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Abstract 
 

The tensile deformation of as-received (non-heat treated) 304 stainless steel is known to pro-
duce low levels of measurable acoustic emission (AE), which only occur at failure. It is also 
known that cathodic charging of sensitized 304 stainless steel results in deleterious effects on the 
mechanical properties, and changes the AE behavior. Tensile deformation of the test sample with 
simultaneous charging decreases the maximum tensile load (MTL) and failure strain accompa-
nied by a large increase in AE, observed only close to failure.  Anomalous behavior occurs when 
the deformation is stopped after reaching the MTL and held at constant crosshead displacement. 
With charging maintained throughout the test, the load will decrease to zero with time, producing 
copious amounts of AE as failure is approached. Without charging until after the MTL is 
reached, the machine stoppage produces no anomalous behavior either in load or AE. These be-
haviors are rationalized in terms of grain boundary separation via hydrogen accumulation. 
 
Keywords: Hydrogen charging, sensitized 304 stainless steel, stress relaxation, intergranular 
 
Introduction 

 
AISI 304 stainless steel (SS) containing chromium and nickel is an austenitic fcc alloy and it 

is widely used for its corrosion and heat-resisting properties.  Stress-corrosion cracking (SCC), 
especially in sensitized conditions, has been studied extensively. Hydrogen also degrades the 
mechanical properties since the hydrogen solubility in austenitic alloys is many times higher than 
in bcc ferritic steels. With dissolved hydrogen, the resulting failure modes and fracture surfaces 
are altered as a function of heat and environmental treatments.  Smith and Carpenter [1] reported 
that the type of failure (i.e., micro-void coalescence, transgranular and/or intergranular (IG) sepa-
rations) is correlated with the measured acoustic emission (AE) generated during testing of DCB 
specimens, sensitized and cathodically charged with hydrogen.   

 
Work has been continued on the tensile properties and generated AE from 304 SS varying 

heat treatment and cathodic charging.  As-received 304 SS is known to produce very little AE 
when pulled to failure.  If any AE is produced, it occurs just before failure. It has, however, been 
shown that the tensile testing of sensitized 304 SS, which has been cathodically charged during 
testing, will fail primarily by IG separation causing significant AE at failure.  In the present in-
vestigation we have investigated the effects of current density on the tensile properties and re-
sulting AE with simultaneous hydrogen charging.  We also report results of stress relaxation ex-
periments and their possible interpretation.    
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Experimental 
 

The AE was measured using standard commercially available equipment.  A resonant piezoe-
lectric transducer with a resonant frequency of ~140 kHz (D-E S9204) was used with a Panamet-
rics 5660B broadband (0.02–2 MHz) ac-coupled preamplifier (60 dB gain) and a bandpass filter 
of 100– 300 kHz for all AE experiments. The filtered and amplified AE output was then moni-
tored by a series of HP 3400A RMS voltmeters, each with a different range. Tensile samples 
were machined from a rolled sheet of commercial grade 304 SS with a gage volume of 0.5 cm x 
0.5 cm x 2.0 cm.  The samples were sensitized before testing.  The heat treatment was: 1) Solu-
tion treatment at 1373 K for 1 hour followed by water quenching. 2) Sensitization anneal at 923 
K for 24 hours, furnace cooled.  The sensitizing heat treatment produced an equiaxed microstruc-
ture with an average grain size of approximately 64 µm.  The solution heat treatment dissolves 
all carbide particles and produces a uniform austenitic microstructure via quenching.  The second 
step allows chromium carbides to form at grain boundaries.  This depletes the grain boundary 
region of chromium.  Since chromium is the main corrosion resisting element in 304 SS, the 
grain boundaries become more susceptible to IG corrosion and SCC as a result of the sensitizing 
heat treatment. 
 

Background tensile tests were run on samples that were not charged at all and on samples 
that were cathodically charged in the laboratory for a predetermined time period (1 A/cm2 for 6 
hours) before testing.  Most tests were run while the samples were deformed in tension (at a con-
stant crosshead speed of 0.2 cm/min) and cathodically charged simultaneously with hydrogen 
[2].  In these experiments, the entire test specimen except the gage section was coated with sili-
cone rubber.  A solution cup was then glued to the sample to hold and maintain the charging so-
lution of H2SO4 with traces of As2O3 and CS3.   
 

