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Precipitation behaviour of a sensitized AISI type 
316 austenitic stainless steel in hydrogen 

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

The purpose of this study was to characterize the precipitation behaviour of AISI type 31 6 
steel in hydrogen. The different precipitates (M23C6, M6C), the intermetallic z-phase and the 
martensitic phase (0(, ;) were determined by using transmission electron microscopy (TEM) 
and X-ray diffraction techniques. All the specimens were sensitized at 650~ for 24 h. Some 
samples were carburized up to 2 wt% C. Additions of carbon content decrease the time 
required for sensitization. Short-term (24 h) exposure of this steel to sensitization temperature 
results in a complex precipitation reaction of various carbides and intermetallic phases. 
Hydrogen was introduced by severe cathodic charging at room temperature. This study indi- 
cates that by conventional X-ray techniques it is possible to detect those precipitates and their 
behaviour in a hydrogen environment. The zero shift as observed by X-ray diffraction from the 
carbides (M23C6, M6C ) and the intermetallic z-phase, indicates that those phases absorb far 
less hydrogen than the austenitic matrix. TEM studies reveal that hydrogen induces 0( marten- 
site at chromium-depleted grain-boundary zones, near the formation of the carbides. 

1. I n t r o d u c t i o n  
AISI type 316 stainless steel is widely used in the 
power generating industry and is also extensively used 
as an economical structural material and cladding 
alloy in conventional and advanced nuclear reactors. 
Long-term exposure of  type 316 to elevated tempera- 
ture is known to cause decomposition of  the austenitic 
matrix resulting in the formation of several carbides 
and intermetallic phases. However, literature data on 
the microstructural changes occurring during long- 
term service exposure in a hydrogen environment are 
very scarce. Carbon is present in all austenitic steels 
and plays a major  role in the sensitization process 
[1, 2]. 

Owing to the complexity of  the precipitation 
process, phase identification in type 316 is difficult 
[2-4]. By conventional X-ray techniques it is difficult 
to draw the line between detected or not detected 
when small amounts  of  carbides and intermetallic 
phases are involved. To overcome these difficulties we 
carburized our specimens by using a carbon-coating 
method. This process raised the carbon content, which 
increased the amount  and the size of  the precipitates 
in the steel. 

The purpose of  the present study was to charac- 
terize the precipitates and phase transformations that 
occur in the presence of a hydrogen environment and 
the effect of  hydrogen solubility on the different 
carbides. 

2. Experimental procedure 
The studies were carried out on AISI type 316 aus- 
tenitic stainless steel. The steel was of commercial 
grade, of  composition shown in Table I, and was 
received in the form of  sheets 0.1 mm thick. All of  

the samples used in these experiments were solution 
annealed for 1 h at 1100~ and then water quenched. 
The grain size as measured by ASTM E-112 method 
[5], was ASTM 11. Some samples were carburized by 
using carbon coating at 1100~ for 6h, The carbon 
concentration in this specimen is about  2 wt %. All the 
specimens were sensitized at 650~ for 24 h. Hydro-  
gen charging was performed at room temperature in 
1 N HzSO 4 solution with 0.25 g 1 J NaAsO2 added as a 
hydrogen recombination poison. A platinum counter 
electrode and a current density of  5 0 m A c m  -2 were 
used. A conventional Philips diffractometer equipped 
with step-motor and CoK~ radiation was used for 
X-ray diffraction study. The microstructures of  the 
various carbides, martensitic and second phases were 
determined by using transmission electron microscopy 
(TEM). TEM analysis was carried out in a JEOL- 
200B electron microscope operating at 150 kV. Speci- 
mens suitable for electron microscopy were prepared 
by electrolytic polishing at 65 V in a Tenupol polishing 
cell using 30cm 3 perchloric acid, 300cm 3 methanol 
and 520cm 3 butanol solution at - 1 8  ~ C. The mor- 
phology of the different carbides and surface cracking 
were examined using a scanning electron microscope 
(SEM). 

