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Study of the effect of heat treatment on 
hydrogen embrittlement of AISI 4340 
steel 
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Delayed failure tests were performed on fully-quenched AISI 4340 steel tempered at 500 and 
700 ~ C, subjected to sustained tensile loads and cathodically charged with hydrogen (current 
density 10mAcm 2) in an aqueous solution of 0.1 N sulphuric acid. The aim was to study the 
effect of the microstructure on the behaviour of steel towards the embrittling action of hydro- 
gen. The tests were carried out with two different research techniques in order to highlight 
this behaviour better. This was done with a view to making the use of the steel safer. With the 
methods used the results obtained, although substantially different from each other, showed 
that thermodynamically more stable structures are less sensitive to the phenomenon of hydro- 
gen embrittlement. 

1. I n t r o d u c t i o n  
The detrimental effect which hydrogen produces in 
metals, generally known as hydrogen embrittlement, 
has been the subject of numerous studies [1-7]. This 
has always been one of the central problems of practi- 
cal and theoretical material technology, of corrosion 
and protection of metals and of metal physics. 

Hydrogen is the cause of damage whenever metal- 
hydrogen systems are involved in the production, 
transport and storage of hydrogen, or fluids contain- 
ing hydrogen, and in the presence of electrochemical 
processes such as pickling, galvanic electrodeposition, 
cathodic protection and corrosion. 

Unlike what normally happens in other cases of 
embrittlement, that provoked by hydrogen occurs in 
static load conditions and with a stress considerably 
below the yield point. High-resistance steels are par- 
ticularly sensitive to this phenomenon [8-11]. 

Various theories have been proposed to explain the 
mechanism by which hydrogen carries out its detri- 
mental action. Among these the most accredited are 
the following. 

1.1. The pressure theory 
This theory, which is the oldest, was proposed by 
Zapffe and Sims [12] and subsequently modified by 
Tetelman [13]. It attributes the hydrogen embrittle- 
ment phenomenon to the strong pressures which arise 
inside the microvoids present in the material after the 
transformation of atomic hydrogen into molecular 
hydrogen. 

However, this theory cannot explain those embrittle- 
ment phenomena found in materials exposed to low 
hydrogen pressures (PH2 = 1 atm). Indeed, in these 
cases, since the pressure inside the microvoids is 
unable to overcome the outside pressure it is insuf- 
ficient to cause the formation of cracks. 

1.2. The decohes ion  mechanism 
According to this model, proposed by Troiano and 
colleagues [14-17], atomic hydrogen gathering at the 
apex of the microcracks, where the plastic defor- 
mations are largest, reduces the interatomic cohesion 
forces. 

While this theory explains very well the embrittle- 
ment phenomena which occur with intergranular and 
cleavage-type fractures, it is difficult to reconcile with 
those cases in which the fracture surfaces are dome- 
shaped (presence of plastic deformations). 

1.3. Surface energy theory 
This theory, proposed by Petch and Stables [18], like 
the one above refers to the presence of microcracks 
inside the material. In this case, however, it is the 
presence of the hydrogen absorbed on the inside 
surface of the microcrack which reduces the surface 
energy. 

This model appears contradictory too. Indeed, in 
the cases in which hydrogen cannot be absorbed 
quickly at the apex of the crack, the crack's growth 
should be discontinuous. However, this has rarely 
been observed. 

Another model attributes a material's loss of duc- 
tility to the temporary or permanent interaction 
of hydrogen which spreads with the dislocations, 
inclusions and microcavities, point faults and grain 
joints [19-21]. These faults constitute excellent traps 
for hydrogen atoms. In this case too, however, it is 
impossible to explain all the phenomena without run- 
ning into conflicting interpretations. 

Indeed, while some cases of embrittlement can 
be explained by supposing that atomic hydrogen 
obstructs the movement of the dislocation (the case of 
the fragile fractures), other cases are explained by 
attributing to hydrogen the capacity to facilitate 
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Figure 1 Specimen geometry (dimension in millimetres). 

the movement of the dislocations (the case of ductile 
fractures). 

Since none of these theories can explain on its own 
the complex phenomena which determine the behav- 
iour of a material towards the embrittling action of 
hydrogen, it is logical to think of a simultaneous 
action of the various mechanisms. 

