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Abstract

In this work the effects of long-term ageing of 9Cr-1Mo (T91) heat-resistant steel on its
dynamic hydrogen embrittlement resistance in impact loading conditions were investigated.
Altogether three heat-treated material states were studied, namely the initial normalized and
tempered (N&T) state, i.e., 1050°C/0.5h + 750°C/1 h and two long-term aged states, i.e.,
600°C/5000 h and 650°C/5000 h. Charpy V-notch (CVN) impact bending tests were performed
at room temperature for all the heat-treated material states in conditions either without or
with electrochemical hydrogen charging. A brittle fracture resistance of the investigated mate-
rial in individual material conditions was evaluated by the determination of Embrittlement
Index (EI) values in terms of relative changes in CVN impact toughness with respect to vari-
ously selected initial and final material conditions. This approach enabled to differentiate the
effects of long-term ageing, hydrogen charging, and their mutual superposition on the resulting
brittle fracture resistance. The obtained results indicated excellent brittle fracture resistance
of studied T91 steel in both the aged and hydrogen-charged material states at impact loading
conditions.
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1. Introduction

Grade 91 ferritic-matrix heat-resistant steel was
developed during the 1980s by the Oak Ridge National
Laboratory (ORNL, Tennessee, USA) for the use
in high-temperature service conditions of advanced
power-engineering equipment [1]. It represents a mod-
ified 9Cr-1Mo steel with an optimized chemical com-
position of alloying elements (0.06 % Nb, 0.2 % V, and
0.05% N) resulting after the normalizing and tem-
pering (N&T) heat treatment in tempered marten-
sitic microstructure with strengthening precipitates
of My3Cg (M = Cr, Fe, Mo) and MX (M = V,
Nb, X = C, N) secondary phases [2-5]. The grade
91 steel recommended application temperature lays
in the range 590-600°C for long-term operation. Al-
though during the several last decades further gener-
ations of higher-alloyed creep-strength enhanced fer-
ritic (CSEF) grades of tempered martensitic steels
with increased creep strength have been developed
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(e.g. P/T92, C/FB2, E911, MARBN, G115, SAVE12,
etc.), the traditional grade 91 steel still remains com-
mercially the highly demanded ferritic boiler steel
thanks to its excellent long-term thermal stability
with respect to the microstructure and properties in
high-temperature creep conditions. The alloying of
grade 91 steel with 9 wt.% Cr makes this steel self-
-quenchable by cooling in air from the austenitization
temperature lying above the A3 ferrite-to-austenite
phase transformation temperature during normalizing
[6, 7]. Subsequent subcritical tempering below the Agq
phase transformation temperature assures sufficient
relief of thermal and transformation residual stresses
and formation of more stable tempered martensitic
microstructure with ferrite solid solution matrix and
secondary phase precipitates of intergranular Cr-rich
M35Cg carbides and intragranular (V,Nb)(C,N) carbo-
nitrides. These minor secondary phases represent the
most important precipitation strengthening phases in
grade 91 steel [8-10]. Further alloying addition of
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1wt.% Mo is primarily intended for achieving an effi-
cient solid solution strengthening of the Fe-based fer-
ritic matrix. However, such a high content of molyb-
denum exceeds its solubility limit in the ferrite phase
which subsequently results in the precipitation of
FesMo-based intermetallic Laves phase during long-
-term ageing in laboratory or service conditions [11-
15]. As the Laves phase precipitation removes the Mo
atoms from solid solution, consequently the solid solu-
tion strengthening effect of Mo is reduced during long-
term ageing. However, the particles of Laves phase
contribute to the precipitation strengthening before
the coarsening of the Laves phase occurs. On the other
hand, the coarsening of intermetallic Laves phases in
9Cr heat-resistant steels is generally considered the
main reason for degradation of their impact tough-
ness and the increase of notch sensitivity. During sev-
eral last decades, numerous studies about microstruc-
ture evolution and mechanical properties of 9Cr heat-
resistant steels including their creep strength perfor-
mance as well as hydrogen embrittlement (HE) sensi-
tivity in static or quasi-static mechanical loading con-
ditions have been widely performed and reported, e.g.
[16-22]. However, the studies related to the investiga-
tion of HE susceptibility of structural steels in impact
loading conditions are still rather limited, e.g. [23-25].