 

Fig. 1 Load and AE vs. time for three samples, simultaneously charged, and that for non-charged 
one with almost no AE. 
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Results 
 

Tensile Deformation 
Running tensile test and measuring the AE for two sensitized samples obtained background 

measurements for comparison.  One was with no cathodic charging and the other sample had 
been cathodically pre-charged (1 A/cm2, 6 hours) and then pulled to failure. The cathodic pre-
charging significantly lowered both the MTL (–70%) and the failure strain (–15%).  However, 
only very weak AE was detected at failure.  As-sensitized sample failed mostly by micro-void 
coalescence together with transgranular quasi-cleavage along twins and martensite laths.  
Charged samples showed large areas of IG failure.  

 
Figure 1 shows data for three samples, which were simultaneously charged during deforma-

tion (and non-charged one for comparison, shown in pink). Three different current densities 
(0.02, 0.1 and 1 mA/cm2) were used, shown in green, red and black.  The MTL is reduced only 
moderately, but the failure strain is lowered by nearly 30% with 1-mA/cm2 charging.  Notice 
however, that the charging lasted between 7 – 10 minutes at much lower current densities (cf. 1 
A/cm2 used on the pre-charged sample). The main difference is the amount of the AE.  The AE 
measured from samples simultaneously being charged and deformed also occurs near the end of 
the test but is about 20-times higher.  As the current density is increased, the AE occurred earlier 
in the test and was more than 20-times higher.  The fracture surfaces of the failed deformed-
while-charging samples are primarily IG, as shown in Fig. 2.   

 

 
 

Fig. 2 Intergranular fracture surface of sensitized 304 SS, deformed to failure with charging. 
 

Figure 3 provides a graphical compilation of the tensile properties of charged-and-deformed 
samples.  The data has been normalized to values for the non-charged sample. The current den-
sity in mA/cm2 used is indicated. Both the normalized MTL and the normalized failure strain de-
crease with increasing current density.  A straight line represents the limited data obtained as 
shown. A limit of current density likely exists above which no further decrease in load is ob-
served.  
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Fig. 3 MTL and failure strain data, normalized to data with no charging. Current density value is 
given for each point.  
 
Stress Relaxation 

In a stress relaxation experiment, the sensitized 304 SS specimen was pulled to a predeter-
mined strain (or displacement), at which point the testing machine was stopped. Subsequent 
changes in load were measured while the sample was held at a constant strain.  Here, the elastic 
strain is reduced while the sample undergoes further plastic deformation. Figure 4(a) shows the 
results for a tensile sample deformed just beyond the MTL at which point the machine was 
stopped, while cathodic charging at 100 mA/cm2 was applied during the entire test through stress 
relaxation.  After the deformation stoppage, the load begins to decrease almost immediately. The 
load decreased with time until it vanished. Notice that essentially no AE was detected until the 
load dropped about 20%.  As the load decreased further, the AE increased to copious amounts as 
the sample approaches failure.  Figure 4(b) shows the AE and load during the last minute of the 
test, when AE activities were the strongest.  Figures 5 and 6 show the SEM fractographs showing 
IG cracking and the side surface of the sample near the failure site with numerous small cracks 
visible.  

 
Whether or not a test sample is cathodically charged through the MTL has a strong effect on 

the load relaxation observed.  Figure 7 demonstrates this effect.  The upper curve is data for a 
sample deformed through the MTL with no cathodic charging.  After passing the MTL the test-
ing machine was stopped and charging at 100 mA/cm2 was started and continued for the rest of 
the test.  For this sample, relaxation of load was observed and continued indefinitely without 
much additional load change. No AE activities were observed throughout. Consider next the 
lower curve in Fig. 7.  This sample was deformed and simultaneously charged at 100 mA/cm2 
from the beginning through the MTL.  After passing through the MTL, the deformation stopped. 
Unlike the test in Fig. 4(a), the charging was discontinued. The sample again demonstrated load  
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Fig. 4 (a) Stress relaxation experiment with continued charging. (b) Load and AE for the last part 
of the test shown in (a). 
 

 
Fig. 5 Fracture surface of a sample after stress 
relaxation experiment. 