In the author's Department a research programme is 
in progress which aims to examine the embrittling 
influence of  hydrogen on two types of steel (AIS14140 
and AISI 4340) in order to determine the effect of 
environmental and metallurgical variables. Two pre- 
vious papers [22, 23] referred to studies made by vary- 
ing the specimen geometry and the primary austenitic 
grain size of a fully quenched steel subjected to hydro- 
gen embrittlement tests. 

This paper reports the results of delayed failure tests 
on samples of a fully quenched AISI 4340 tempered at 
two different temperatures. Indeed, the phenomenon 
through which hydrogen spreads and accumulates on 
the inside of a crystalline structure isclosely related to 
the microstructure. 

The failure tests are carried out following different 
techniques which can be classified like this: 

(i) tests on smooth specimens with constant load 
and strain, with or without cracks or notches [24]; 

(ii) tests on smooth specimens obtained at a low 
and constant strain speed, with or without cracks or 
notches [25, 26]; 

(iii) tests on mechanical-type specimens of  the 
fracture with serious faults obtained by fatigue pre- 
cracking with constant load or strain [27-29]. 

On comparing the results obtained with these 
methods substantial differences were found in the 
values of the threshold loads and of the fracture 
incubation times. Therefore, in order better to define 
the field of use of the new steel and so make it safer, 
the tests were carried out with different load appli- 
cation methods. 

T A B L E  I Chemical composition of steel used (wt %) 

C = 0.40 Cu = 0.17 Mn = 0.75 

Ni = 1.74 Si = 0.26 Sn = 0.022 
Cr = 0.81 P = 0.019 A1 = 0.028 

Mo = 0.23 S = 0.015 

2. Experimental procedure 
The chemical composition of  AISI 4340 steel used in 
this work is reported in Table I. The sample geometry 
and dimensions as regards length and gauge length are 
reported in Fig. 1. 

After mechanical preparation the specimens were 
quenched in a tubular oven provided with a constant 
supply of argon. The vertical oven also enabled us to 
achieve extremely drastic quenching, since a special 
specimen-releasing device allowed the specimen to 
reach a quenching bath very rapidly. The heat treat- 
ment was carried out through austenitizing for one 
hour at 870 ~ C, followed by oil-quenching. 

After the quenching treatment a part of  the speci- 
mens was tempered at 500 and 700 ~ C. The metallo- 
graphic structures of  the sample after the different 
heat treatments are reported in Fig. 2. 

The homogeneity of the heat treatment was checked 
by subjecting all the samples to Rockwell C hardness 
tests: the values obtained together with the other 
mechanical characteristics are reported in Table II. 

An influence of surface finishing on the results 
obtained in delayed failure tests was found in a recent 
work [30]. In order to reduce this effect as much as 
possible, therefore, a check was made of the sample 
surfaces by means of Perthen Perthometer ChD elec- 
tronic roughness measuring apparatus. In Fig. 3 the 
averge roughness profile obtained from these meas- 
urements is reported. 

The hydrogen embrittlement tests were carried out 
at the temperature of 22 _+ I~ Indeed, this is 
generally the temperature at which steels similar 
to ours show their greatest sensitivity to hydrogen 
embrittlement. 

Hydrogen was introduced into the material with the 
cathodic load procedure, using an aqueous solution 
0.1 N H 2 S O  4 in contact with the atmosphere. This 
operation was carried out in a double-walled glass 
cylinder in whose cavity the thermostatic liquid 
circulated. Inside the cylinder the sample which 
constituted the cathode was assembled, while a plati- 
num coil wrapped round it at a distance of 2 cm acted 
as a controelectrode. 

The hydrogen charge occurred in intensiostatic con- 
ditions, that is at a prefixed and constant current 
value: in our tests this current density value was about 
10mAcm -2. In these conditions the sample assumed 
a potential of complete cathodic protection and the 
only phenomenon possible was hydrogen discharge. 

