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Effects of nitrogen on hydrogen embrittlement 
in AISI type 316, 321 and 347 austenitic stainless 
steels 

P. ROZENAK 
Materials Engineering Department, Ben-Gurion University of the Negev, Beer-Sheva 84105, 
Israel 

Hydrogen embrittlement of AISI type 31 6, 321 and 347 stainless steels with nitrogen alloying 
has been studied by a tensile test through cathodic charging. The results show that addition 
of nitrogen improved resistance to hydrogen cracking regardless of the failure mode. Fracture 
surfaces of cathodically charged steels showed intergranular brittle zones on each side of the 
fracture surfaces. AISI type 31 6 with nitrogen alloying stainless steel is more resistant to 
hydrogen embrittlement than AISI type 321 with nitrogen alloying steel, whereas AISI type 
347 with nitrogen alloying steel is susceptible to hydrogen embrittlement. Nitrogen alloying of 
stainless steel increased the mechanical properties in hydrogen environments by increasing the 
stability of austenite. 

1. I n t r o d u c t i o n  
Following early works [1-3], hydrogen embrittlement 
of austenitic stainless steels has become a well-studied 
field, and has recently been recognized by other 
workers [4-11]. Degradation of mechanical properties 
in hydrogen environments has been attributed, in 
part, to dislocation motions [3, 5, 12], c(-martensite 
[13-16], secondary phases [17, 18], surface effects 
[4, 19] and metallurgical variables [11, 20]. 

Nitrogen atoms in octahedral sites in the face- 
centred cubic lattice of  a highly alloyed stainless steel 
produce spherical distortions [21] which are capable of 
the weak interaction with the edge component of 
dislocation, although there is no first-order interaction 
with the screw component. Such interaction would be 
the cause of the nitrogen strengthening. The effect of  
nitrogen content on the austenite stability has only a 
minor effect on stacking fault energy [22, 23], but 
small changes in nitrogen concentrations of  austenitic 
stainless steels had a strong effect on the Ms [24, 25] 
and Ma3o temperatures [26]. 

The purpose of  this study was to evaluate the effect 
of nitrogen on hydrogen susceptibility of AISI type 
316, 321 and 347 austenitic stainless steels. Corre- 
lation between the mechanical properties of hydrogen- 
charged thin specimens with their mode of fracture 
was also done. 
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2. Experimental procedure Ni 
Commercial austenitic stainless steels of type 316, 321 Mn 

Si 
and 347, having the compositions shown in Table I, s 
were used in this study. The materials were in the form p 
of cold-rolled foils of 0.1 mm thickness. All the Mo 
samples used in these experiments were solution Ti 
annealed for l h at l l 00~  and then quenched in Nb 

Fe 
water. Some samples in this group were given nitrogen 

annealing heat treatment at 1100 ~ C for 1 h. The nitro- 
gen concentration in these steels increased to 0.282, 
0.280 and 0 .283wt% in 316, 321 and 347 steels, 
respectively. Grain sizes, as measured by the method 
given in ASTM standard E-112 [27], were ASTM 4 in 
AISI type 316 and 321 stainless steels and ASTM 8 in 
AISI type 347 stainless steel. Tensile specimens were 
prepared with their long axes parallel to the rolling 
direction according to ASTM standard E-8 [28]. The 
samples were tensile tested at room temperature at an 
extension rate of  0.005 cm rain- 1 while undergoing 
cathodic charging. The hydrogen charging cell con- 
tained 1 N NaAgO2 added as a hydrogen recombi- 
nation poison. A platinum electrode and a current 
density of 50 mA cm- 1 were used. The hydrogen con- 
tent was determined in the Leco hydrogen analyser 
and was about 1 at % after 24 h cathodic charging at 
room temperature in vacuum-annealed specimens. 
Only minor differences in hydrogen concentrations 

T A B L E  I Chemical composit ion of AISI type 316, 321 and 
347 austenitic stainless steels 

Element Amoun t  (wt %) of element in stainless steels 

AISI 316 AISI 321 AISI 347 

0.05 0.045 0.048 
0.05 0.072 0.064 

16.8 17.5 16.3 
13.2 10.7 11.2 
2.07 2.06 2.0 
0.41 0.35 0.38 
0.0015 0.0015 0.0015 
0.016 0.015 0.015 
2.08 0.2 0.3 

0.49 
- 0.61 

bal. bal. bal. 
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Figure 1 Transmission electron micrographs showing microstruc- 
tures in the AISI type 316, 321 and 347 stainless steels: (a) austeniz- 
ing structure in the AISI 316 stainless steel; (b) fine precipitation at 
carbides within the grains and at grain boundaries in the AISI type 
321 stainless steel; (c) precipitation of carbides within the grain in 
the AISI type 347 stainless steel. 

were found in various types of  steels and after 
annealing with nitrogen. After failure, the fracture 
surfaces were examined with a scanning electron 
microscope. The microstructures from the various 
starting conditions were characterized using transmis- 
sion electron microscopy. 