3. Results and discussion 
X-ray diffraction results, obtained from the various 
treatments of  AISI  type 316 steel before and after 

TABLE I Chemical composition of type 316 austenitic stain- 
less steel (elements wt %) 

Cr Ni Mn Si C Mo 

16.8 ! 3.2 1.70 0.41 0.03 2.08 
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TABLE III  Crystal structure of phases in sensitized AIS! type 
316 stainless steel 

Phase Crystal Lattice parameters 
structure 

This investigation Literature 
(nm) (nm) 

M23C 6 f c c  1.055 1.0680 [12] 
1.0638 1131 
1.055 [7] 

M6C fcc 1.120 1.120 [7] 
1.185 [141 

Chi bcc 0.889 0.8920 [15] 
(Z) c~-Mn structure 0.8862 [12] 

0.889 [6] 

Figure 1 Scanning electron micrographs of the morphology and 
distribution of the different carbides in AISI type 316 sensitized and 
carburized steel. 

hydrogen charging are summarized in Table II. The 
diffraction patterns of  sensitized steel reveals the 
presence of M23C6, M6C carbides and intermetallic 
phase Z that are formed after the carburizing treat- 
ment. Scanning electron micrographs of various 
phases that appear  in carburized specimens after sen- 
sitization are shown in Fig. 1. The different particles 
(Fig. 1) were identified by TEM. Examination of the 
microstructures revealed M23C 6 carbides (Fig. 2). The 
sizes of  the particles were in the range 2.5 to 100nm. 
Diffraction patterns and their schematic key diagram 
(Figs. 2b, c) from the M23C 6 carbide shows fc c crystal 
structure with a lattice parameter  of  1.055 nm. The 
M23C6, M6C carbides and intermetallic z-phase 
appeared after 24 h sensitization (at 650 ~ C). In uncar- 
burized type 316 steel only M23C 6 was expected to 
form after this ageing treatment. The crystal struc- 
tures and lattice parameters of  M23C 6 carbides and the 
intermetallic phase Z observed in this investigation are 
compared with those reported in the literature in 
Table III. After cathodic charing, c~' and e martensites 
were observed. 

Figure 2 (a) Transmission electron micrograph of carbide precipita- 
tion in AISI type 316 sensitized and carburized steel. (b) and (c) 
SADP taken from M23 C6/'/interface and schematic key diagram, o, 
M23C6; v3, 7. 
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Figure 4 Scanning electron micrograph of surface cracks formed in 
AISI 316 carburized and sensitized specimens after 24h cathodic 
charging. 
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Figure 3 X-ray diffraction patterns of  AISI type 3 1 6 carburized and 
sensitized stainless steel, uncharged and originally 24 h cathodically 
charged after various ageing times at room temperature. 

Induced phase transitions by cathodic charging of 
hydrogen into austenitic stainless steels have also been 
observed [8-11]. Diffraction peak shifts, line broad- 
ening, and the appearance of new reflections were 
observed after hydrogen charging and during outgass- 
ing after charging. Hydrogen penetration considerably 
expands the lattice of both austenitic and e-martensitic 
phases and causes a greater shift in diffraction peaks 
toward the lower 20 angles [9]. Hydrogen penetration 
causes broadening of the 7 and z-phases, which also 
decreases with time of ageing, when hydrogen is out- 
gassed from the specimen. After ageing the split 
peaks reformed into two singlets and shifted to the 
regular position of the uncharged samples. This shift 
of austenitic peaks is accompanied by a decreasing 
peak width and after prolonged ageing of 288 h [9], the 
peak width is approximately the same as for the 
uncharged sample. However, the peak broadening of 
~-martensite decreases with ageing time, but persists 
even after prolonged ageing of 288 h. 
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The nature of the precipitated phases as identified 
by X-ray diffraction analysis of carburized and sen- 
sitized specimens taken after various ageing times is 
shown in Fig. 3. Diffraction peak shifts to the austen- 
itic 7-phase were observed. The zero shift in the car- 
bides and intermetallic z-phase peaks, suggests that 
the phases absorb far less hydrogen than the austenitic 
matrix. 