 

Fig. 6 Side surface of a failed sample near the 
fracture (cf. Fig. 5). 
 

relaxation behavior as shown. The load decreased to zero but at a slower rate than observed with 
continuous charging (cf. Fig. 4(a)).  In this sample, AE activities started after 20% load drop and 
increased to the levels similar to those in Fig. 4(a).   

 
It has been found that one must cathodically charge the sample while it is deformed through 

the MTL to obtain complete load relaxation.  Continual charging is not needed to achieve full 
relaxation. To date we have not had sufficient time to investigate the effect of using different 
charge densities on the load relaxation, however.    
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Fig. 7 Load relaxation tests of a sample charged only after passing MTL (upper curve) and that 
with charging till reaching MTL, then discontinuing hydrogen charging (lower curve). 

 
Discussion 

 
 Hydrogen effects on SS continue to be investigated [3-7] in connection to hydrogen embrit-
tlement. Thompson noted metastable austenitic stainless steels were embrittled by hydrogen charg-
ing even at room temperature [3]. The formation of hcp ε-martensite in 304 SS is reported both 
from cathodic hydrogen charging and from high pressure charging [4]. Existence of hydride 
phase is disputed and it appears hydrogen dissolves in SS without any miscibility gap, producing 
continuous expansion of austenite lattice. Typical cathodic charging provides 10 to 30 ppm H, 
whereas high pressure (3-7 GPa) charging can go as high as 100 ppm H. The amount of ε-
martensite in cathodically charged 304 SS is much higher than in high pressure charged and this 
is attributed to the combined influence of intrinsic effects of hydrogen and the high local com-
pressive stresses from a large hydrogen concentration gradient. This stress is estimated to be 5 
GPa [6]. The maximum surface hydrogen concentration after cathodic charging was found as 
10,000 ppm H [7]. 
 
 Hydrogen effects on tensile properties of solution-treated 304L and 316L SS were mini-
mal after high pressure charging to 10-30 ppm H. In all cases, reduction in area was 40%, show-
ing ductile behavior [8]. However, high pressure charged 304L lost the fracture toughness with H 
addition, from 600 to 100 MPa m  with 0 to 30 ppm H. No such effect was found on 316L SS 
[9]. In sharp contrast to solution-treated SS, sensitized austenitic stainless steels showed severe 
hydrogen embrittlement [10]. Two mechanisms have been proposed for this; the fracture of grain 
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boundary carbide and that of strain-induced α’ martensite. A recent study shows α’ martensite to 
be the cause [11].  
 
 Let us now consider our observations starting with the behavior of pre-charged sensitized 
304 SS. The amount of cathodic hydrogen charging is estimated as 25 ppm H from comparable 
data, although the surface concentration is expected to be much higher as noted above. From the 
kinetic point of view, the diffusion coefficient of hydrogen in 304 SS at 300 K is 10-13 to 10-12 
m2/s [12]. Over 6 hours, the average hydrogen diffusion distance is 50-150 µm. For the mm-
order sample dimensions, this implies the bulk diffusion is limited to the near-surface region. 
The fracture surfaces of samples pre-charged with hydrogen are covered with IG fracture. Since 
the grain boundary separation is caused by the presence of hydrogen, this observation indicates 
the hydrogen diffusion reaches the middle of the sample, 2.5 mm from the surface. This is feasi-
ble through grain boundary diffusion with surface compressive stress providing additional driv-
ing force. In parallel, high surface H-concentration can precipitate out as hydrogen gas at grain 
boundaries, thus shortening the diffusion path. Either effect can effectively produce 1000-times 
increase in H-diffusion coefficient. In the pre-charged sample, AE was as low as the as-
sensitized SS. If the grain boundaries had been separated during the charging, no AE is expected 
and separated grain boundaries cannot support the load, reducing the MTL. Remaining ligaments 
produce little AE as is usual for SS materials. 
 
