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ABSTRACT 

Tensile specimens of iron-chromium-nickel base alloys were 

broken in either a hydrogen environment or 1n a1r following thermal 

charging with hydrogen. Fracture surfaces were examined by scanning 

electron microscopy. Fracture morphology of hydrogen-embrittled 

specimens was characterized by: changed dimple size, twin-boundary 

parting, transgranular cleavage, and intergranular separation. The 

nature and extent of the fracture mode changes induced by hydrogen 

varied systematically with alloy composition and test temperature. 

Initial microstructure developed during deformation processing and 

heat treating had a secondary influence on fracture mode. 

* The 1nformation contained in this article was developed during 
the course of work under Contract DE-AC09-76SR00001 with the 
U.S. Department of Energy. 
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INTRODUCTION 

Hydrogen embrittlement of iron-chromium-nickel base alloys 

indicates a reduced ductility or fracture toughness because of 

the pressure of hydrogen. Tensile strength, however, is not nec

essarily decreased. There is no unique fracture mode associated 

with hydrogen-assisted fracture of these alloys, but more than 

one fracture mode has been reported, such as intergranular 

separation,l faceted fracture, 2 quasi-cleavage, 1 striations,3 

dimpled failure,3 and twin-boundary parting. 4 However, some 

alloys exhibit a singular mode of hydrogen-assisted fracture. 

Investigations of hydrogen-assisted fracture at the Savannah 

River Laboratory have covered a large number of alloys in the 

iron-chromium-nickel system. Hydrogen effects on fractography and 

mechanical properties of some alloys have been reported.s In this 

report, fracture modes studied by scanning electron microscopy 

(SEM) are correlated with alloy composition and test conditions. 

Secondary effects of thermal and mechanical processing on fracture 

morphology are also described. 
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HYDROGEN-ASSISTED FRACTURE 

There are several generally recognized processes for hydrogen 

embrittlement of metals and alloys. These processes include hydride 

formation, hydrogen-reaction embrittlement, and hydrogen-assisted 

fracture (HAF). However, only HAF is found ~n iron-chromium-nickel 

alloys. In HAF, changes in strength, fracture toughness, crack 

growth rate, or ductility occur with no visible hydride formation 

or demonstrable chemical reaction that yields a gaseous reaction 

product. 

Hydrogen effects on the mechanical properties of commercial 

iron-chromium-nickel alloys have been studied because of the wide 

interest in finding high-strength alloys resistant to both corro

sion and hydrogen damage for applications in the petrochemical 

and chemical processing industries, space vehicles, and hydrogen 

production and storage. Hydrogen environment embrittlement (HEE) 

of these alloys can be evaluated by tensile ductility or crack 

growth rate of suitably loaded specimens in the presence of gas

eous hydrogen at room temperature. As seen from data in Figure 1, 

susceptibility of the specimens to HEE varies widely as measured 

by loss of tensile ductility. The data have been plotted as if 

all alloys were simple ternary alloys although several contain 

additions of niobium, molybdenum, titanium, aluminum, or copper. 

These alloying elements are often added to l) prevent sensitiza

tion, 2) toughen the alloys, or 3) render them precipitation 

hardenable. A similar pattern of response to hydrogen has been 

obtained in tensile tests of specimens exposed to high-pressure 

- 3 -



hydrogen gas for prolonged times to dissolve hydrogen into the 

alloysS and in cathodically charged alloys6. 

Severity of hydrogen damage in stainless steels is tempera

ture dependent. Typically, the temperature for maximum hydro~en 

damage is around 200 to 250 K, as measured by tensile ductility 

of gas phase charged specimens. The magnitude of ductility loss 

at the ductility minimum varies with alloy composition. 

FRACTOGRAPHY 

Specimens of several alloys (Table I) were broken in tension 

either in high-pressure (69 MPa) hydrogen gas or in air at atmos

pheric pressure after prolonged (3-week) exposure to high-pressure 

hydrogen gas at 620 K. Fracture surfaces were inspected on an AMR 

Model 900 scanning electron microscope. 

