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ABSTRACT

This paper reports a TEM study on the role of phase transitions at the
crack tip in 304L and 316L Types Stainless Steels cathodically hydrogen
charged in the absence of any eternally applied forces. The possible
role of o-'and e martensite phases in the fracture mechanism is discussed.

1. INTRODUCTION

Hydrogen induced martensite phase transformation in austenitic stainless
steels have been extensively studied with respect to the relative sta-
bility of the austenite p(f.c.c) phase, which in fact, is character-
ized by its tendency to transform to martensite on cooling or during
plastic deformation below the critical M_ temperature. The effect of
hydrogen on the γ-phase stability is that hydrogen decreases the y-phase
stability and muy induce transformation of the y-phase to a" and e
martensite (1-4) . It has been shown that most steels that form or'--
martensite are quite susceptible to hydrogen cracking, however, this
issue has become controversial due to the fact that embrittlement took
place when no martensite has been formed (3). This paper, based partially
on recent work (5,6,9), demonstrates TEM study on the formation and
propogation of microcracks caused by hydrogen charging, in connection
with (a';e ) martensite phases. The possible role of a'and e martensite
phases in the fracture mechanism is discussed.

2. EXPERIMENTAL PROCEDURE

The stuuies were carried out on 304L and 316L types austenitic stain-
less steels. The steels were of commercial grade, and were received
in the form of sheets 0.2 mm thick. All of the samples used in these
experiments were first solution annealed for 1 h at 1100°C and then
water-quenched. Specimens suitable for electron microscopy were then
prepared by electrolytic polishing at 65 V in a Tenupol polishing
cell using 30 cm perchloric acid, 300 cm methanol and 520 cm br.canol
solution at -18 C. In the electrolytic polishing process, an attack
of the hole edge is normally unavoidable. Thus, in order to avrid un-
certainties about the origin of the crack and the possibility of obser-
ving cracks which were formed by the thinning process, only specimens
having "perfect" hole edges (Fig. la) were selected to be suitable for
the hydrogen charging process. After a TEM examination, where the hole
edge was checked carefully to ensure that no deformation structure had
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been induced during the thinning process the specimens were cathodically

hydrogen charged and then were investigated again by TEM. The hydrogen

charging was performed in a charging cell, at room temperature in^the

absence of an external force in a IN H-SO. solution with 0.25 gl" of

NaAsO- added as hydrogen recombination poison. A platinum counter

electrode and a current density of 0.5 A cm were used. The charging

time was 15 min. TEM analysis was carried out in a JEOL-200B electron

microscope operating at 150 kV.

3. RESULTS AND DISCUSSION

A TEM micrograph in the "Mesh-Image" magnification showing the TEM

specimen's hole after the thinning process is represented in Fig. la.

Forming cathodic charging to the same specimen in the absence of any

externally applied stresses for a few minutes, revealed mainly inter-

granular cracks and some transgranular cracks at the hole edge of the

TEM specimen. Further charging and re-examination by TEM analysis re-

vealed crack propagation. Fig. lb represents cracks at the hole.edge

which were formed following the charging conditions of 0,5 Acm for 2 h.

Dark field electron micrograph of a transgranular crack in 304L,

following charging conditions of 0.5 Acm" for 15 min. is shown in Fig.

2a and 2b. The Selected Area Diffraction Pattern (SADP) at the crack

tip and along the crack surfaces is represented in Fig. 2c. These

findings have revealed Debye rings reflections from a fine grained bcc

ft'-martensite and a fee )'-matrix. The bcc phase and the surrounding

a'ly interface showed a completely fine grained polycrystalline

structure, while the SADP taken at about 0.5 ^m from the a'/y interface

showed single crystal fee y-phase, indicating that the formation of the

polycrystalline structure for the p-phase was highly localized to that

area. Further charging to the same specimen and re-examination by TEM

studies have revealed crack propogation through the martensite phase in

front of the crack tip. The bright field electron micrograph of a

transgranular crack and the microstructure around the crack tip in 316L

Type following the charging conditions of 0.5 Acm" for 15 min. is

shown in Fig. 3a. SADP taken at the crack tip is represented in Fig. 4a

and its schematic diagrams are given in Figs. 4b and 4c. These findings

have revealed single crystal spot patterns of (fee) )>-austenite and

(hep)t-martensite (Fig. 4b) where the v/e orientation relationships are
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 (6) . The SAD at the crack tip also

showed Debye rings characteristic of a very fine-grained polycrystalline

structure, which were indexed as (bcc) a' reflections (Fig. 4c). Fig. 3b

represents a dark field electron micrograph of the e-martensite plates,

taken from a (OllO) reflection spot of e-martensite. The location of

this phase is in the front of the crack tip. A dark dield image (Fig. 3c)

using the (211) a' ring intensities showed that the a'-phase is located

ahead of the crack tip within the c-phase. Further charging to the same

specimen revealed crack propogation through the mixed area of a' and e

-martensite phases, however, mainly through the (hep) e-martensite (5).

