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.HYDROGEN-INDUCED CLEAVAGE FRACTURE OF 
TYPE 304L AUSTENITIC STAINLESS STEEL* 

by 

G. R. Caskey, Jr. 

Savannah River Laboratory 
E. I. du Pont de Nemours and Company 
Aiken, South Carolina 29801 

ABSTRACT 

DP-MS-79-24 

Type 304L stainless steel supersaturated with hydrogen gas 

fails in tension at 200-250 K by brittle fracture. Fracture 

surfaces exhibit isolated facets oriented 0-30° to the tensile 

axis and have characteristics of cleavage fracture. The threefold 

syn1metry of Laue back reflection photographs and trace analysis . 

of deformation bands on the facets demonstrate that cleavage is 

along {111} planes. The fracture paths were identified as coherent 

twin boundaries on polished sections through facets and on micro-

cracks across interior grains. Although cleavage fracture is 

not commonly observed in alloys with a face-centered cubic (FCC) 

lattice, these .observations for Type 304L stainless· steel and 

similar observations on Nitronia-40 and TeneZon demonstrate that 

cleavage is possible under some circumstanc~s in austenitic steels. 

KEY WORDS: fractography, fracture, stainless steel, metallography, 

hydrogen embrittlement, x-ray diffraction. 

* Work done under USDOE Contract AT(07-2)-l. 
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INTRODUCTION 

The effects of hydrogen on the deformation and fracture of 

Type 304L austenitic stainless steel have been studied extensively 

[1-11]. Several modes of hydrogen assisted fracture (HAF) have. 

been reported: dimpled failure [3], quasi-cleavage [4], regular 

striations [9], intergranular fracture [4], and faceted fracture 

[5, 10, 11]. Investigation of the temperature and grain size 

dependence of HAF in Type 304L stainless steel at Savannah River 

Laboratory has shown that hydrogen damage is most severe at 

200-250 K and faceted fracture predominates at these temperatures 

[10, 11]. This paper describes examination of facets in Type 

304L stainless steel by scanning electron microscopy (SEM), x-ray 

diffraction, and optical microscopy. The mode of formation of 

the facets was concluded to be cleavage along coherent twin 

boundaries, although a detailed mechanism has not been proposed. 

Cleavage is unusual in face-centered cubic (FCC) alloys; however, 
. * 

similar facets have been observed in hydrogen charged TeneZon® 

. ** and Nitronic-40® and in stress corrosion cracking (SCC) of 

Type 304 st~inless steel in MgC1 2 [12]. 

* TeneZon is a trademark of U.S. Steel Co. 

** Nitronic-40 in a trademark of Armco Inc. 
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Experimental Results 

The specimens came from bar stock of a single heat of 

consumable electrode, vacuum melted steel with the composition 

given in Table I. The esti~ated average grain size of this steel 

was 10 + 2~m with both twin and grain boundaries counted. Co-

herent twin boundaries were included because they have many 

properties in common with grain boundaries, such as, acting as 

barriers to dislocation motion and as dislocation sources during 

deformation [13, 14]. Specimens with grain sizes of 100 and 

400~m were obtained by vacuum annealing for 24 hours at 1270 and 

1470 K, respectively~ 

Fractographic examination and supporting optical metallography 

and x-ray diffraction were performed on smooth bar specimens broken 

in tension at 200 to 250 K, the temperature region of greatest 

hydrogen damage [11]. As seen in Figure 1, plastic strain to 

failure, E = ln A /Af, is a minimum at these temperatures. Also, 
p 0 

note that there is no hydrogen damage evident in companion speci-

mens tested at 78 K. Therefore, the specimens selected for de-

tailed examination were the most severely embrittled and displayed 

the most distinctive and clearly delineated facets, as seen in the 

example of Figure 2. These facets have several distinctive fea-

tures. They are not connected to one another, are planar and 

flat~ frequently exhibit steps of 0.5 to 5~m height, always show 

from one to three sets of traces, never show river patterns, and 

have approximately the same linear dimension as the grain size. 
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TABLE I 