3. Results and discussion 
Both vacuum- and nitrogen-annealed heat treatments 
produced fully austenitic microstructures in AISI type 
316 stainless steel (Fig. 1 a). Examination of the micro- 
structures of AISI 321 steel revealed grain-boundary 
Ti(C, N) precipitates and dense distribution of these 

precipitates within the grains after vacuum- or 
nitrogen-annealing treatments (Fig. 1 b), which varied 
in size from 10 to 500 nm. Nb(C, N) precipitates were 
observed on matrix dislocations (Fig. lc) in both 
vacuum- and nitrogen-annealed AISI type 347 stain- 
less steels. 

The effects of nitrogen on the mechanical properties 
of  AISI type 316, 321 and 347 austenitic stainless 
steels tested in air (solid lines) are given in Figs 2 to 4. 
The yield strength and ultimate tensile strengths 
increased, but the elongation decreased in all kinds of  
steel. As can be seen from Fig. 2, AISI type 316 steel 
tested in air, resulted in a 43% reduction of elong- 
ation; while the yield and the ultimate tensile strengths 
increased about  210% and 122%, respectively, with 
increasing nitrogen content of  the steel to a value of 
0 .28wt%.  The yield strength and ultimate tensile 
strengths of  AISI type 321 steel nitrogenized and 
tested in air increased about  186% and 66%, respect- 
ively, while elongation decreased by 49% (Fig. 3). In 
AISI type 347 steel the yield and ultimate tensile 
strengths increased about 175% and 66%, respectively, 
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Figure 2 Engineering stress-displacement 
curves for AISI type 316 stainless steel 
(vacuum or nitrogen annealed) ( ) ten- 
sile tested in air and ( - - - )  undergoing 
cathodic charging. 
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Figure 3 Engineering stress-displacement 
curves for AISI type 321 stainless steel 
(vacuum or nitrogen annealed) ( ) ten- 
sile tested in air and ( - - - )  undergoing 
cathodic charging. 

while elongation decreased 31% in nitrogen-annealed 
specimens (Fig. 4). 

The influence of the hydrogen on the tensile 
properties is shown for vacuum- and nitrogen-annealed 
AISI type 316, 321 and 347 stainless steels (Figs 2 to 4, 
dashed lines). A significant feature of the results is that 
an increase of nitrogen content of the steels, increased 
the mechanical properties (related to properties 
obtained in air) and the resistance of AISI type 316, 
321 and 347 steels to hydrogen embrittlement. The 
yield strength of the vacuum- and nitrogen-annealed 
samples under cathodic polarization were increased 
about 17% and 7%, respectively, compared to the 
yield strengths of AISI type 316 steel tensile tested in 
air. There were small differences in AISI type 321 and 
347 steels between the yield strengths of cathodically 
charged, compared to air-tested, steels within the 
various annealing treatments. Hydrogen has marked 
effects on ultimate tensile strength and elongation. As 
can be seen from Fig. 2, vacuum-annealed 316 type 
cathodically charged specimens showed it to be the 
most susceptible steel; the reduction of elongation is 
58% for cathodically charged compared to air tensile- 
tested specimens, while nitrogen-annealed specimens 
resulted in 33% reduction in elongation and 7% reduc- 
tion in ultimate tensile strength. However, the room- 
temperature tensile test under cathodic charging 

resulted in 12% reduction of ultimate tensile strength 
and 46% reduction in elongation in the vacuum- 
annealed AISI type 321 steel, while 10% and 36% 
reduction in ultimate tensile strength and elongation, 
respectively, were observed in nitrogen-annealed 
specimens, compared to specimens that were tested in 
air (Fig.3). AISI type 347 steel showed a 15% reduc- 
tion in ultimate tensile strength and a 43% reduction 
in elongation of the vacuum-annealed samples, while 
the nitrogen-annealed samples showed a reduction of 
about 12% in ultimate tensile strength and a 39% 
reduction in elongation under cathodic charging 
through tensile tests (compared to tensile tested in air 
specimens). A summary of these results is given in 
Table I I  where the yield strength, ultimate tensile 
strength and elongation of various steels and heat 
treatments are listed. 

