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Hydrogen effects on phase transformations
in austenitic stainless steels

P. ROZENAK™*, L. ZEVIN*T, D. ELIEZER*
*Materials Engineering Department and T Applied Research Institute,
Ben-Gurion University of the Negev, Beer Sheva, Israe/

The effects of hydrogen and stress (strain) on the phase transitions of a variety of
stainless steels {316, 321, 347) were investigated. Hydrogen was introduced by severe
cathodic charging at room temperature. X-ray diffraction was employed to reveal the
transformations occurring in thin surface layers. After charging expanded € phase is
always present. o’ martensite content increases during ageing and the final content
depends on the stability of the austenite. The broadening of diffraction peaks of austenite
after cathodic charging is caused by nonuniform distribution of hydrogen. The state of
hydrogen distribution in the steel and the relationship between internal stresses, surface

cracking and phase transition is discussed.

1. Introduction
An austenitic stainless steel such as an Fe—Ni—Cr
is known to transform into € (hcp) and & (bcc)
martensites during plastic deformation below the
M, temperatures (where My is the temperature at
which 50% austenite has transformed to marten-
site during a tensile test at a true strain of 0.3).
Because of the formation of the two types of
martensites there has been a great deal of argu-
ment concerning the transformation sequence, i.e.
whether the o martensite form directly from the
v (fcc) phase or not. A detailed review and dis-
cussions on this is given by Nishiyama [1].
Hydrogen induced martensite phase transfor-
mation in austenite stainless steels have been
extensively studied with respect to the relative
stability of the austenitic phase. The effect of
hydrogen on the y-phase stability is that hydrogen
decreases the vy-phase stability and may induce
transformation of the y phase to o andfor €
martensite [2—8]. While austenite instability
resulting from cathodic charging is generally
agreed upon, the nature of the different phases,
the sequence in which they appear and the kinetics
of the processes are not well established. An
understanding of the influence of hydrogen on the
stability of austenite relative to a martensitic trans-
formation is basic to an understanding of the
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mechanism of hydrogen embrittlement, and in
view of the apparent contradiction in the available
evidence, attempts to clarify this issue has been
made by observations of hydrogen induced trans-
formation in 316, 321 and 347 austenitic stainless
steels.

In the present study we will examine the effects
of hydrogen and the internal stresses on the phase
transitions of a variety of stainless steels (316, 321,
347). The state of hydrogen distribution in the
steel and the relationship between internal stresses,
surface cracking and phase transition is discussed.

2. Experimental procedure

The studies were carried out on 316, 321 and 347
type austenitic stainless steels. The steels were of
commercial grade, of composition shown in Table
I, and were received in the form of sheets 0.1 mm
thick. All of the samples used in these experiments
were solution annealed for 1 h at 1100°C and then
water quenched. Two austenitic grain sizes,
ASTM-11 for 316 and ASTM-13 for 321 and 347
type stainless steels were obtained by varying
austenizing time. The hydrogen charging was
performed at room temperature in 1N H,S0,
solution with 0.25g1™! of NaAsO, added as a
hydrogen recombination poison. A platinum
counter electrode and a current density of SOmA
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TABLE I Chemical composition of types 316, 321 and
347 austenitic stainless steels (element in wt %)

316 321 347
Cr 1798 18.07 17.90
Ni 12.09 10.11 9.09
Mn 1.71 1.32 1.51
Si 0.879 1.033 1.025
C 0.05 0.072 0.064
Mo 2.08 - -
Ti - 0.41 -
Nb - - 0.61

cm™~? were used. A conventional Philips diffracto-
meter equipped with step-motor, programmer,
and teletype printer was used for X-ray diffrac-
tion study. The choice of the X-ray wavelength is
of special importance: in diffractions with reflec-
tion (Bragg-Brentano) geometry, only informa-
tion from the thin surface layer of the flat sample
is obtained. The intensity I, of rays scattered by
the surface layer of thickness 7 is equal to [9]:

LI, = 1—exp[~2utfGsin0)] (1)

where [ is thé intensity of rays scattered by an
infinitely thick sample, u is the linear absorption
coefficient of the material, and 8 is the Bragg angle.

The thickness to fq 95, representing 95% of the
total intensity of scattered rays, may be calculated
from Equation 1 for various diffraction peaks and
radiations. For the 111 austenite peak and radi-
ations CuKa, CoKa, CrKa, and MoKa a value of
fo.05 €qual to 2.6, 6.2, 8.7 and 8.7 um, respectively,
was obtained. As was reported elsewhere [10]
cracks produced by severe cathodic charging
propagate inside the material to a depth approxi-
mately equal to the grain size (8 to 10 um). It is
essential to characterize this damaged layer. It is
evident that the CuKo radiation is inappropriate.
Among other radiations, CoKa radiation reveals
the best combination of high intensity, angular
resolution, and satisfactory depth of penetration,
and therefore, it was used for most of the diffrac-
tion examinations, except quantitative phase
analysis of thin surface layers. The latter was per-
formed according to a special method using
various radiations (CuKea, CoKa, CrKo and MoKa)
and intensity measurements of various diffraction
peaks [11].

