quantitative data provides proper basis for fundamen-
tal analysis.

As indicated, metallurgical parameters (austenite stability degree) and stress-
strain field variables (plastic zone) are influencing hydrogen phenomena in stain-
less steel. Clearly, other secondary variables affecting y decomposition and the
plastic enclave might control local processes. Generally, proposed models have

to recognize the involved physical situation. In this respect, the current contri-
bution intends to add its share and assistance in building sound foundations along
the mentioned research field.

CONCLUSIONS

1. Plastic zones can be microstructurally mapped and hydrogen effects can be trac-
ked following the current proposed techniques. Consequently further investigation
of the complex structural parameters becomes possible.

2. Comparison between 298°K and 77°K plastic zones in hydrogenated SEN specimens
of 30LI, shows remarkable increase in hydrogen release rate. These variations are
attributed to the induced martensitic phase transformations.

3. Hydrogen release and redistribution which locally activate phase transformations
and microcracking are very structural sensitive in 30LT, stainless steel.

4. Austenite stability aspects should be defined and included in hydrogen-stain-
less steel interactions, for proper kinetics analysis and more complete view on
controlling variables,

5. Deeper hydrogen penetration results at plastically deformed regions in hydroge-
nated 304LL. Thus, cathodic charging depends on fine microstructure variables like
dislocation density.

6. Generally, the elastic-plastic boundary is not dominating as preferential site
of hydrogen uptake or release in 304L stainless steel.
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