Four characteristic fracture morphologies were observed dur

ing the examination for the hydrogen-assisted fracture of the 

alloys (Figure 1): dimpled fracture, twin-boundary parting, 

transgranular cleavage, and intergranular separation. These 

fracture morphologies are illu·strated in Figures 2 through 5. 

Each variety of fracture tended to be most prevalent over a lim

ited region of composition as delineated in Figure 6. However, 

fractures were usually mixed with two or more morphologies pres

ent, although hydrogen-assisted fracture of nickel was nearly 100% 

intergranular separation. Boundaries between the several regions 

were not sharply defined, but there 1s a gradual shift from one 

fracture mode to another. 
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Dimpled fracture is the usual mode of failure for ductile 

alloys, such as the stainless steels (Figure 2). All fractures 

of iron-chromium-nickel alloys were, to some extent, ductile with 

areas of dimpled fracture evident even when gross ductility was 

only 10 to 20%. With some alloys and test conditions, a change 

in dimple size was evident for the HAF. Dimple diameters were 

measured for several Type 3041 stainless steel specimens, both 

with and without prior exposure to hydrogen. The average dimple 

s~ze in HAF was always smaller than that for fracture of hydrogen-

free specimens. A correlation between loss of tensile ductility 

and change in dimple size was reported for austenitic steels. 7 

The larger the change in dimple size, the greater the ductility 

loss. However, the present results from tensile tests at 250 and 

270 K do not fall on the published curve, which was derived from 

room temperature tensile tests. 

Twin-boundary parting, shown ~n Figure 3, was the common mode 

of HAF in Type 3041 stainless steel.s Twin-boundary parting has 

also been observed in iron-chromium-manganese base alloys. 5 The 

incidence of this fracture mode was strongly dependent on tempera-

ture and composition. For example, twin-boundary parting was 

observed in Type 3041 stainless steel but not 1n Type 316 stain-

less steel. The most clearly defined example of twin-boundary 

parting occurred at test temperatures of 200 to 250 K in Type 3041 

stainless steel. 
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Examination of numerous fractures has shown that twin-boundary 

parting is characterized by the following features: 

e A single facet extends over one grain only. 

• Facets often have steps. 

o Traces of deformation bands ~n the underlying grain are visible. 

e Opposing halves of the fracture match. 

o Facets are slightly curved because of lattice bending prior to 

separation along the twin boundary. 

~ ~iver patterns are never seen. 

Transgranular cleavage was a form of HAF observed in ferritic 

and martensitic stainless steels. For example, the fracture mode 

of 17-4PH was predominantly transgranular cleavage as seen in 

Figure 4. This fracture mode can yield facets similar to those of 

twin-boundary parting, but the facets are readily distinguished at 

high magnification by the occurrence of river patterns and the 

absence of deformation traces. 

Intergranular separation was characteristic of HAF of alloys 

containing more than about 30 or 35% nickel but was not limited 

to these alloys. Commercial grades of nickel displayed the most 

clearly delineated intergranular separation (Figure 5). However, 

specific thermal treatment could evoke intergranular separation in 

most alloys. In the case of nickel, intergranular separation was 

increased by prolonged testing at 770 K. 
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Specimens of Type 304L stainless steel were sensitized by 

heating to 620 K. This treatment precipitates carbides at the 

grain boundaries. HAF of these specimens was predominantly 

intergranular separation, which was similar to that seen in 

Inconel~ 718 (Huntington Alloys, Inc.) (Figure 5). 

CORRELATION OF FRACTURE MODE WITH COMPOSITION 

Fracture modes for HAF of iron-chromium-nickel alloys vary 

with percent of nickel in the alloy. Alloys such as 17-4PH with 

only 4% nickel fail by transgranular cleavage. As the nickel 

content increases and the steels become austenitic, fracture by 

twin-boundary parting appears at around 10% nickel. A region of 

dimpled fracture occurs from 12 to 25 or 30% nickel, which is 

gradually supplanted by intergranular separation as the nickel 

content increases. However, there were only a few alloys in which 

only a single fracture mode was observed. In most instances, two 

or more fracture modes occurred, one of them being dimpled fracture. 