Our current work is focused on the investiga-
tion of brittle fracture resistance of traditional T91
heat-resistant steel exposed to long-term ageing and
room-temperature electrochemical hydrogenation in
order to quantify and discuss partial and superim-
posed effects of applied ageing and hydrogen-charging
conditions on resulting mechanical responses by im-
pact loading. The obtained results on microstructure-
property relationships are correlated with observed
microstructures and fracture micro-mechanisms. Mi-
crostructural conditionality of brittle fracture resis-
tance of long-term aged and cathodically hydrogen-
charged T91 heat-resistant steel in impact loading
conditions is analyzed and discussed.

2. Experimental material and procedures

The as-received T91 material was in the form of
commercial steel tube with dimensions of 38 mm outer
diameter and 5.6 mm wall thickness. The elemental
chemical composition of the tube is given in Table 1.

The initial quality heat treatment of the tube con-
sisted of normalizing and tempering (N&T) at 1050
and 750°C, respectively (see scheme in Fig. 1). Three
tube segments with individual lengths of 70 mm were
cut for further experimental work. One tube segment
in the initial N&T material condition was considered
the reference material state.

The second and third tube segments were sub-
jected to long-term ageing for 5000 hours at 600 and

~| 1050°C/0.5h (hold)
)
- ~
o| £ 750°C/1h (hold)
3 ay . -
g & O
2| < 2 & ®.
£ 8 3 £ i
1] 8 (o < %
=)
S
(4]
Time (h) !

Fig. 1. Scheme of the quality heat treatment for T91 steel
tubes.
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Fig. 2. Sampling of CVN impact toughness specimens from

the steel tube (a) and schematic representation of sub-sized
CVN specimen (b).
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Fig. 3. Experimental set-up for cathodic hydrogen charging
of the CVN impact toughness test specimens.

650°C, respectively, to produce the long-term aged
material states simulating the material degradation
during high temperature operation. From each tube
segment in individual material condition, six sub-sized
CVN impact toughness specimens with half thickness
were manufactured due to dimensional restrictions re-
lated to the actual wall thickness of the tube. The
sampling orientation and the geometric-dimensional
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Fig. 4. SEM microstructures of heat-treated material states of T91 material: (a) N&T state, SE mode, (b) N&T state,
BSE mode, (c¢) 600°C/5000 h state, SE mode, (d) 600°C/5000 h state, BSE mode, (¢) 650°C/5000 h state, SE mode, and
(f) 650°C/5000 h state, BSE mode.

characteristics of the CVN impact toughness speci-
mens are shown in Fig. 2.

The prismatic bodies of the specimens were pro-
duced by conventional grinding machining, whereas
the notches were manufactured by spark erosion in or-
der to assure precise notch geometry. The CVN impact
toughness tests were carried out for all prepared mate-
rial states (N&'T, 600°C/5000 h, and 650°C /5000 h) in

conditions without and with subsequent electrochem-
ical hydrogen charging.

The electrochemical hydrogenation of produced
CVN impact toughness test specimens was carried out
in a solution of 1 M HCI with 0.05M NoHgSO4 apply-
ing a current density of 200 A m~2 for 24 hours at am-
bient temperature. For each individual material state,
three CVN impact toughness specimens were tested
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Table 1. Chemical composition of T91 tube under investigation

C N Si Mn P S

Cr

Mo Ni Al \% Nb Fe

0.092 0.045 0.39 0.44 0.011 0.003

8.68

0.92 0.25 0.015 0.2 0.064 balance

and the average CVN impact toughness values were
evaluated. The schematic set-up of electrochemical hy-
drogen charging procedure is visualized in Fig. 3.