 When cathodic hydrogen charging was imposed during tensile testing (see Fig. 1), AE activ-
ity increased during loading, especially near fracture. These tests were short, all less than 10 
minutes and did not provide enough time for H diffusion to the center of the sample. In these 
samples, IG fracture was found near surface. Some of the IG fracture must occur during defor-
mation as AE activity accompanied later stages of plastic deformation. It has been observed that 
304 SS under some SCC conditions produces AE from IG fracture, but transgranular SCC emits 
no AE [13]. The presence of IG fracture is expected to reduce the MTL. In addition, local resid-
ual stresses should change the MTL; when high surface compressive stress exists, complemen-
tary tensile stress must be present in the middle. This acts to reduce the MTL. 
 
 The stress relaxation experiments provide another insight to hydrogen effects observed.  
When samples were deformed and charged past the MTL, and the samples were held under elas-
tic stress, the samples lost their load carrying capacity and failed in relatively short times of 20-
45 min. The fracture surfaces are dominated by the IG fracture and it is clear that grain boundary 
separation due to hydrogen gas accumulation caused the failure. The charging did not have to 
continue during the load relaxation, indicating the amount of hydrogen that enters the sample till 
reaching the MTL was adequate. Because active AE was observed as load reduction progressed, 
IG fracture continued. Again, hydrogen path must have been reduced through the grain bounda-
ries since bulk diffusion distance is around 30 µm or about one half of the average grain diame-
ter. 
 
 When a sample deformed past MTL and then charged with hydrogen, no anomalous stress 
relaxation occurred. This indicates that hydrogen cannot diffuse in to interior grains even though 
the dislocation density is high due to heavy plastic deformation. On the other hand, hydrogen 
charging up to the MTL produced rapid stress relaxation. This suggests that the mere presence of 
dislocations and grain boundaries is inadequate to provide easy pathways for hydrogen diffusion. 
It is possible that a moving dislocation transport model in the SCC literature [14] is active here. 
We have not considered strain-induced martensite transformation in the hydrogen transport as no 
AE is emitted in the early stage of deformation (see Fig. 1 and Fig. 4(a)). However, this trans
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formation is enhanced at higher hydrogen concentration and its contribution could be involved in 
the AE activity during stress relaxation. 
 
 We have attempted to rationalize anomalous stress relaxation behavior of sensitized 304 SS 
during hydrogen charging. Hydrogen induced grain separation is a natural mechanism deduced 
from our observations. Quantitative correlations of IG fracture areas to the loading capacity and 
finding the minimum hydrogen needed for anomalous behavior will further validate the concept 
given in this paper. 
 
References 
 
1. D.R. Smith, S.H. Carpenter, J. Acoustic Emission, 7, (1988) 9-20; S.H. Carpenter, D.R. Smith, 
Met. Trans. A, 21A, (1990) 1933-39. 
2. S.H. Carpenter, W. Xu, D.R. Smith, Progress In Acoustic Emission IV, JSNDI, (1988) pp. 
598-604. 
3. A.W. Thompson, “Hydrogen in Metals”, ASM International, Metals Park, (1974), p. 91. 
4. M. Hoelzel et al., Materials Science and Engineering A384 (2004) 255–261. 
5. A. Inoue, Y. Hosoya, T. Masumoto, Trans. ISIJ 19 (1979) 170. 
6. P. Rozenak, L. Zevin, D. Eliezer, J. Mater. Sci. Lett. 2 (1983) 63. 
7. V.N. Bugaev et al., Int. J. Hydrogen Energy 22(2/3) (1997) 213. 
8. M. Saito et al., Proceedings of the 11th World Hydrogen Energy Conference, Stuttgart (Ger-
many), 23-28 June, 1996. http://www.enaa.or.jp/WE-NET/ronbun/1996/e16/naga1996.html 
9. S. Okaguchi et al., http://www.enaa.or.jp/WE-NET/ronbun/1996/e14/sumitomo1996.html 
10. J.P. Fidelle et al., Hydrogen Embrittlement Testing, ASTM-STP 543, ASTM, (1974) p. 221. 
11. G. Han et al., http://www.enaa.or.jp/WE-NET/ronbun/1998/08/0898.htm 
12. M. Bernardini et al., J. Vac. Sci. Technol. A16 (1) (1998) 188-193. 
13. M. Takemoto, H. Cho, K. Ono, Proc. Eur. Conf. AE Testing, Berlin, (2004) pp. 617-629. 
14. J.K. Tien, Effect of Hydrogen on Behavior of Materials, TMS-AIME, (1976) pp. 309-326. 


