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Abstract  

The paper deals with the problematic of weakening of the original austenite grain boundaries which often takes 
place during the processing of heavy forgings. This phenomenon occurs predominantly in regions of locally 
coarsened grains during the long dwell times at temperatures of forging or primary heat treatment and can 
cause development of intercrystalline fracture even before the final heat treatment of forgings. Samples cut 
from discarded forging made from steel 26NiCrMoV 14-5 were at first laboratory processed by regime of 
austenitization at 1200 °C/2 hours and oil quenched. Quenched samples were then tempered at the 
temperatures in range (200 - 700) °C for 1, 10 and 100 hours. Microstructural changes of monitored steel and 
its selected mechanical properties (impact energy and hardness) in the individual stages of processing were 
evaluated. Microstructure and fracture surfaces were observed using light microscopy, scanning electron 
microscopy. Precipitation changes were evaluated using transmission electron microscopy of thin foils and 
replicas. The transformation and decomposition of initial martensitic structure related with the toughness 
decrease at temperatures 300 °C and 400 °C was monitored. Significant increase of impact energy was 
observed at temperatures of 600 °C and 700 °C where minimum amount or no cleavage at all was monitored. 
Nevertheless, the slightly decreased impact energy does not reach critical value of the intergranular rupture 
initiation during the forging process. 
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1. INTRODUCTION 

The casting of heavy pieces and their subsequent free forging are very specific technological processes.  Due 
to the fact the manufacture of these products is economically demanding piece production, it is necessary to 
pay more attention to the quality of the product. It must be taken into account that a large volume of material 
being processed requires completely different conditions of the deformation procedure and thermal conditions 
in comparison with the products of normal size. The precipitation has a significant influence on the course of 
microstructural changes during cooling of castings, primary heat treatment, repeated deformation during 
forming and subsequent heat treatment and thus the on final properties of the product [1-4].  

One of the critical phenomena in the production of forgings may be intercrystalline weakening of the primary 
austenite grains boundaries. This phenomenon has been repeatedly observed in the presence of cracks in 
segregates in case of finally-finished heavy forgings made from CrNiMo structural steels with a microstructure 
of tempered bainite and carbon steels with higher manganese content (up to 1.5 % Mn) with ferrite-pearlite 
microstructure. Surface cracks in segregates are usually created by micromechanism of quasi-cleavage and 
intercrystalline cleavage. Percentage of cleavage facets varies in a wide range.  

The surface layer of open die forgings, especially steam turbine rotor may be affected by intercrystalline 
brittleness and formation of intercrystalline crack. This deficiency is detected after the final heat treatment of 
the rotors when microstructure of tempered bainite locally coarsens and it is related to segregation and co-
segregation phenomena that tend to cause intercrystalline fracture due to development of tempering 
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embrittlement. Weakening the primary austenite grain boundaries in these cases takes place during the 
finishing operations and in subsequent cooling or primary heat treatment of a forged piece before the final heat 
treatment. The experiment was designed to assess susceptibility to intercrystalline embrittlement under 
conditions which respect the influence of high austenitizing temperatures applied during forging and of long 
annealing dwell times (up to 100 hours) during heat treatment or aftercooling.  

2.  EXPERIMENTAL 

The evaluated material was supplied by Pilsen Steel Ltd. in the form of prisms taken from the heavy forging of 
rotor manufactured from steel type DIN 26NiCrMoV 14-5 (1.6957), further in text labelled as 3.5Ni-1.5Cr. 
Chemical composition of steel is shown in Table 1. 

Table 1 Chemical composition of evaluated steel (wt.%) 

Heat treatment of samples of size 60 x 15 x 15 mm covered with Kalsen protective coating was carried out in 
an electric resistance furnace LAC. Samples were treated in backfill composed of alumina and crushed coke 
to reduce oxidation and decarburization of the steel surface. Samples were initially being austenitized at 
temperature of 1200 °C for two hours and then quenched in oil. Subsequently the samples were annealed 
(tempered) at temperatures of 200, 300, 400, 500, 600 or 700 °C. Dwell time at tempering temperatures was 
1, 10 and 100 hours. This period simulates short term, middle-term and long-term hold times at the 
temperatures during the processing of heavy forgings since prolonged time intensifies the potential adverse 
precipitation phenomena. Finally, the samples were removed from the furnace and cooled in air. After the heat 
treatment, samples were machined to dimensions of standardized Charpy impact test specimens with a V 
notch. For sample testing at room temperature the Charpy hammer PH 300 (300 J) was used. The Vickers 
hardness of heat treated samples was measured. Microstructural changes were evaluated by light microscopy 
on metallographic sections of broken specimens. Detail carbide particles evaluation was performed using 
electron microscope Jeol JSM 7600F equipped with EDX detector and transmission electron microscope 
Jeol 2000EX on extraction replicas and thin foil. The microstructure was highlighted using Nital or eventually 
Villela - Bain etchant reagents.  

3.  RESULTS AND DISCUSION 

In as-delivered state (forged), the microstructure of the steel 3.5Ni-1.5Cr consists principally of upper bainite 
and isolated areas of ferrite. The equiaxed prior austenitic grain has a size of (70 - 90) µm (Fig. 1 a). Carbide 
particles are relatively uniformly distributed along the grain boundaries and around the ferritic needles. M2C, 
M3C and Fe3C particles were observed in intergranular areas, on grain boundaries precipitates of type M23C6,

(M = Cr, Mn) and rarely Cr7C3 were identified. 2 hours long austenitizing at temperature of 1200 °C and 
subsequent oil quenching leads to an increasing of prior austenite grain size to approx. 660 µm (Fig. 1b ). The 
microstructure consists of a mixture of martensite, lower bainite and small areas of retained austenite. The fine 
acicular M2C precipitate is predominating in this state [5, 6].  

