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FRACTURE OF Fe-Cr-Mn AUSTENITIC STEEL* 

by 

G. R. Caskey, Jr. 

Savannah·River Laboratory 
E. I. du Pont de Nemours & Co. 
Aiken, SC 29801 

ABSTRACT 

DP-MS-78-68 

Tensile tests of Tenelon® (U.S. Steel), a nitrogen-

strengthened iron-base alloy containing 18% chromium and 15% 

manganese, demonstrated that cleavage fracture can occur in 

some austenitic steels and is promoted by the presence of 

hydrogen. Tensile failure of Tenelon® at 78 K occurred with no 

detectable necking at low strain.levels. The fracture surface 

contained cleavage facets that lay along coherent twin boundaries 

oriented transversely to the tensile axis. Charging gaseous 

.hydrogen at 69 MPa pressure and 650 K had no significant effect 

on the mechanical behavior or fracture mode at 78 K, but raised 

the ductile-to-brittle transition temperature from less than 

200 K to about 250 K. 

* The information contained in this article was developed during 
the course of work under Contract No. AT(07-2)-l with the U. S. 
Department of Energy. 
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INTRODUCTION 

Tenelon® is one of the iron-chromium-manganese-nitrogen 

alloys developed to fill the need for a nickel-free austenitic 

stainless steel. 1
-

7 
· These steels have a transition from ductile 

behavior .at room temperature to brittle behavior at 78 K. The 

transition may be gradual or rapid depending upon the st~el 

composition, stress state, and strain rate. 3 The transition is 

particularly sensitive to the total interstitial content of carbon 

and nitrogen. Fracture at low temperature is characterized by 

planar facets on the fracture face that lie along {111} planes. 6 

Deformation stacking faults are·common, but deformation twins and 

o.'-martensite are not observed. 6 Low-temperature brittleness 

has been attributed to deformation faulting, 6 although early 

studies ascribed the ductility loss to formation of presumably 

brittle martensite. 3 

Investigation of hydrogen-assisted fracture of austenitic 

steels at Savannah ~iver Laboratory has shown that Tenelon® is 

susceptible to both internal and external hydrogen damage at room 

temperature. 8 Surface cracks developed on surfaces of machined 

specimens, but were absent if the surface was electropolished. 

RECENT TESTS AT SAVANNAH RIVER LABORATORY 

Tensile tests with both smooth-bar and single-edge-notched 

specimens of Tenelon® have been extended to a wider temperature 

range (78 to 350 K) and include fractographic as well as x-ray 

diffraction and metallographic examinations. 
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Tensile Tests 

Tensile tests of both smooth-bar and single-edge-notched 

specimens were made at a constant cross-head displacement rate 

of 0.05 em/min at temperatures between 77 and 350 K. Specimens 

were machined from a Tenelon® plate whose chemical composition 

(Table 1) had been determined by scanning electron microprobe 

analyses. The axes of the round tensile (smooth-bar) specimens 

were aligned parallel to the direction in which the plate was 

rolled at the mill. The-long dimensions of single-edge-notched 

specimens were aligneq parallel to the rolling direction, with 

the notch transverse to the rolling direction. 

The specimens had a uniform grain structure in the as­

received condition, with an average grain size of 20 to 40 ~m 

(Figure 1). Annealing twins were a common feature in this alloy. 

Pronounced inclusion stringers were also present. These stringers 

consisted of fairly massive particles, predominantly manganese 

and sulfur, and smaller globular particles of undetermined compo­

sition. The larger inclusions formed characteristic depressions 

or mounds on the .fracture surface (Figure 2). 

Tensile tests demonstrated that Tenelon® is brittle at 78 K 

whether or not hydrogen is present. However, prior saturation 

with hydrogen reduced tensile ductility at all test temperatures; 

the reduction in ductility as measured by area was less· than the 

reduction of ductility as measured by elongation. But the presence 

of deuterium had little consistent effect on either yield or 
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ultimate strength (Table 2)', Annealing and electropolishing 

tended to improve the ductility of Tenelon® at 78 K and to 

increase the ultimate strength. On the other hand, fracture. 

toughness was· reduced by annealing (Table 3). 

The temperature dependence of reduction-in-area, Figure 3, 

is comparable to.that reported by Schaller _and Zackay for an 

alloy of 16.4% Cr, 14.5% Mn, 0.025%. C, and 0.49% N. 3 Steels of 

slightly differing composition reta;i.n relatively high ductility 

except at the lowest test temperature, 3
'

6 indicating that the 

ductile-to-brittle transition is extremely sensitive to composition. 