The embrittlement sensitivity characterizing the
effects of applied long-term aging and electrolytic hy-
drogenation on the brittle-fracture resistance of the
studied material was determined by the calculation of
the embrittlement index (EI) according to the follow-
ing equation Eq.(1):

Elcyn = ((CVNg — CVNx)/CVNp) x 100 %, (1)
where CVNy and CVNx are the values of Charpy
V-notch impact toughness of two individual material
states. The subscripts “0” and “X” refer to the states
selected as initial and final, respectively [26].

The microstructural and fractographic analyses of
the investigated material states were carried out us-
ing conventional scanning electron microscopy (SEM)
in combination with energy-dispersive X-ray (EDX)
spectrometry. Temperature dependence of phase com-
position of studied material was determined by ther-
modynamic calculations using Thermo-Calc software
and non-commercial thermodynamic database
STEEL16 developed by Dr. A. Kroupa (IPM ASCR,
Brno, Czech Republic) in order to predict evolution
of equilibrium phases during long-term ageing and to
support experimental findings.

3. Results and discussion

Figure 4 shows SEM microstructures of studied
T91 material in individual heat-treated material states
without application of hydrogen charging. The SEM
microstructures are presented in the secondary elec-
trons (SE) mode in Figs. 4a,c,e. In addition, the same
microstructural regions are also visualized using back-
scattered electrons (BSE) mode in Figs. 4b,d,f. The
SE imaging mode in SEM is conventionally used for
the detailed morphological analyses of material mi-
crostructures, whereas SEM microstructural analyses
using the BSE imaging mode are highly sensitive on
average atomic number of a phase, often referred to as
Z-contrast imaging. Thus the BSE visualization mode
in SEM has been widely adopted in several research
studies of 9Cr heat-resistant steels, e.g., [27-30] to dif-
ferentiate between the My3Cg chromium-rich carbides
with relatively lower average atomic number and inter-
metallic Laves phases (e.g. FeaMo or Fea W) with sig-
nificantly higher average atomic numbers. Representa-

tive EDX spectra for individual phases, i.e. ferrite solid
solution matrix, Cr-rich Mo3Cg carbide, Fe;Mo based
Laves phase, and MX (V,Nb)(C,N) carbo-nitride oc-
curring in studied T91 steel in long-term aged material
condition (600°C/5000h) are shown in Fig. 5.

By comparison of SEM images recorded in SE vi-
sualization mode (Figs. 4a,c,e), it can be concluded
that the microstructures related to individual mate-
rial states do not differ significantly from each other
which clearly demonstrates a high thermal stability of
T91 steel microstructure under high-temperature age-
ing conditions. The sizes and morphologies of individ-
ual microstructural features, i.e. the grains, subgrains
(i.e. tempered martensitic laths), and secondary phase
precipitates are very similar for all the heat-treated
material states, although a certain grain growth and
precipitate coarsening are distinguishable in long-term
aged material states compared with the initial N&T
material state. The observed grain growth and pre-
cipitate coarsening in long-term aged (600°C/5000h
and 650°C/5000 h) material states have occurred due
to thermally-activated diffusional processes leading to
the reduction of total system free energy, specifically
by minimizing the interfacial energy associated with
grain boundaries and particle/matrix interfaces [31].
Grain growth and particle coarsening occur at the ex-
pense of the smallest grains and precipitates which are
gradually absorbed by the larger grains and precipi-
tates.

On the other hand, the SEM images of studied
T91 steel material states recorded in the BSE visual-
ization mode (Figs. 4b,d,f) are presented to enable
phase differentiation between the precipitates vary-
ing vastly in their average atomic numbers, such as
the My3Cg chromium-rich carbides and intermetal-
lic Laves phase. From performed observations it can
be concluded that the FesMo based Laves phase
with its sharp bright contrast occurred only after
long-term ageing at 600°C for 5000 hours. In com-
parison with the Cry3Cg based carbides, significant
coarsening of the Laves phase has been observed,
although its occurrence within the microstructure
was rather scarce (Fig. 4d). This observation cor-
relates well with low molybdenum content in T91
steel as shown in Table 1. Moreover, at 650°C no
Laves phase precipitates have been observed (Fig. 4f).
This observation can be supported by thermody-
namic calculations presented in Fig. 6 indicating
the occurrence of stable phases in T91 steel in de-
pendence of temperature. According to the phase
diagrams, the Laves phase solvus temperature for
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Fig. 5. Typical EDX spectra of individual phases occurring in studied T91 steel after long-term ageing at 600°C for 5000
h: (a) ferrite solid solution matrix, (b) Cr-rich M23Cs carbide, (c) FeaMo based Laves phase, and (d) V-, Nb-rich MX
carbo-nitride.