The stability of the austenite in Fe-Ni -Cr  stainless 
steels is affected by solute hydrogen and stress [9-11]. 
Evidence of stress relaxation is shown by crack for- 
mation in AISI 316 carburized and sensitized speci- 
mens after 24 h cathodic charging (Fig. 4). Surface 
cracking after cathodic charging occurred mainly 
intergranularly along the grain-boundary carbides in 
the sensitized samples. The transmission electron 
micrographs of the sensitized and carburized speci- 
mens after cathodic charging are shown (Fig. 5); the 
plates of hydrogen induced a' martensite. These plates 
appeared in heavily deformed regions near the grain- 
boundary carbides. In the sensitized microstructure 
chromium-depletion occurred to different levels, in 
certain circumstances [16] down to about 10wt%. 
The depleted zones as reported in the literature [16] 
are of the order of 100 to 300 nm wide, depending on 
ageing time and temperature. 

Hall and Briant [17] studied the chromium distri- 
bution in the vicinity of the carbides as a function 
of sensitization temperature and time in a 316-type 
austenitic stainless steel using the analytical electron 
microscope (AEM). Type 304 steel also exhibits inter- 
granular fracture when tested in a sensitized con- 
dition, i.e. when chromium depletion occurs at the 
grain boundaries [18]. Briant [18] suggested that this 
was caused by a decrease of 7 stability and trans- 
formation to a' martensite at the grain boundaries. 
The observation appears to be consistent with decrease 
in stacking fault energy (SFE) to those observations 
that demonstrated depletion of chromium near grain 
boundary carbides [16, 18, 19]. 

SFE measurements in 309 stainless steel [19] showed 
that depletion of chromium near boundaries in the 
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Figure 5 (a) Transmission electron micrograph of c( martensite near grain boundary carbides in carburized and sensitized steel 24 h hydrogen 
charged; (b) SADP taken from c~'/7 interface, and (c) analysis, e, 7 austenite; rn, W martensite. 

sensitized materials was demonstrated by a stacking 
fault energy value of  about 2 2 m J m  2. The matrix 
value was about 3 5 m J m  -2. Such a change implies a 
reduction in chromium from 23% to about 12%, since 
these regions of  additional c6 martensite were only 
observed after sensitization. The martensite transfor- 
mation depletion of  chromium near grain-boundary 
areas of significant chromium depletion, where the 
chemical driving force is a maximum, with pre- 
existing faults,' leads to the development of  faulted 
h c p e-martensite as an intermediate phase [16]. X-ray 
diffraction of the same specimens reveals the existence 
of the e-martensite (Fig. 3). However, the TEM 
observations of  the high carbon content specimens 
(2 wt % C) shows only the c( martensite. If we suppose 
that the c( nucleus evolves from the faulted e, assisted 
by stress inhomogeneities at the boundary [16], then 
the dislocation and stacking faults existing close to the 

carbide interface following precipitation (Fig. 2) 
indicate additional strain inhomogeneities to the 
hydrogen charging process. 

4. C o n c l u s i o n s  
Addition of carbon decreases the time required for 
sensitization. Short-term (24 h) exposure of  this steel 
to sensitization temperature (650 ~ C) results in a com- 
plex precipitation reaction of  various carbides (M23C6, 
M6C ) and intermetallic x-phase. This study indicates 
that by X-ray techniques it is possible to detect 
those precipitates and their behaviour in a hydro- 
gen environment. The zero shifts, as observed by 
X-ray diffraction, from the carbides (M23C6, M6C ) 
and the intermetallic Z phase, indicate that these 
phases absorb considerably less hydrogen than the 
austenitic matrix. TEM studies reveal that hydro- 
gen induces c( martensite at chromium-depleted 
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grain boundaries, near the formation of the 
carbides. 
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