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Monitoring hydrogen embrittlement cracking 
using acoustic emission technique 

A. K. B H A T T A C H A R Y A * ,  N. PARIDA,  P. C. GOPE 
Materials Evaluation Division, National Metallurgical Laboratory, Jamshedpur 831 007, India 

Acoustic emission during delayed failure of hydrogen-charged low-alloy high-strength steel 
has been investigated. Tests were carried out at room temperature using standard ASTM 
three-point bend specimens. It was found that the cumulative acoustic emission counts rose 
slowly in discrete steps with increasing time in the initial stage of the embrittlement process, 
whereas it rose rapidly in the later stage prior to fracture. It was also observed that the initial 
embrittlement phase consisting of microcrack nucleation is characterized by low-amplitude 
(35-55 dB) signals only, whereas the rapid crack growth region is marked with high- 
amplitude (60-100 dB) signals. These observations indicate that such a change in the pattern 
of cumulative counts together with the level of amplitudes of the generated signals can be 
used to detect the so called "incubation period" for hydrogen embrittlement. This kind of early 
detection of critical cracks may help towards better fracture control. 

1. In t roduc t ion  
It is generally accepted that hydrogen embrittlement 
involves the initiation and propagation of cracks 
under the condition of relatively slow strain rate or 
sustained load, controlled by the diffusion of hydro- 
gen. Time for crack initiation and propagation be- 
come highly significant for a structure and the fracture 
time has been measured over a range of applied 
stresses and temperatures I-1]. The kinetics of the 
crack initiation and propagation can be indirectly 
followed by measuring the changes of the electrical 
resistance [2]. However, because of its low sensitivity, 
this technique cannot measure the resistance change 
for a very small crack and also it does not give a 
detailed insight into the process of crack initiation and 
propagation. 

On the other hand, acoustic waves, as a result of 
stress corrosion cracking has been shown to provide 
information on the crack growth process in greater 
detail than otherwise available [3, 4]. Hartbower et al. 

[4] monitored crack initiation and propagation in 
weldments and stress corrosion cracking of maraging 
steel. Their results are correlated more or less exclus- 
ively with the cumulative counts of the emitted acous- 
tic signals. Dunegan and Tetelman [5] have also used 
this technique to monitor the onset of unstable failure 
of hydrogen-charged linear compliance fracture speci- 
mens and also bolts under constant load, both made 
ofAIS14340 steel, and proposed a power-law relation- 
ship between count rate, d N / d t ,  and stress intensity 
factor, K. Although they have suggested a critical 
acoustic emission rate at the onset of rapid fracture, it 
is necessary to have prior knowledge of the threshold 
stress intensity for no acoustic emission (AE) or crack 
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growth, to determine this critical value and this some- 
what limits its usefulness as a criterion to predict 
failure. Moreover, their criterion is for the onset of 
rapid fracture, after which relatively little time is 
usually seen by the specimen before final fracture. This 
again limits the applicability of this criterion in a real 
situation due to lack of available time between the 
onset of rapid fracture process and the final disintegra- 
tion of the structure. Gerberich and Hartbower I-6] 
observed high-amplitude AE signals in hydrogen- 
induced crack growth. 

During the past decade, quite a few studies on 
hydrogen-induced cracking in steel have been made 
by using AE technique. Dedhia and Wood I-7] mon- 
itored cumulative counts, events and amplitude dis- 
tribution and have correlated fracture by the average 
counts per event data for AISI 4340 steel. Nozne and 
Kishi [8] concluded that the main source from hydro- 
gen embrittlement of 4340 steel is from the micro- 
scopic intergranular fracture because they found that 
the cumulative AE event count is proportional to the 
number of intergranular microcracks during stable 
crack growth. With regard to the effect of hydrogen 
charging on the embrittlement process in carbon steel, 
Hieple and Carpenter [9] found a correlation between 
AE activity and the embrittlement process. None 
of these studies, however, addresses the hydrogen 
embrittlement process with particular emphasis on 
"incubation" under a.constant load condition. 

The main objective of the present investigation has 
been to monitor the incubation time to nucleate 
microcracks in terms of some directly observable AE 
parameters. Success in monitoring incubation time 
can be of great help in a real structure susceptible to 
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hydrogen embrittlement because a relatively much 
longer time is spent by the structure between incuba- 
tion time and the final fracture and hence available 
time in hand for fracture control can be substantial. 

2. Experimental procedure 
The specimens were made of low-alloy high-strength 
steel with the composition shown in Table I. 

This material was heat treated to obtain an ultimate 
tensile strength (UTS) value of 1350 MPa (R, = 41) 
after which ASTM standard three-point bend speci- 
mens were made as shown in Fig. 1. They were then 
cathodically charged with hydrogen in an electrolyte 
of 1 N H2SO4 and 5 p.p.m, sodium arsenite at a cur- 
rent density of 5 mA cm- z for 5 rain. After charging, 
the specimens were cadmium coated and then baked 
at 150 ~ for 30 min. Tests were carried out at con- 
stant load level of 80% notch strength and AE signals 
were monitored throughout the test period. 