Type 304L Stainless Steel 
Chemical Composition, wt% 

Ni Cr Mo Mn Si P S C 

10.29 18.35 0.17 1.57 0.43 0.015 0.008 0.03 
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FIGURE 1. Ductility Minimum in Hydrogen Charged Type 304L 
Stainless Steel. 
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a) Optical Micrograph 

b) Scanning Electron Micrograph 
(Not same area as showr1 in ct) ctbuve) 

FIGURE 2. General Appearance of Facets and ~urrounding Matrix. 
Specimen Tested at 200 K. 
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c) Slip Traces (A) and Steps (B) 

d) View of a FaceL ctL Angle 

FIGURE 2. (Continued) 
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X-Ray Diffraction 

By the Laue back reflection x-ray diffraction technique, the 

fracture plane of the facets was established as a {111} plane in 

the face-centered cubic (FCC) austenite. Diffraction patterns, 

Figure 3, displayed two sets of Debye arcs each with a three-fold 

axis of symmetry. Such patterns arise by reflection of character-

istic radiation from symmetrically equivalent planes in the crystal 

when a symmetry axis is parallel to the incident beam. In this 

case, the beam is parallel to the [111] axis and perpendicular to 

the (111) plane because of the three-fold symmetry. The outer 

set of Debye arcs have a Bragg angle of 21° and index as {331} 

planes of austenite given that the x-ray beam is perpendicular to 

a (111) plane. Angles between the centers of the Debye arcs 

measure 36° corresponding closely to the calculated value of 38°. 

The inner set of Debye arcs also have three-fold symmetry but are 

rotated 60° from the outer set and may be indexed as {422} planes 

of austenite with a measured angle 19° from [111] which is close 

to the calculated value 19°28'. 

Calculated interplanar spacings are 0.825 and 0.73 ·x 10- 10m 

assuming that they arise from copper Ka and KR characteristic 

radiation, respectively. These spacings are in close agreement 

with spacings of austenite for a lattice parameter of 

a = 3.589 x 10- 10m as measured by wide angle x-ray scattering 
0 

(WAXS) on this bar stock. Calculated interplanar spacings do not 

match those of a'-martensite for either Cu Ka or Cu KB radiation. 

The measured lattice parameter for a'-martensite was 2.866 x 10- 10 m. 
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FIGURE 3. Laue 8ack Reflection PaLtern from Facet on Fracture 
of Specimen Broken at 200 K. 
(Specimen to film distance = 3 em) 
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Single surface trace analysis by the technique described 

by Fong [15] agreed with the Laue x~ray pattern. Traces on the 

facet faces were presumed to arise by intersection of deformation 

bands with the coherent twin boundary. Slip, E-phase formation, and 

deformation twinning occur on {111} planes. The bounding planes 

of a' - martensite laths also lie along {111} planes in the austenite. 

Therefore, the poles of the traces should plot as (111) directions 

on a standard stereographic plot. Plots from several facets con

firmed these assumptions. 

The occurrence of short Debye arcs rather than Laue spots 

arises from non-uniform deformation or bending of the austenite 

lattice. Bending of the facet planes is evident in Figure 2d. 

Wide angle x-ray scattering from the fracture faces indi

cated the presence of austenite with small amounts of martensite 

and E-phase. The absence of diffraction by martensite and E-phase 

in the Laue patterns of the facet could be attributed to too low 

an intensity because of the small volume of phase present or to 

absence of these phases from the .facet . Experimental data does not 

resolve this question. 

Metallography 

Metallographic examination of longitudinal sections of frac

tured and plastir<~lly deformed tcn!Jilc specimens .itleuLlfied the 

facet planes as coherent hm.mdaries of annealing twins which uccur 

in all common austenitic stainless steels with frequencies of 2-3 

twins per grain [16]. Microcracks were found predominantly a l ong 
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coherent twin boundaries throughout the plastically deformed 

regions of the specimens as well as in the immediate vicinity of 

the fracture. The twin boundary traces lie most commonly at an 

angle of 60-90° from the tensile axis as in Figure 4. In most 

cases, there is a distinct curvature of the deformation bands 

adjacent to the twin boundaries, which is indicative of higher 

dislocation densities in those regions. 

Faces of the microcracks were inspected by sectioning speci

mens longitudinally and then inspecting them in the scanning 

electron microscope (SEM) to observe the crack face or by bending 

the polished section to open the cracks. Markings identical to 

those on the facets of the fracture surface were observed indica

ting that facets and cracks form by the same mechanism. Figure 5 

shows optical and SEM photographs of a crack on a polished and 

etched section showing the crack face along a twin boundary. 