No evidence of the appearance of a'-martensite phase after hydrogen

charging was found within the graiis
;
 in the thicker region of the

specimen as previously reported (6). It has been shown that the resist-

ance to hydrogen embrittlement is improved by increasing the μ-phase

stability (7,8). Transformation of the )>-phase to the a'(bcc) phase in

front of the crack tip has been shown in Type 304, fractured in 10 Pa
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of H gas (7) or when Type 304L was cathodically hydrogen charged in the

absence of any externally applied stresses (9), where the fracture occurs

through the o'-phase. However, recently an HVEM observation of crack

tips of Type 304 sheet specimens which were severly embrittled by hydro-

gen pre-charging and thr.n fractured in air have shown that the crack

propagated mainly along the e-martensite and partly in the region

having a mixed structure of a'and e-martensite phases (10). In the

case of Type 316L, the significant observation of the present experi-

ments is that the y to e -phase transition occurs in front of the crack

tip, where the crack propagation occurs mainly through the e-phase.

Furthermore, it has been reported (11) that Type 310 steel was embritt-

led by hydrogen and that the crack proceeded along the interface

between austenite and the hydrogen induced e-phase. However, crack

propogation in 304L Type, occurs through the a'-phase in front of the

crack tip.

4. CONCLUSIONS

This paper reports a TEM study on the formation and propogation of

microcracks caused by hydrogen charging in connection with (a';e)

martensite phases. The presence of α-bcc martensite in front of the

crack tip of both steels support the view that embrittlement of unstable

steel can have the form of an auto-catalitic process. Crack initiation

occurs through triaxial stresses caused by hydrogen penetration and

evidently followed by the formation of a
1
bcc martensite when hydrogen

egresses the specimen. The existence of the bcc phase in front of the

crack tip escalates hydrogen entry and crack propogation which in turn

aid martensite formation. However, in the case of 316L Type, it is

now recognized that the presence of the e-phase may be quite important

in the fracture mechanisms. Thus, it is suggested that increasing the

f-phase stability increases the relative importance of the e-phase in

the fracture mechanisms.

5. REFERENCES

1. J.M. Rigsbee and R.B. Benson, J. Mater. Sci. 12, 406 (1977).

2. D. Eliezer, D.G. Chakrapani, C.J. Alstetter and E.N. Pugh, Met.

Trans. A, lOA, 935 (1979).

3. C.L. Briant, "Hydrogen Effects in Metals" I.M. Bernstein and A.W.

Thompson, eds., The Metallurgical Society of AIME, New York (1981),

527.

4. N. Narita, C.J. Altstetter and H.K. Birnbaum, Met. Trans. A., 13A,

1355 (1982).

5. E. Minkovitz and D. Eliezer, Scripta Met. 16, 981 (1982).

6. E, Minkovitz, M. Talianker and D. Eliezer, J. Mater. Sci. 16, 3506

(1981) .

7. N. Narita and H.K. Birnbaum, Scripta Met. 14, 1355 (1980).

8. E. Minkovitz and D. Eliezer, J. Mater. Sci. 17, 3165 (1982).

9. E. Minkovitz and D. Eliezer, J. Mater. Sci. Letters 1, 192 (1982).

10. T. Nakayama and M. Takano, Corrosion-NACE 38, 1 (1982).

11. A. Inoue, Y. Hosoya and T. Masumoto, Trans. Iron Steel Inst. Japan
19, 170 (1979).



161

Fig. 1. TEM micrographs in the "Mesh-Image" magnification of the TEM
specimen.
(a) After the thinning process.
(b) Cracks which were formed by cathodic charging at the

hole edge of the TEM specimen.

Fig. 2. Dark field electron micrographs and Selected Area Diffraction
Pattern (SADP) of 304L Stainless Steel, which was cathodically
hydrogen charged.
(a) Dark field, taken in (200) a' (bcc) ring. Note that the

martensite phase is located along the crack surfaces.
(b) Dark field, taken in (200") a1 (bcc) ring. Note that the

martensite phase is located in front of the crack tip.
(c) SADP taken along the crack surfaces and the crack tip,

which was indexed as y(fcc) matrix and a'(bcc) rjartensite.
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Fig. 3. TEM micrographs showing a transgranular crack and the
microstructure around the crack tip of Type 316L which
was cathodically hydrogen charged.
(a) Bright field image.
(b) Dark field image. Note that the e-martensite phase is

located in front of the crack t i p .
(c) Dark field image. Note that the a'-martensite phase is

located ahead of the crack t ip within the e-plates.
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Fig. 4 (a] Selected area diffraction patterns of Type 316L taksn
at the crack t ip shown in Fig. 3.

(b) Schematic diagram of electron diffraction pattern of
p-austenite and e-martensite.

(c) Schematic diagram of the Debye rings of a'-martensite.