The equipment used to monitor AE in these tests 
was a Dunegan 8000 system and a schematic block 
diagram of the whole experimental arrangement is 
shown in Fig. 2. The signals from PZT transducer 
were amplified to a level of 40 dB using a preamplifier 
(Model 1801-190 B). These were then band-pass fil- 
tered between 100 and 350 kHz and then fed into the 
DC 8000 system. The results were directly produced 
on a printer attached to the computer system. 

3. Results  and d i scuss ion  
Fig. 3 shows the summary of AE signals during the 
whole period of a constant load test where the load 
level was set at 80% of the specimen notch strength. It 
is seen that during testing a total number of 156 active 
events with 12 132 counts were recorded. For the 
purpose of analysis, the total period up to failure has 
also been divided into five distinctly different regions 
in the plot, in terms of acoustic activity and have been 
denoted as regions O-A, A-B, B-C, C-D and D-E. 
Figs 4-7 summarize the AE signals for the regions 
O-D,  O-C, O-B and O-A, respectively, so that one 
can observe the nature of the generated signals more 
closely. In all these figures (Figs 3-7) the total event 
histogram, total count versus time and amplitude 
distribution, are shown. 

T A B L E  I Elemental analysis (wt %) 

C Mn Mo Cr Ni Si P S Fe 
0.28 1.20 0,12 0.83 1 . 9 9  0.52 0.027 0.03 bal. 

Specimen 

(00-S-9200, 

Pre- ompfffier 
DC-1801-190B 

Signal processor 
DO- 8000 system 

Figure 2 Schematic illustration of the experimental arrangement. 

From these plots it is clearly seen that the number of 
events rises as time progresses along with a rise in the 
number of counts. Also it is particularly noticeable 
that the amplitude level consistently dowels between 
35-55 dB for all the activities up to C, after which it 
keeps on continuously increasing until fracture takes 
place at E (dB level of up to 95). This indicates that 
higher and higher amplitude signals are observed after 
point C. 

The above observations indicate that the whole 
region of count versus time in this test (Test 1) may be 
considered to consist of three distinct regions, as 
shown also in Fig. 3: (a) Region I from O-C, (b) 
Region II from C-D, and (c) Region III from D-E. In 
Region I, which covers most of the time involved 
in delayed failure, the cumulative count rises very 
slowly and discretely with time. Also the time steps are 
much larger than the later stages. Signal amplitudes in 
this region are also mostly less than 50 dB, except a 
very few up to 55 dB. It has been observed by various 
researchers that the early part of the delayed failure 
process is governed by diffusion of hydrogen into the 
region of maximum triaxility [1, 5] until a number of 
microcracks gradually form around these regions. Re- 
gion I may be considered to represent this early period 
of microcrack formation. In Region II, the microvoids 
formed earlier start to coalesce until eventually they 
form a crack with a critical size (point D) which is the 
beginning of rapid unstable fracture. We also observe 
that as the microvoids start coalescing in Region II, 
amplitude level starts rising beyond 55 dB and reaches 
even 72 dB which shows that characteristically there is 
a distinction between the signals generated in Regions 
I and II. Another feature to note is that in Region II 
the count rate remains small as in Region I. In Region 
III the cumulative count plot rises rapidly with higher 
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I- 110 mm - I Figure 1 Details of the three-point bend specimen. 
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F i g u r e  3 AE activity during the entire period of delayed 
failure of a specimen loaded at 80% of its notch strength. 
(a) Total event histogram, (b) total count versus time, 
(c) amplitude distribution. 
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count  rate and also with higher ampli tude signals. In 
this region the critical crack size nucleated in Region 
II presumably gives rise to a rapid crack growth and 
the specimen fails within a short time. Point  C may  be 
considered to signify the so called " incubat ion" of  

microcracks and point  D signifies the nucleation of 
critical crack which gives rise to rapid crack growth 
leading to failure. 

A number  of tests was performed under similar 
loading conditions, out  of which two more  typical 
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Figure 5 AE activity up  to Region C. (a) Tota l  event  
h i s togram,  (b) total  coun t  versus  time, (c) ampl i tude  dis- 

t r ibution.  

50 

40 

~ 3 o  

E 

7= ZO 

10 

0 
Channel 

100 

BO 

60 

~ 2 0  

3O 

20 
z 

10 

........................................ ~ ....................... ~ ............................................. T ...................... i ................................................................... i ...................... i ............. 

i Events AvQ amp Counts 
E i i " " 7 

I [ ~ , , 42 4i  
.......................................................................... | i i ! 

i t i i 
', ........................................................................................ 1 ...................... t .......................................................................................................................................... 

I~a;[ i l i l 
1 2  3 4 5  6 B T o  b c  d e  f g h i  j k [ m n o p  

........................................... T ...................... T ........................................... T .............................................. T ..................... i .......................................................... 
i I i l i 

................................................ A ................ ~ ; i  ....................... i - i  ................... ~ : i i  .................... i ................... 
i ~ - + -  ~ I ! i i i i 

AI i , ,  , , , i  
................... { ...................... i ...................... ~ ........................................................................................................................................................... ' ..................... 