Other cracks that were slightly below the polished surface before 

bending also show markings identical to the facets, Figure 6. 

Small microcracks rvo. 5 to 2 ~m in length are visible along twin 

boundaries in Figures 4 and 5b and appear to form where slip 

traces intersect the twin boundary. 

Slip traces, steps, and grooves on a facet plane on one half 

of a fractured specimen mate with the same.feature on the opposing 

half of the specimen. A step up on one face is. a step down on the 

other and a projection on one face is a hole on the matching face, 

as seen in Figure 7. In no case did the facets have matching tear 

ridges that would identify the fracture mechanism as quasi-cleavage 

in the sense defined by HeachAm [17]. 
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Fracture (F) and Twin Boundaries (T) 

FIGURE 4. Microcracks Along Coherent Twin Boundaries on 
Longitudinal Section of Fractured Specimen. 
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a) Longitudinal Section, Optical Micrograph 

b) SEM of Microcrack Face and Polished Face 
Coherent Twin Boundary-A 

FIGURE 5. Interior Microcrack Revealed by Sectioning and Bending 
of Fractured Specimen. 
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FIGURE 6. Microcrack Face from Interior of Specimen Below 
Polished Face. 
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FIGURE 7. Matchiny Faces of Fracture Surface 
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Characteristics of the facets correspond to those attributed 

to cleavage facets: separation along a crystal plane; steps and 

other irregularities mate across the cleavage plane; facets only 

form in crystals oriented correctly with respect to the applied 

stress system. However, "river patterns" which are generally 

observed on cleavage facets are absent in the present case. 

Absence of the river patterns may be explained by the observation 

that their formation is linked to the presence of intersecting 

cleavage planes or to twin boundaries intersecting the operative 

cleavage plane. In the present case, the twin boundaries along 

which cleavage takes place are generally parallel to one another 

in any given grain. 

DISCUSSION 

Coherent twin boundaries have been identified·as a fracture 

path in alloys with an FCC lattice under widely differing circum

stances. Cleavage was not involved. Wedge type cracks developed 

along twin boundaries during deformation of Type 304 stainless 

steel in slow tension a:t 920 K [18, 19]. Fatigue fracture of 

copper and high purity nickel has been shown to favor twin inter

faces [20]. Therefore, fracture along coherent twin boundaries 

occurs relatively easily and does not depend upon the presence 

of hydrogen. The stress or stra.in requircmcnB for ini ti.::~t.i on of 

twin boundary fracture may be modified by hydrogen, howevP.r, so 

that twin boundary fracture occurs in a temperature region where 

only ductile fracture would ordinarily be observed. 
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The possibility of cleavage fracture in austenitic stainless 

steel has been reported in stress corrosion testing although the 

path was not identified as a twin boundary. Faceted fracture 

similar to Figure 2 was observed in stress corrosion cracking of 

Type 304 stainless steel in boiling 42 percent MgC1 2 solution 

[12]. The fracture path was suggested to be along martensite

austenite interfaces. However, traces and steps on the facet 

surface suggest that the fracture path is along coherent twin 

boundaries as in the present case. Supporting metallographic 

evidence was not presented that would confirm this suggestion. 

Therefore, faceted fracture may occur in austenitic steels under 

conditions where hydrogen may not be present. 

The accumulated evidence on hydrogen assisted fracture of 

austenitic steels indicates that martensite is not necessary for 

twin boundary cleavage. Facets are seen in Tenelon and Nitronic-40 

under conditions where martensite is believed to be absent [11]. 

Furthermore, martensite does not appear to be a sufficient con

dition for·brittle fracture. Fracture of hydrogen charged 

Type 304L stainless steel at 78 K is wholly ductile in spite 

of the fact that martensite forms during cooling to 78 K as well 

as during subsequent deformation. Consequently, the role of 

martensite in HAF of austenitic. steels is uncertain in spite of 

the known brittleness of martensite relative to austenite and 

the presence of strain induced martensite in austenitic steels 

that are most severely embrittlcd by hydrogen. 
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