T91 steel chemical composition is to be around
640°C.

The phase diagram in Fig. 6a shows the effect of
temperature and Mo-content on the phase composi-
tion of T91 steel, whereas Fig. 6b demonstrates the
effect of temperature and C-content on the T91 steel
phase composition.

In Fig. 6a it is demonstrated that with decreasing
temperature, the solubility of Mo in ferrite solid solu-
tion is decreasing which gives rise to an increase of pre-
cipitation amount of FesMo Laves phase. On the other
hand, Fig. 6b shows that with decreasing temperature,
the solubility of C in both the austenite and ferrite
solid solutions is decreasing which gives rise to an in-
crease of precipitation amounts of Cro3Cg based car-
bides. Moreover, the temperature dependence of the
carbon solubility within the ferrite is far much steeper
(Fig. 6b) than the temperature dependence of the
molybdenum solubility (Fig. 6a). Therefore, the dif-
ferences in the amounts of Cro3Cg carbide precipitates

in both long-term aged material states (600°C/5000 h
and 650°C/5000 h) are rather negligible (Fig. 4). By
summary, a thermodynamic calculation in Fig. 6c¢
shows the calculated mole fractions of stable phases
for the fixed chemical composition of T91 steel de-
pending on temperature. Since according to Fig. 6c¢
the equilibrium amount of brittle intermetallic Laves
phase precipitates at 600°C is very low, i.e., below 0.01
mole fraction and at 650°C even 0 mole fraction, the
tendency of T91 steel to thermally-induced embrittle-
ment can be expected to be very low or none.

Figure 7 shows the values of CVN impact tough-
ness for individual heat-treated material states in con-
ditions without and with hydrogen charging.

The results show that neither the long-term ageing
nor electrochemical hydrogenation induced any signifi-
cant changes in obtained values of CVN impact tough-
ness. This observation clearly demonstrates excellent
brittle fracture resistance of T91 steel in both the long-
term aged and hydrogen-charged material states at
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Fig. 6. Calculated phase diagrams showing the occurrence of thermodynamically stable phases for T91 steel: (a) dependence
on temperature and Mo-content, (b) dependence on temperature and C-content, and (c) temperature dependence at fixed
T91 steel composition.

room-temperature impact loading conditions. In or-
der to quantitatively differentiate between the effects
of long-term ageing, hydrogen charging, and their mu-
tual superposition on the resulting brittle fracture re-
sistance, calculated Elcyn values are presented in Ta-
ble 2. The values of embrittlement index were calcu-
lated according to the Eq. (1) using the mean CVN
impact toughness values related to individual material
conditions as shown in Fig. 7.

Although both the positive and negative Elcyn
values representing either embrittling or toughening

behaviors have been obtained (Table 2), the overall
Elcyn values variation is rather small. The reason
for the observed slight toughening effect (i.e. nega-
tive Elcyn value) induced by long-term ageing and
hydrogen charging after long-term ageing of T91 steel
at 650°C is not completely understood at this point
of investigation. It is assumed that some thermally-
-induced toughening effects might be induced by the
occurred spheroidization of the finest semi-coherent
precipitates leading to the material softening. Due
to additional precipitation of fine precipitates during
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Table 2. Embrittlement index (Elcvn) for individual material states of T91 steel

Row Initial state Final state Elcvn (%)
1 N&T N&T + H 4.1
2 N&T + 600°C/5000 h N&T + 600°C/5000h + H 2.0
3 N&T + 650°C/5000 h N&T + 650°C/5000h + H —6.6
4 N&T N&T + 600°C/5000 h -0.6
5 N&T N&T + 650°C/5000 h -2.0
6 N&T N&T + 600°C/5000h + H 1.4
7 N&T N&T + 650°C/5000h + H 8.7