After testing, the fracture surface of each specimen 
was examined to determine the mode of the failure. 
Ductile dimple rupture with microvoid coalescence 
was the main fracture mode in both vacuum- and 
nitrogen-annealed specimens tested in air (Fig. 5). The 
differences obtained in the fracture surfaces were in 
the reduction areas of the fracture, which were larger in 
the vacuum-annealed specimens tested in air. Examin- 
ation of the sides of the fracture surfaces of these 
specimens showed typical slip-band structures with 
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Figure 4 Engineering stress-displacement 
curves for AISI type 347 stainless steel 
(vacuum or nitrogen annealed) ( ) ten- 
sile tested in air and ( - - - )  undergoing 
cathodic charging. 
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T A B  L E I I Percentage reduction (increases) in tensile properties of charged specimens compared with those of uncharged specimens 
for AISI type 316, 321 and 347 stainless steels 

Type of  Annealing 
stainless heat 
steel treatment 

Reduction (%) in tensile properties 

Yield Ultimate tensile Elongation 
strength 

AISI 316 vacuum incr. 17 incr. 14 58 
AISI 316 nitrogen incr. 7 7 33 
AISI 321 vacuum 10 12 46 
AISI 32i nitrogen 10 10 36 
AISI 347 vacuum - 15 43 
AISI 347 nitrogen - t2 39 

crystallographic orientations, that are typical of duc- 
tile fractures of both vacuum- and nitrogen-annealed 
specimens (Figs 5b, d). 

The fracture surfaces obtained from specimens after 
tensile tests under cathodic charging show consider- 
able differences. A typical ductile fracture with micro- 
void coalescence was the main fracture mode in 
vacuum- and nitrogen-annealed AISI type 316 speci- 
mens, which include narrow intergranular zones of 
about 5 #m on both sides of the fractures (Fig. 6). The 
same fracture surface was obtained after hydrogen 
charging of nitrogen-annealed samples, except for 
slight losses in reduction (Fig. 6c). These changes in 
the fracture mode were observed in the regions of 

highest hydrogen concentrations (near the surface) as 
would be expected if the fracture mode was caused by 
absorbed hydrogen. The tendency for hydrogen- 
induced surface cracking in the necked area obtained 
in vacuum- and nitrogen-annealed AISI type 316 
specimens (Fig. 6b). The mode of surface cracking was 
intergranular with secondary transgranular cracks. 

The main fracture mode for nitrogen-annealed AISI 
type 321 stainless steel was a typical brittle trans- 
granular fracture, while intergranular narrow zones of 
about 5/~m were observed on both outer surfaces of 
the samples (Fig. 7). Examination of the sides of the 
fracture surface of AISI type 321 steel showed inter- 
granular main cracks with secondary intergranular 

Figure 5 Micrographs of (a), (c) the fracture surface, and (b), (d) the side of the fracture surface of AISI type 316 stainless steel tensile tested 
in air: (a), (b) annealed; (c), (d) nitrogenized. 
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Figure 6 Micrographs of(a), (c) the fracture surface, and (b), (d) the side of the fracture surface of AISI type 316 stainless steel tensile tested 
while undergoing cathodic charging: (a), (b) annealed; (c), (d) nitrogenized. 

cracks (Fig. 7b). The main fracture mode of  nitrogen- 
annealed AISI  type 347 steel was a typical trans- 
granular ductile fracture, while intergranular brittle 
narrow (5/~m wide) zones on two sides of  the fracture 
surfaces were observed (Fig. 8). Coalescence of  voids 
and formation of  chains of  voids were observed 
between the brittle-ductile zones (Fig. 8a). Surface 
cracking typical of  hydrogen-charged samples devel- 
oped in both vacuum- and nitrogen-annealed samples, 

when intergranular and transgranular secondary 
cracks were obtained (Fig. 8b). 

The interstitial solute-like nitrogen increases the 
yield strength [21, 29] and its effects seem to be linear 
function of concentration [21]. Nitrogen in the solid 
solution influences the lattice parameter  of  the austen- 
ite, and thus strain is introduced into the lattice which 
induces solid solution strengthening effects. Nitrogen 
is a strong austenite stabilizer [24-26]. The formulae 

Figure 7 Micrographs of (a) the fracture surface, and (b) the side of the fracture surface of AISI type 321 stainless steel nitrogenized and 
tensile tested while undergoing cathodic charging. 
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Figure 8 Micrographs of (a) the fracture surface, and (b) the side of the fracture surface of AISI type 347 stainless steel nitrogenized and 
tensile tested while undergoing cathodic charging. 

for stability of austenite given by Ms and/or Md30 
temperatures are [24, 26] 

Ms(~ = 1305 - (61Ni) - (41.7Cr) - (33.3Mn) 

- (27.8Si) - [1667(C + N)] (1) 

Md30(~ = 413 - 462(C + N) - 9.2(Si) 

+ 8.1(Mn) - 13.7(Cr) - 9.5(Ni) 

- 18.5(Mo) (2) 

However, martensite can be produced during strain- 
ing in the tensile test. Martensite formation from the 
austenite is important, largely due to its effect on 
ductility, but it also influences its strength [25]. 
Strength relationships obtained between nitrogen in 
solid solution and the yield and the tensile strengths 
(Figs 2 to 4), have been reviewed recently by others 
[21, 25, 30]. 