Tensile tests in hydrogen at ·high pressure (69 MPa) showed 

reduced ductility and strength (Table 4). The ductility loss, 

about 10%, was more than the 3% ductility loss detennined previously 

by reduction-in-area of electropolished specimens of Tenelon® 

under comparable test conditions. 8 In contrast, the ductility 

loss for a machined surface can be as much. as 30%. 8 

Response of a Magna-Gage® (American Instrument Company) 

inciicated that, except for deformation at 198 K, Tenelon® was 

stable during deformation with respect to transfonnation to 

ferromagnetic martensite. At 198 K, Magna-Gage® readings of 30 

to 130 units above background were obtained from the hydrogen-free 

specimen; the hydrogen-charged specimen did not respond to the 

Magna-Gage® in spite of a plastic strain of about 20%. These 

results indicate that hydrogen tends to suppress the strain-induced 
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transformation of austenite to a'-martensite, an effect also 

observed in·Type 304L stainiess steel. 9 

Fractography 

Three fracture modes were observed, depending upon specimen 

treatment, hydrogen· content, and test temperature: dimpled 

rupture, ·intergranular failure, and trans granular cleavage. 

Dimpled rupture was the only fracture mode observed in hydrogen­

free specimens tested at 200 to 350 K (Figure 4). Intergranular 

failure was observed in hydrogen~free tensile specimens annealed 

at 1170 K and tested at 78 K (Figure 5). However, a mixed 

intergranular-transgranular cleavage fracture mode was observed 

in single-edge.-notched specimens annealed at 1170 K and tested at 

78 and 198 K (Figure 6). The stress state apparently had an 

influence on the fracture path. Tensile and single-edge-notched· 

specimens of as-received Tenelon® tested at 78 K failed by mixed 

transgranular cleavage and dimpled rupture, regardless of their 

hydrogen content, as did hydrogen-charged specimens tested at 

200 to 273 K. 

Transgranular cleavage at 78 K was not significantly affected 

by hydrogen. The size, shape, and surface markings on the facets 

were identical whether or not the specimens were saturated with 

hydrogen before testing (Figure 7). Facets on Type 304L stainless 

steel have· a similar appearance, although precise details differ 

slightly, which suggests a common mechanism of formation independent 

of chemical cornposition. 10 
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Microcracks commonly formed al~ng coherent twin boundaries 

and occasionally along grain boundaries (Figure 8)." The faces of 

these microcra.cks were probably the facets observed on the fractur·e 

surface. Deformation bands intersecting the microcracks caused 

the markings on the facet. Both facets and microcracks extended 

across one grain only and never across grain boundaries. Conse­

quently, the fracture surfaces had facets surrounded by areas of 

microvoid coalescence. 

The incidence of transgranular cleavage was directly related 

to both test temperature and hydrogen content of the specimens. 

Microcracks occurred throughout the reduced-gauge portion of 

hydrogen~charged tensile specimens more frequently at 273 and 198 K 

than at 78 K (Table 5). Similar hydrogen~free specimens tested at 

273 and 198 K were free of microcracks. Hydrogen-free specimens 

tested at 78 K contained very few microcracks and these were close 

to the fracture surface, although ductility was very low and the 

fracture itself was predominantly transgranular cleavage. At 78 K, 

the initial formation of microcracks apparently triggered an 

avalanche of cracks and early failure, so that crack formation was 

never widespread. 

There was no direct evidence for. a strain-induced martensite 

phase in Tenelon® deformed at 78 K. Wide-angle x-ray scattering 

patter-Ji.S from the fracture faces of specimens tested at 78 K 

revealed two phases: (1) an austenitic phase with an FCC lattice 

having a lattice parameter of 3.62 x 10- 8 em, and (2) a second 
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phase probably with a hexagonal lattice. This latter phase 

could arise.from deformation faulting of the austenite. The 

absence of a martensitic phase is confirmed by the x-ray and 

electron diffraction results reported by Defilippi for similar 

steel. 6 

DISCUSSION 

Two hypotheses have been proposed to explain the brittle 

fracture of Cr-Mn-N stainless steels at low temperature: 

(1) martensite formation, 3 and (2) high localized strain arising 

from deformation faulting. 6 The first explanation is questionable 

because several steels in this class of Cr-Mn-N stainless steel 

deform and fracture in a brittle manner at 78 K with no detectable 

martensite formation. 6 Furthermore, the transition temperature 

does not correlate with the volume fraction of strain-induced 

martensite. 6 

Deformation faulting is common in austenitic stainless steels 

and can be a precursor of deformation twinning or strain-induced 

transformation to the hexagonal close-packed cenfiguration. 11 

Low values of the stacking fault energy (a measure of the ease 

with which faults are formed) lead to widespread faulting. In 

Tenelon®, the stacking fault energy is low, about 20 mJ/m2
, and 

faulting is extensive, deVeloping readily observable bands in the 

microstructure (Figure 8). As the deformation temperature is 

lowered, the stacking fault energy decreases and faulting becomes 
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easier in many austenitic steels. 12 Defilippi suggested that 

the high local strain associated with the faults and intersections 

of faults could give rise to local stresses sufficient to nucleate 

microcracks, 13 but a detailed mechanism was not proposed. The 

present investigation supports this latter explanation. 