The sustained tensile load tests were carried out 
with two different load application methods. In one 
series of tests the load was applied 60min before 
hydrogen discharge, while in a second series the 

T A B L E  I I  Mechanical properties of steel used 

Heat treatment Hardness Yield strength Ultimate tensile 
(HRC) (MPa) strength (MPa) 

Oil-quenched 55 1650 2050 
Tempered at 44 1100 1250 

500 ~ C 
Tempered at 32 700 860 

700 ~ C 
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Figure 2 Metallographic aspect of the steel used: (a) oil-quenched, 
(b) oil-quenched and tempered at 500 ~ C,. (c) oil-quenched and 
tempered at 700 ~ C. 

hydrogen discharge preceded load application by 
60 min. 

The tests which did not reach failure in 150 to 200 h 
were interrupted since this is a long enough time to 
ascertain the threshold load. 

3. Results and discussion 
Figs 4 and 5 report the results of the sustained 
tensile load tests carried out on fully quenched AISI 
4340 steel tempered at 500 and 700 ~ C. The results in 
Fig. 4 were obtained in the tests in which the stress 
application occurred 60min before hydrogen dis- 
charge, while the results in Fig. 5 were obtained by 
applying the stress 60 min after this discharge. 

The trend of these curves leads to two interesting 
observations: firstly that the results depend to a great 
extent on the research technique, and secondly that 
structures obtained in conditions close to thermo- 
dynamic equilibrium are less sensitive to hydrogen 
embrittlement. 

Among the various theories proposed to explain 
the phenomena which determine the behaviour of a 
material towards the embrittling action of hydrogen 
(of which there is a brief list in Section 1), those which 
seem to us most suitable for interpreting our results 

are the dislocation theory [20, 21] and the hydrogen 
trap theory [31], which is an integral part of the first. 

According to these theories, hydrogen atoms, given 
their modest dimensions (0.104 nm), while spreading 
in the structure of a material divide themselves 
between the dislocations and the microcavities present 
on the grain boundaries and in the interstitial pos- 
itions. These faults, always present in the crystal 
lattice, constitute excellent traps for these atoms. 

During plastic deformation the dislocations trans- 
port the hydrogen atoms into the zones of greatest 
triaxal stress. In these zones hydrogen accumulates 
and damages their mechanical characteristics until, on 
reaching a critical concentration, the plastic zone 
fractures and the cycle continues. 

In untempered martensite the high number of 
dislocations present in the highly distorted lattice 
encourages the transport and the accumulation of 
hydrogen. In a structure of this kind, therefore, the 
time necessary for hydrogen to saturate a potential 
fault is greater and the nucleation of the fracture 
occurs in a shorter time (leftward movement of the 
curves of Figs 4 and 5). 

In addition, the lengthened shape of its crystals 
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Figure 3 Roughness profile. 
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Figure 4 Effect of the heat treatment on time to failure: 
tests in which the stress occurred 60 min before hydrogen 
discharge. (A) oil-quenched, (O) oil-quenched and tem- 
pered at 500 ~ C, (==) oil-quenched and tempered at 7000 C. 

makes this structure particularly favourable to the 
propagation of the fracture, which with the same 
hydrogen content, occurs at lower levels of stress 
(downward movement of the curves in Figs 4 and 5). 

The same considerations explain why structures 
obtained by high-temperature tempering of marten- 
site are less sensitive to hydrogen embrittlement. In 
these thermodynamically more stable structures the 
number of dislocations is relatively low and therefore 
the time needed for hydrogen to accumulate and 
nucleate the fracture is greater (rightward movement 
of the curves in Figs 4 and 5). 

In addition, with this heat treatment martensite is 
transformed, forming globular cementite, whose 
particles, which get less and less fine as the tem- 
perature increases, obstruct the growth of the fracture. 
This will only manifest itself if subjected to greater 
stress (upward movement of the curves in Figs 4 
and 5). 

As regards the differences which emerged in the 
tests carried out with the two research techniques, they 
can be attributed to the mechanisms by which the 
hydrogen atoms transported by the dislocations 
interact with the traps present in the metal lattice. 
These mechanisms depend substantially on the energy 
with which these interactions occur [32] and on the 
presence or absence of hydrogen in the traps at the 
moment of stress application. 

If the value of this energy enables the dislocations to 
remove the hydrogen present in the traps, these traps 
will behave as sources of hydrogen (reversible traps); 
otherwise their behaviour is comparable to that of a 
harmless reservoir (irreversible traps). 