,~1 L i 
0 10 20 30 40 50 60 70 gO 90 100 110 

Time (x2 rain) 

S ~  ................... i ......................................................................................................................................................... ..................... i ................................. 
4 0 .  .................. { ...................... i ...................... i ..................... ~ .......................................... ~ ........................................ ~ ..................... ', ......................................... 

5 

I i , ..................................................... 

0 . . . . .  
0 10 20 30 40 50 60 70 80 90 100 110 

Amplitude (dB) 

Figure 6 AE activity up to Region B. (a) Tota l  event  
h i s togram,  (b) total  coun t  versus  time, (c) ampl i tude  dis- 
t r ibution.  
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Figure 7 AE activity up to Region A. (a) Total  event 
histogram, (b) total count  versus time, (c) amplitude dis- 
tribution. 
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Figure 8 AE activity during the entire period of delayed 
failure of a specimen loaded at 80% of its notch strength 
(Test 2). (a) Total  count  versus time, (b) amplitude dis- 
tribution. 

interesting observation is made when the same kind of 
signal analysis, as described for Test 1 (Figs 4-7), was 
also made for Tests 2 and 3. Table II summarizes the 
range of peak amplitudes in the three regimes covering 
all three tests. Similarity in the nature of signals is 
evident in terms of amplitudes. 

Fig. 10a and b represent optical micrographs of the 
fractured three-point bend specimen corresponding to 
Fig s 3 and 9, respectively. As noted earlier, the speci- 
men in Fig. 10a was carried to the final fracture under 

constant load. The specimen in Fig. 10b was stopped 
at some point before fracture and broken under cryo- 
genic conditions after being unloaded. The fractured 
surface in Fig. 10a is seen to be uniformly covered with 
microcracks. In comparison, the damaging micro- 
cracks have extended up to a certain width of the 
specimen which was unloaded and then fractured 
cryogenically (Fig. 10b). This clearly signifies that a 
large number of microcracks form during the embrit- 
dement process, eventually causing fracture. Fig. 10c 
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Figure 9 AE activity during the entire period of the 
embrittlement process of a specimen loaded at 80% of its 
notch strength (Test 3). Note that the specimen was 
unloaded at point A for microstructural observation. 
(a) Total count versus time, (b) amplitude distribution. 

T A B L E  II Peak amplitude of events during the delayed failure of 
three-point bend specimens loaded at 80% of their notch strength 

Test no. Peak amplitude range of events (dB) 

Region I Region II Region III 

1 
(Fig. 3) 35-55 50-70 60-95 

2 
(Fig. 8) 35-60 50-75 70-90 

3 
(Fig. 9) 35-50 50-70 60-80 a 

a Test 3 was not carried to failure but was stopped while in Region 
III for metallurgical study. 

represents a scanning electron micrograph of Area 1 in 
Fig. 10a which indicates that the cracking mode is 
intergranular in nature. It also shows that final frac- 
ture takes place by ductile separation of ligaments 
joining the embrittled grains. A few other microcracks 
perpendicular to the micrographs are also visible. 

Attempts at direct observation of microcracks just 
after point C in Fig. 3 are currently in progress. 

Thus, if the whole region of a delayed failure is 
broken up as described for the above tests, a trained 
operator of a loaded structure under such an environ- 
ment can usually monitor the count rate and ampli- 
tude levels directly through an AE system and predict 
an impending failure by noticing the change in signal 
characteristics around point C after which he will have 
some time in hand to save the structure. The approach 
taken here is directly monitorable and does not need 
any further calculation or interpretation. It is also 
different from a similar approach [5] where a critical 
count rate was used at the beginning of unstable crack 
growth (point D in the present case) after which 
comparatively little time remains in hand to decide the 
fate of the structure. 

It was also observed during these tests that the 
average rise time of the events is the highest in Region 
I and decreases towards Region III, whereas the dura- 
tion of the events in Region I is lowest and increases 

Figure 10 Microstructure of hydrogen-embrittled three-point bend specimen. (a) Optical micrograph of fracture surface by delayed failure, 
notch side (corresponding to point E in Fig. 3). (b) Optical micrograph of a specimen which was unloaded at point A in Fig. 9 and then 
cryogenically separated, notch side. (c) Scanning electron micrograph of Area 1 in (a). 
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towards Region III. This also gives an indication that 
high-amplitude signals with smaller rise time and 
longer duration characterize the rapid crack growth 
period of the brittle failure. 

4. Conclusions 
1. The beginning of relatively high-amplitude sig- 

nals together with an increased count rate from the 
initial low-signal regime can be used as a criterion to 
signify the incubation of microcracks due to hydrogen 
embrittlement. This enables one to estimate the so- 
called 'incubation time' for hydrogen embrittlement. 

2. High-amplitude signals with shorter rise time 
and longer duration are always observed during the 
rapid growth period. This gives rise to a sharp increase 
in the acoustic emission rate (of the total count versus 
time plot) which can be used to monitor the onset of 
rapid fracture. 

3. Microstructural observations provide qualitative 
agreement between the embrittlement process and 
acoustic signals. 
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