3. Resuits
X-ray diffraction results obtained after hydrogen
charging are presented in Table 1. The diffraction
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patterns of the 316, 321, 347 types austenitic
stainless steels reveals the presence of &'(b cc) that
is formed after plastic deformation at room tem-
perature. After cathodic charging and after tensile
tested while undergoing cathodic charging, both
o and € martensites were detected.

Induced phase transitions by cathodic charging
of hydrogen into austenitic stainless steels is also
observed by others [8, 10, 12}. X.ray diffraction
patterns of 316 type taken after various times of
charging and ageing are shown in Fig, 1. Diffrac-
tion peaks shift, lines broaden, and the appearance
of new reflections were observed after hydrogen
charging and during outgassing after charging, The
diffraction lines of martensitic phase are detectable
for 316, 321 and 347 types, the intensity is
increased by 2 h ageing time (Fig. 2). For the more
stable 316 type, the o’ phase appears only after
prolonged ageing of 24 h (Fig. 1). The fraction of
martensitic phase increases with time of charging,
corresponding to austenite decreases (Fig. 1).
Hydrogen penetration considerably expands the
lattice of both austenitic and martensitic phases
and causes the greater shift of diffraction peaks
toward the lower 26 angles. The shift increases
with charging time. For 316 type steel after 24 h
of charging the centroid of the 111 peak is dis-
placed by 1.15 of 28 angle. This displacement
corresponds to the lattice expansion ~2%. The
second interesting effect of hydrogen penetration
is peak broadening of the v and e-phases, which
also increases with time of charging. On diffracto-
grams taken after Smin of ageing, splitting of
v:y* and e:e* diffraction peaks was observed.
After apeing the split peaks reformed into two
singlets and shifted to the regular position of the
uncharged samples. This shift of austenitic peaks
is accompanied by decreasing peak width and after
ageing for 288 h, the peak width is approximately
the same as for the uncharged sample. However,
the peak broadening of e-martensite decreases with
ageing time, but persists even after prolonged age-
ing of 288 h.

The distribution of the retained e-martensite in
the surface layer of the 321 type steel is shown on
Fig.3. The sample was charged for 24h and
measurements were undertaken from austenitic
stabilized phases after 72h of ageing. The fraction
of e-martensite drops from 70 to 80% on the sur-
face to zero at the depth of approximately 5 um.
Surface deformation after cathodic charging has
been observed indicating the development of high
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24h Figure 2 X+ay diffraction patterns of 316, 321 and 347
stainless steels after ageing of 2 h (48 h cathodic charged).
tensile surface stresses [10]. Scanning electron
micrographs of the surface cracking of 316 type
steel after charging for 24h are given in Fig. 4.

12h The cross section micrograph taken after 24 h of

6h charging reveals that the cracks extended to a

(b) depth of about 10 um.
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Figure | X«ay diffraction patterns of 316 stainless steel: o 2 4 6 8 10

(a) uncharged, (b) after cathodic charging of 6, 12, 24
and 48h (diffractograms were taken immediately after
charging), and (c) after ageing times of 1, 2, 9, 48 and  Figure 3 Phase distribution in surface layer in 321 stain-
288 h (originally 48 h cathodically charged). less steel cathodically charged.

Depth below the surface (im)
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Figure 4 Scanning electron micrographs of surface cracks formed in unstressed 316 type specimens: {a) after 24 h of
cathodic charging, and (b) cross-section of the same specimen.

4. Discussion
The stability of the austenite in Fe—Ni—Cr stain-
less steels is affected by solute H and stress. In
order that the observed phase transitions and their
relation to hydrogen effects in stainless steels be
understood, the effects of stress as well as the
effects of hydrogen concentration and distribution
must be considered. In the uniform solid solution,
the intensity of the diffraction peaks decreases due
to local lattice distortion, but the peaks themselves
remain sharp. The reason for peak broadening
(Fig. 1) is the formation of nonuniform solid
solution of hydrogen in austenite. Since both
hydrogen penetration during charging and hydro-
gen release during ageing are diffusion controlled,
their large concentration gradients in the thin
surface layer (comparable with the depth of X-ray
penetration) are expected. A schematic diagram
of the relative concentrations of hydrogen after
charging and after ageing is shown in Fig. 5.
During the ageing process hydrogen loss is
expected primarily through the external surface.
The hydrogen concentration during ageing is
quickly reduced to low values at the surface,
reaches a peak just below the surface, and then
decreases at greater depths [8]. Actually, the
hydrogen concentration is nonuniform within a

single grain and this nonuniform concentration of
hydrogen results in nonuniform expansion, which
leads to the development of the internal stresses.
The following models are considered in order to
estimate the magnitude of the stresses.