Element C Mn Si P S Cr Ni Mo V Al N 

Concentration 0,21 0,31 0,10 0,004 0,002 1,75 3,58 0,46 0,08 0,008 0,003 
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a) b) 

Fig. 1  Microstructure of 3.5Ni-1.5Cr steel in as delivered a) and quenched (1200°C / 2 h / oil) state b), SEM 

3.1 Mechanical properties 

Results of measurement of impact energy and hardness are summarized in the graph in Fig. 2 . In the hardened 
condition, and after tempering at 200 °C even with coarse-grained matrix evaluated steel showed a relatively 
good impact energy of app. 80 J.  

Fig. 2  Influence of tempering conditions on hardness and impact energy of 3.5Ni-1.5Cr steel 

Hardness value is reduced after tempering at 200 °C due to the redistribution of carbon in the martensite 
matrix. This is significant after 100 h. At the same time slight increase of toughness is evident. At the 
temperature of 300 °C the hardness drop is evident after 1 hour, but during the continuous stay at tempering 
temperature hardness raises back at the values corresponding to quenched state. Impact energy slightly 
decreases. During tempering at temperature of 400 °C hardness decreases while toughness value lowers to 
minimal value of 50 J. That is still a satisfactory value in terms of the ability of steel to possibly sustain adverse 
conditions of stress during the manufacturing process. Steel hardness was evidently lowered after tempering 
temperature of 500 °C, while impact energy rose to a value of about 250 J after tempering at 600 °C and 
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700 °C. The significant influence of the tempering time in temperature interval of 600 °C - 700 °C on mechanical 
properties is evident. At higher temperatures, major structural changes associated with significant decrease in 
hardness and increase toughness are assumed.  

3.2 Microstructure 

Applied tempering caused structural changes that can be characterized as follows: The microstructure of 
samples tempered at low temperatures (200 °C and 300 °C) consists of the mixture of martensite needles and 
bainite and contains fine acicular precipitate type M2C with dimensions of approx. 200 nm (Fig. 3a, b ). Higher 
temperatures (400-500) °C of processing lead to formation of tempered martensite with increasing occurrence 
of fine spherical carbides of M3C type. Size of these carbides increases with temperature. At a temperature of 
500 °C slight coarsening (sporadically up to 1 µm) of the precipitate was observed, especially of particles with 
a higher content of Ni. At increased temperature of 600 °C and 700 °C the precipitate considerably coarsens; 
acicular precipitate is already absent and microstructure contains increased fraction of particles containing Mo 
together with cuboidal and spherical M23C6 type carbides (Fig. 3c, d ). The recrystallization of ferrite cause 
gradual disappearance of the initial needle character of quenched microstructure [4, 6]. 

a) 300 °C, SEM b) 300 °C, TEM, thin foil 

c)  700 °C, SEM d)  700 °C, carbides Cr23C6, TEM, extraction replica 

Fig. 3  Microstructures after quenching 1200 °C / 2h / oil, tempering 100 h at  300 °C and 700 °C 100 h 
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3.3 Fractography 

Fracture surfaces of selected samples after impact bending test (Fig. 4) are documented using stereo 
microscope and scanning electron microscope. Up to tempering temperature of 500 °C fracture of mixed 
character with the prevailing cleavage mechanism was observed. 

a) As quenched, LM b) As quenched, SEM 

c) 300 °C / 100 h  d) 300 °C / 100 h, SEM 

e) 700 °C / 100 h  f) 700 °C / 100 h, SEM 

Fig. 4  Appearance of fracture surfaces after impact test, 1200 °C / 2h / oil, tempering at 300 °C and 700 °C
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In regions of cleavage the transcrystalline mechanism of failure appears predominantly. Intercrystalline 
fracture was observed only locally, namely between needles in formations of martensite or bainite. In these 
areas, presence of the precipitate on the surface of the needle (Fig. 4c, d ) is often evident. At the temperature 
of 600 °C almost ductile dimple morphology of fracture (Fig. 4f ) is observed. A considerable amount of mostly 
spherical particles distributed almost uniformly throughout the volume of the material [1, 4, 7] is obvious as 
well. 

CONCLUSIONS 

Evaluation of the tendency of steel 26NiCrMoV 14-5 to intercrystalline embrittlement of the primary austenite 
grain boundaries after quenching from a temperature of 1200 °C and subsequent tempering in the temperature 
range 200 °C - 700 °C for 1, 10 and 100 hours reveals that the microstructure of samples tempered at low 
temperatures (200 °C and 300 °C) consists of the fine acicular precipitate type M2C contained in a mixture of 
martensite needles and areas of bainite. 

Increasing processing temperatures lead to the formation of tempered martensite containing fine spherical 
M3C carbides. At the temperature of 600 °C the precipitates considerably coarsen and the proportion of 
particles containing Mo and amount of M23C6 carbides is increased. 

In the temperature range of 300 °C - 400 °C the measured hardness maximum of 450 HV was accompanied 
by the slight decrease of impact energy to the minimum value 50 J which is still satisfactory with regard to the 
risk of cracking. 

Fracture surfaces after impact tests in all cases exhibit a mixed (ductile - brittle) character. The excessive 
occurrence of adverse intercrystalline cleavage was not observed even at the temperature range of 
300 °C - 400 °C. Although detected embrittlement at lower tempering temperatures is not significant, it is 
advisable to avoid dwell time of the material in this temperature range. 
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