Hydrogen concentration on the sample surfaces 
during cathodic charging corresponds to approxi- 
mately one hydrogen atom per matrix atom, due to 
the fact that cathodic charging is equivalent to gaseous 
charging at extremely high hydrogen fugacities 
(~ 10 atm) [31]. The small lattice diffusivity of hydro- 
gen in austenite (D ~ 8 • 10 ~6m2sec-~ at 300K) 
[32], coupled with its high fugacity, was responsible 
for the attachment of the high surface concentration 
gradients beneath the surface. Atrens et al. [31], who 
calculated the concentration profiles resulting from 
hydrogen charging of austenite, have shown that 
immediately after charging, the hydrogen concen- 
tration falls by a factor of 10 within the first 5/~m of 
the surface. No significant effect of plastic deforma- 
tion on hydrogen diffusivity was observed for the 
stable 310 stainless steel [33]; in the 304 stainless steel, 
an increased deep of diffusion profiles to results from 
plastic deformation which could be attributed to 
deformation induced ~'-martensite formation. In fact 
the hydrogen concentration is non-uniform within the 
grains of the microstructure near the surface regions 
of the charged samples. Non-uniform concentrations 
of hydrogen result in non-uniform expansion, which 
in turn leads to the development of internal stresses 
[34, 35]. The existence of two narrow intergranular 
zones (Figs 6 to 8), one on each side of the fracture 
surface of the vacuum- and nitrogen-annealed AISI 

types 316, 321 and 347 stainless steels and inter- 
granular and secondary transgranular cracking of the 
surface fractures sides, is probably due to the inter- 
action of the outer surfaces, where high hydrogen 
fugacities under the applied stresses were observed. 
Microvoid coalescence producing ductile rupture in 
the middle of the specimens was typical of regions 
not affected by hydrogen (Figs 5, 6 and 8). Several 
workers have reported that fracture of specimens 
which showed induced ductility losses was completely 
ductile, and that the presence of hydrogen reduced the 
size of the dimples, which is typical of ductile fractures 
[3, 8, 36]. A dense distribution of M(C, N) precipitates 
within the grains on the matrix dislocations, thereby 
promoting the transgranular fracture of AISI type 321 
stainless steel (Fig. 7). Hydrogen might be influential 
due to alloying effects, to alteration of transformation 
temperatures (Ms or Md), or to its effect on the stack- 
ing fault energy (SFE). Internal stresses or strain, 
which accompany the absorption of the supersaturated 
hydrogen, might provide a significant driving force for 
austenite decomposition. Particular changes occur- 
ring in the Ms and M~30 temperatures range should be 
considered, because metastable austenite can be'acti- 
vated by an external or an internal stress field [37]. The 
principal effect of hydrogen was to decrease the stress 
required for phase transformations of austenite [35], 
and the 7-phase can transform to e- or ~'-martensites, 
which may be induced, at lower stresses [38]. Many 
workers [16-19, 39, 40] have suggested that the pres- 
ence of deformations and hydrogen-induced marten- 
site greatly increase the susceptibility of austenitic 
stainless steel to hydrogen cracking. The measured 
hydrogen contents show that addition of nitrogen has 
no marked effect on hydrogen solubility in the aus- 
tenite during the charging. Therefore, the improved 
resistance of AISI type 316, 321 and 347 austenitic 
stainless steels to hydrogen embrittlement by nitrogen 
addition (Figs 2 to 4 and Table II) is due to the 
increasing stability of austenite. 

4. Conclusions 
l. Addition of nitrogen to a solid solution of aus- 

tenite in AISI type 316, 321 and 347 stainless steels 
improves their resistance to hydrogen embrittlement. 

2. Fracture surfaces of vacuum- and nitrogen- 
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annealed specimens tested through cathodic charging 
showed massive regions of microvoid coalescence or 
transgranular fracture, producing rupture with two 
narrow intergranular zones, one on each side of  the 
fracture surface of the austenitic stainless steels. 

3. AISI type 347 with nitrogen alloying stainless 
steel is more susceptible to hydrogen embrittlement 
than is AISI type 321 with nitrogen alloying steel, and 
AISI type 316 with nitrogen alloying is the most resis- 
tant steel in hydrogen environments. 
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