Alloy composition is a controlling factor in HAF in two ways: 

1) the base alloy determines slip character and phase stability 

during straining, and 2) impurity and trace elements may be 

strongly segregated and induce intergranular separation either 

alone or in combination with hydrogen. Planar slip is associated 

with low-nickel austenites and leads to high-stress concentrations 

at slip barriers, such as twin and grain boundaries. Sites of 

hi~h-stress concentration may act as microcrack nucleation centers, 
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especially in the presence of hydrogen, ~hich may lower the cohe

sive strength. Austenite stability under strain is also corre

lated with nickel content. Formation of deformation twins, 

~-phase, and ~martensite occurs more readily ~ith lower nickel 

concentrations. Both slip planarity and phase stability are 

related to stacking fault energy. Greater resistance to hydrogen 

damage in austenitic steels has been correlated with higher stack

ing fault energy. 8 The transition from twin-boundary parting to 

dimpled fracture at around 12 to 14% nickel correlated with an 

increase in stacking fault energy to over 30 to 40 mJ/m2. 

lntergranular separation in all of the stainless steels may 

be attributable to impurity segregation. Sulfur in high-nickel 

alloys and phosphorous in austenitic steels are known to cause 

intergranular failures. 9 These impurities are not the only causes 

of intergranular fracture, however. Sensitization of austenitic 

steels leads to carbide precipitation and grain boundary regions 

depleted in chromium and causes intergranular fracture in Type 

304L stainless steels but not Type 309S stainless steel. lO These 

examples illustrate the sensitivity of HAF to relatively small 

changes Ln either base alloy composition or impurity content. 

Control of melting, casting, and mechanical and thermal processing 

becomes more important for hydrogen servLce than for service ~n 

air. Small changes Ln local composition due to variations in 

process control can develop conditions for HAF in an otherwise 

resistant alloy. 
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CONCLUSIONS 

Hydrogen-assisted fracture of iron-chromium-nickel base 

alloys may occur through several fracture modes: dimpled frac

ture, twin-boundary parting, intergranular separation, or trans

granular cleavage. None of these fracture modes is unique to 

hydrogen-assisted fracture. The presence of hydrogen, however, 

evokes brittle fracture modes under loading and temperature condi

tions where ductile failure by dimple formation ordinarily occurs. 

Base alloy composition is the primary determinant of fracture mode 

through properties, such as crystal structure, slip character, and 

phase stability. ~inor alloying elements and impurities may 

influence fracture mode by segregating to internal boundaries. 
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TABLE I 

Nominal Alloy Composition, wt % 

Alloy Cr Ni Fe Other 

3041 19 10 68 

309S 23 13 61 

310 25 20 51.5 

316 17 12 66 2 Mo 

330 18 35 44 

800H 21 33 

718 19 54 18.5 3 Mo, 5 Nb, 1 Ti, 
0.5 A1 

17-4 17 4 72 4 Cu, 0.3 Nb + Ta 

Ni 98 

A286 15 26 54 1 Mo, 2 Ti, 2 Al 
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FIGURE 1. Hydrogen Environment Embrittlement of 
Iron-Chromium-Nickel Alloys. 
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No Hydrogen Hydrogen 

FIGURE 2. Dimpled Fracture of Type 304L Stainless Steel. 

FIGURE 3. Twin-Boundary Parting in Type 304L Stainless Steel. 
High-Energy Rate Forged. Test at 200 K. 
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FIGURE 4. Transgranular Cleavage. 17-4PH Precipitation 
Hardenable Stainless Steel. 

Nickel InconeFM 718 

FIGURE 5. Intergranular Separation. Nickel and Inconel• 718. 
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FIGURE 6o Composition Regimes for Fracture Modes Observed 
in HAF of Iron-Chromium-Nickel Alloys. 
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