Rows 1-3: hydrogen (H) charging effects; Rows 4,5: long-term ageing effects; Rows 6,7: superposition of long-term ageing

and H charging effects.
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Fig. 7. Effect of long-term ageing and hydrogen charging
on CVN impact toughness.

thermal exposure, the number of irreversible hydro-
gen traps is increased and by this way the amount of
free diffusible hydrogen is decreased [32]. Moreover,
as the grain boundaries are generally considered the
reversible (i.e. weak) hydrogen trapping sites increas-
ing the hydrogen embrittlement (HE) susceptibility,
the observed grain growth during long-term ageing ac-
companied by overall reduction of grain boundary area
could also result in observed slight increase of the HE
resistance. Pandey et al. [16] also observed the decreas-
ing EI values with increasing diffusible hydrogen level
in P91 steel weld deposit. It is generally accepted that
the grade 91 steel is prone to HE under quasi-static
loading conditions, especially in as-welded or insuffi-
ciently tempered material condition due to its sharp
martensitic lath microstructure [33]. However, after
the quality N&T treatment and especially after long-
term ageing inducing further microstructure temper-
ing, the resistance to HE may even slightly increase,
which has also been demonstrated by the results ob-
tained in present investigation.

Figure 8 shows the SEM images of fracture surfaces

of broken CVN impact toughness test specimens re-
lated to individual material states of investigated T91
steel after performing the room-temperature Charpy
impact bending tests.

The observed fracture micro-mechanisms are rep-
resented by a mixture of both the ductile dimple
tearing (i.e. micro-void coalescence fracture) repre-
senting the major fracture part and minor portion
of transgranular quasi-cleavage (mainly around non-
metallic inclusions) for all the studied material condi-
tions which corresponds well with the obtained values
of CVN impact toughness (Fig. 7). This mechanical
and fracture behavior indicates very good brittle frac-
ture resistance of the long-term aged and hydrogen-
charged T91 heat-resistant steel in impact loading
conditions.

4. Summary and conclusions

In this study brittle fracture resistance of T91
heat-resistant steel was investigated in long-term aged
and cathodically hydrogen-charged material condi-
tions. The obtained results are summarized in follow-
ing conclusions:

— Microstructural investigations of individual ma-
terial states revealed that all studied microstructures
are composed of tempered martensitic structures con-
sisting of ferritic matrix, Cro3Cg based carbides and
(V,Nb)(C,N) carbo-nitrides.

— Compared to the initial N&T and long-term aged
650°C/5000 h material states, the 600°C/5000 h aged
material exhibited additional precipitation and coars-
ening of a very little amount of intermetallic FeaMo
based Laves phase to be below 0.01 mole fraction with
respect to performed thermodynamic calculation.

— In accordance with performed thermodynamic
predictions, the amounts of individual secondary
phase precipitates were slightly increasing with de-
creasing ageing temperature due to the decreasing sol-
ubility limits of alloying elements in the ferritic matrix
with decreasing temperature.

— The obtained results of room-temperature Char-



68 L. Falat et al. / Kovove Mater. 64 2026 61-70

Fig. 8. SEM images of fracture surfaces of broken CVN impact toughness specimens related to individual material states
of T91 steel under investigation: (a) N&T state, (b) N&T state with hydrogen, (c) 600°C/5000 h state, (d) 600°C/5000 h
state with hydrogen, (e) 650°C/5000 h state, and (f) 650°C/5000 h state with hydrogen.

py impact bending tests indicated similar CVN impact
toughness values for all the studied material condi-
tions, i.e. the effects of both the long-term ageing and
hydrogen charging on the resulting brittle-fracture re-
sistance of T91 steel under investigation were rather
small.

— The revealed excellent brittle fracture resistance
of T91 steel can be related to its optimal alloying

and microstructural characteristics, namely its stable,
highly tempered martensitic microstructure and very
low volume fraction of intermetallic Laves phase not
compromising the toughness of the material.
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