Hydrogen concentration

Depth below the surface

Figure 5 Schematic illustration of hydrogen concentration
in the specimen during charging (full line) and after ageing
(dashed line).
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Figure 6 Schematic illustration of a one grain model with a hydrogen concentration profile (charging process). Cy, and

Ce ~ maximal and minimal concentration of hydrogen.

4.1. One-grain model

As was shown elsewhere [10], intergranular dif-
fusion of hydrogen is much faster than trans-
granular diffusions. As a first approximation, a
grain may be regarded as a sphere of radius b with
hydrogen concentration increasing from the sur-
face of the sphere to the centre during charging
and in opposite direction during ageing (Fig. 6).
In the one-grain model, tensile stresses are devel-
oped in the centre of the grain during charging and
compressive stresses during ageing.

4.2. The multigrain model

This model takes into account the interaction
between grains. The sample is represented by a
two-dimensional sheet of similar rectangular grains
of width L (Fig. 7a). The distribution of hydrogen
concentration is periodical (Fig. 7b). The maxi-
mum of the concentration corresponds either to
the grain boundary (charging process) or to the
centre of the grains (ageing process). The schematic
distribution of stresses during charging for this
model is shown in Fig. 7c; tensile stresses o, are
developed in the boundary areas. The stresses were
calculated according to the theory of thermo-
elastic strains [14]. The maximum strain was esti-
mated from the width of the 111 (austenite) peak
(~3° of the 20 angle). The stresses calculated for
the sample charged for 24 h were of the order of
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5 x 10° Pa for both the proposed models [11], i.e.
well above the ultimate tensile stress for 316 stain-
less steel. As the internal stresses would be ex-
pected to increase with charging time than stress
relaxation shoudd occur; evidence of such relax-

H H

Figure 7 Schematic illustration of multigrain model:
(a) geometrical model, (b) distribution of hydrogen con-
centration in charging process, and {c) distribution of
stresses along grain boundary in charged process.



ation is shown by crack formation (Fig. 4). The
crack network indicates that the material was
broken into small subgrain blocks; it is probably
that the distribution of hydrogen within a single
block is uniform. The distribution of hydrogen in
the entire material, remains nonuniform and
retains the features mentioned earlier. The distri-
bution curves calculated by Atrens ef a. [15] on
the basis of a planar diffusion model, shown
schematically in Fig. 5 may be regarded as the first
approximation. Because of intergranular diffusion
of hydrogen and crack formation the real distri-
bution is probably not smooth but stepped. The
second phenomena induced by internal stresses is
phase transition of austenite to € and o martensite.
This transition is promoted by decreasing the stack-
ing fault energy of the austenite [5,12, 13, 16].
The formation of plates of e-phase and plate-like
highly faulted areas of austenite is described else-
where [5]. It is proposed that the formation of
e-martensite is the result of accumulation of stack-
ing faults in the austenite. This phenomenon as
well as the thinness of the e-phase plates is the
reason of retained broadening of e-peaks after
prolonged ageing. The e-phase is generated in the
thin (~5 um) surface layer of the samples (Fig. 3).
This layer is characterized by a gradient of hydro-
gen concentration [15] and the development of
high tensile surface stresses. Narita ef al. [8] have
suggested that the stainless steel—H system appears
to have a miscibility gap in which the y phase, con-
taining about 21% H, is in equilibrium with the
v* phase, containing about 55% H. From the work
reported here, the appearance of vy and y* as well
as € and €™ is a result of a very special hydrogen
distribution. This issue will be discussed in detail
elsewhere [17].

5. Conclusions
1. Xeray diffraction reveals that after charging
of 6, 12, 24 and 48h, an expanded e martensite
phase is always present. & martensite content
increases during ageing after charging and the final
content depends on the stability of the austenite.
2. The broadening of the diffraction peaks, of

austenite after cathodic charging is due to non-
uniform distribution of hydrogen.

3. Nonuniform expansion and contraction of
the steel during charging and ageing process leads
to development of internal stresses.

4.321 and 347 type austenitic stainless steels
respond in a different way to type 316 austenite
stainless steel during hydrogen charging.
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