In tests carried out applying stress to the samples 
saturated with hydrogen, the dislocations during their 
movement absorb the hydrogen contained in the 

reversible traps, whose energy is smaller. In this way 
the critical concentration in a potential fault is reached 
sooner and the fracture nucleation time will be shorter 
(leftward movement of the curves of Figs 4 and 5). 

It is clear that in these tests, since the irreversible 
traps are already saturated with hydrogen at the 
moment when the load is applied and the hydrogen 
contained in them cannot be removed, they will have 
no possibility of interacting with the dislocations. 

Exactly the opposite occurs in the tests in which 
the stress is applied before the hydrogen discharge. 
Indeed, in these tests, since at the moment of load 
application the traps are empty, the hydrogen trans- 
ported by the dislocations is released into the irrevers- 
ible traps because their interaction energy is greater. 
In this way the critical concentration of hydrogen in a 
potential fault is reached later and fracture nucleation 
is delayed (rightward movement of the curves of Figs 4 
and 5). While these considerations justify the delays 
in fracture nucleation and propagation, they do not 
explain the lower threshold load values. 

In order to explain this behaviour, we must consider 
the phenomena which determines the behaviour of a 
material at the moment when it is subjected to stress. 
Creep phenomena of very modest proportions occur 
in the material during load application, and in par- 
ticular at points corresponding to already existing 
micronotches on the surface, where the stress is 
greater. As a consequence of the deformations, stress 
relaxation phenomena are induced in the crack tip at 
a rate decreasing with time. 

During these deformations cavitation phenomena 
occur in the sites in which the local stress reaches the 
critical value and consequently there is a release of 
tension at the crack tip. In this way at every moment 
of load application there is an increase both in the 

30C 
n 
'~200 
0 

100 

10"1 

918 

, 1,01 , 10 o 102 

�9 u, Ip 

O 

A �9 

, ! 

1'0-~ 10 4 
TIME (rain) 

Figure 5 Effect of the heat treatment on time to failure: 
tests in which the stress occurred 60 min after hydrogen 
discharge. (A) oil-quenched, (o) oil-quenched and tem- 
pered at 500 ~ C, (m) oil-quenched and tempered at 700 ~ C. 



Figure 6 SEM fractgraphy with both intergranular and 
quasi-cleavage fracture. 

microvoid population and in the sites with subcritical 
stress values. Some of these sites have a value very 
close to the stress necessary to cause cavitation. 

Some authors suppose [33, 34] that during the initial 
relaxation phenomenon the number of  subcritically 
stressed sites decreases with time. If the material is 
already saturated with hydrogen at the moment when 
these relaxation phenomena occur, the sites which in 
the absence of  hydrogen were under subcritical stress, 
in the presence of  hydrogen reach the critical stress 
with subsequent nucleation of microvoids because of 
the decrease in local cohesive strength. The presence 
of these microvoids, as well as facilitating hydrogen 
diffusion in front of the crack tip, weakens the resist- 
ance of the material and facilitates delayed fracture. 

If the load application precedes cathodic polar- 
ization, when hydrogen diffuses in the material the 
relaxation phenomenon is practically exhausted. In 
this way the number of  microvoids under subcritical 
stress will be lower, with a consequent reduction in 
local stress at the crack tip. In these conditions 
hydrogen diffusion and fracture nucleation will take 
longer and the stress necessary to cause fracture is 
greater compared with that required by precharged 
material. 

From examination of the fractographs of Fig. 6 a 
predominantly intergranular type failure can be seen 
with limited areas of quasi-cleavage. This morphology, 
which is typical of the fragile fracture induced 
by hydrogen, does not seem to be modified by heat 
treatment. 

4. Conclusions 
The experimental results confirm that structures 
obtained in conditions closer to those of equilibrium 
are less sensitive to hydrogen embrittlement. 

The results showed a considerable dependence on 
the techniques with which the survey was carried out. 
This behaviour was attributed to the different mech- 
anisms by which the hydrogen transported by the 
dislocations interacts with the traps present in the 
metallic lattice, and to those creep phenomena which 

occur in the material at the moment when it is sub- 
jected to stress. 

A comparative examination of these results with 
those obtained with other investigative techniques 
points to the necessity of programming a series of tests 
in order to avoid excessively conservative or unsafe 
choices. 

The results of the fractographic study highlighted a 
predominantly intergranular fracture type. 
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