CONCLUSIONS 

There is a a ductile-to-brittle transition in Tenelon.® 

The transition temperature is raised by the presence of hydrogen 

introduced by gas-phase charging. 

Brittle fracture at 78 K as well as hydrogen-assisted fracture 

at 200 to 280 K proceeds by microcracking across individual grains 

followed by ductile rupture of the intervening material.· The 

ductility loss depends on the relative amount of brittle fracture. 

Microcrack formation and cleavage facets on the fracture 

face of Tenelon® are similar in appearance to those observed in 

hydrogen-assisted fracture o£ Type 304L stainless steel between 

200 and 280 k. 

The mechanism of formation is believed to be the same for 

both steels and is related to deformation faulting and E-phase 

formation. 

Neither a'-martensite nor hydrogen is necessary for this 

fracture mode, but hydrogen does promote cleavage fracture. 
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TABLE 1 

Chemical Composition of Tenelon® Plate 

Element Weight % 

Chromium 17.44 ±0.06 

Manganese 15.31 ±0.20 

Nitrogen 0.40 to 0.60 

Nickel 0.22 ±0.02 

Silicon 0.53 ±0.01 

Phosphorus 0.02 

Sulfur 0.02 

Iron 66.47 ±0.24 

Carbon 0. 1 maxinrum 

TABLE 2 

Temperature. Dependence of Mechanical Properties of Tenelon® 

Test 
Temp, Hydr>ogen Specimen Stl'f!!th~ MPa El-ongation~. % APe a 
K E:cpoBUPe Condition Yie UZ. timate Uniform Total. Reduotion, % 

350 None As-machined 675 1265 48 59 76 
69 MJ>a 02 As-machined 700 1300 53 60 61 

273 None As..:machinert 830 1480 so 58 68 
69 MPa 02 .As-machined 920 1540· 48 so 40 

198 None As-machined 1050 1960 59 66 so 
As-machined 1020 1625 40 40 30 

78 None As-machined 1735 1780 19 19 8 
None E1ectropolished 1730 2040 22 22 7 
None 1170 K - 24 hr 1670 2120 25 25 l2 
None 1270K.-Z4hr· 1450 1730 21 21 13 
69 MPa 02. As-machined 1720 1775 20 20 6 
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TABLE 3 

Fracture Toughness of Tenelon® 

Test F'ract7.a'e 
Temp, Specimen Toughness, 
K Condition MParm 

78 As-received 68.6 
Anneal 1170 K 36.5 
Anneal 1270 K 71.-1 

200 As-received 127.8 
Anneal 1170 K 99.6 
Anneal 1270 K 120.5 

TABLE 4 

Effect of High-Pressure HYdrogen on Tensile 
Properties of Tenelon® 

Test 
Atmosphere 

60 MPa He 

69 MPa Hz 

TABLE 5 

Strength; MPa 
Yield Ultimate 

700 1410 

685 1330 

Elongation, % 
UnifoT'/11 Total 

55 62 

51 58 

Microcrack Occurrence in Tenelon® Tensile Specimens 

Test 
Temp, 
K 

273 

198 

78 

Microcrack Frequency, number/am2 

Hydrogen-Charged Not Hydrogen-Charged 

900 

1100 

(O)a 

0 

a. Several microcracks close to fracture surface. 
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Reduction, % 

.73 

66 



100 }..lm r 

FIGURE 1. Grain Structure and Inclusion Stringers 
in Tenelon® Plate 
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I 1000 ~m 1 

FIGURE 2. Fracture of Tenelon® Tensile 
Specimen at 273 K 
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FIGURE 3. Temperature Dependence of Tensile Ductility of 
Fe~Cr-Mn Alloys 
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1 1000 ]-lm 

1 20 ]-lm 

FIGURE 4. Ductile Rupture of Tenelon® at 350 K 
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I 100 j.lffi 

1 20 llffi _I 

FIGURE 5. Intergranu1 ar Fa i 1 ure of Tene 1 on® 
at 78 K F o 11 owing 1170 K Annea 1 
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0.4 em 

200 llffi 

50 ]..lffi 

FIGURE 6. Mixed Fracture of Single-Edge-Notched 
Specimen Tested at 78 K 
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40 11m 

4 11m 

FIGURE 7A. Facets on Fracture Surfaces of 
Hydrogen-Saturated Specimen Tested aL 78 K 
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40 11m 

1 4 11m 

FIGURE 78. Facets on Fracture Surfaces of Specimen 
Not Charged with Hydrogen Before Testing at 78K 
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Twin Boundary 

20 11m 

Twin Boundary 

20 ]Jm 

Grain Boundary 

20 ]Jm 

FIGURE 8. Microcracks Along Coherent Twin Boundaries 
and Grain Boundaries 
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