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Abstract

Martensitic chrome steels with a high content of chromium incline to form delta ferrite frequently accompanied by

massive dendritic carbide precipitations. Both phases mostly in¯uence the mechanical properties of this steel in

countercurrent manner. The relatively soft delta ferrite causes an increase of ductility and toughness, whilst the brittle

dendritic carbides decreases both. Both phases mostly decrease the strength of the steel. One or the other in¯uence will

be dominant in dependence of the quantitative relation of the two phases. This is the cause for very di�erent statements

in the literature. The dendritic carbides should be avoided using a cooling rate of more than 103 K/min after the

austenitization, because this phase mostly impairs the mechanical properties of the steel. However, the delta ferrite

without dendritic carbides can be tolerated mostly. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Within the framework of the blanket project under

the European fusion technology program (EBP), struc-

tural materials based on martensitic chromium steels are

being developed for the ®rst wall and the blanket

structures of ITER test modules. According to the

Schae�er diagram, however, martensitic chromium

steels with a high chromium equivalent and a low nickel

equivalent tend to form delta ferrite. Moreover, delta

ferrite may occur in the one-phase ®eld of the martensite

following unconventional mechanical and thermal

treatments of the material. The in¯uence of delta ferrite

on the mechanical properties is not described consis-

tently and completely in the literature [1±7]. Many

contradictions arise from the fact that a frequent com-

panion of the delta ferrite, which also has a decisive

in¯uence on the mechanical properties, has often been

ignored up to now. The sometimes massive dendritic

carbide precipitates of the type M23C6 (with M�65%

Cr + 30% Fe+� � �) more or less encapsulate the delta

ferrite [8±10]. The present work is aimed at studying the

conditions (tempering) of carbide dendrite generation

and how it can be avoided. Furthermore, the in¯uence

of delta ferrite, carbide dendrites and both phases to-

gether on the mechanical properties of the steel shall be

determined.

2. Test material

Six melts of martensitic steel with a variable chro-

mium content of 9±14% were used as the test material.

The resulting proportion of delta ferrite ranges between

0% and 25%. Except for the chromium content, the six

melts are very similar. Their mean chemical composition

is: 0.13% C; 0.34% Si; 0.63% Mn; 9±14% Cr; 0.65% Ni;

0.60% Mo; 0.27% V; 0.18% Nb; 0.006% P; 0.004% S.

Delta ferrite represents the ®rst solid phase that sepa-

rates from steel melts during cooling. Subsequently,

delta ferrite is converted into c-iron. This conversion is

sometimes incomplete for kinetic reasons (mainly due to

the alloying elements of the chromium equivalent) such

that fractions of delta ferrite remain in the c-iron and in

the martensite during further cooling. According to

microstructural analyses using the scanning electron

microscope, occupation of the phase boundaries be-

tween the martensite matrix and the delta ferrite by a

chromium-rich carbide of the type M23C6 increases with
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increasing delta ferrite content of the test melts (see

Fig. 1). At a certain cooling rate (�15 K/min), these

carbides grow from the chromium-enriched delta ferrite

and are possibly bound to it in a semi-coherent manner.

Due to the high oversaturation and the unfavorable

nucleation conditions, the carbides often have a den-

dritic form [8±10].

3. Results of the notched bar impact bending tests

To determine the in¯uence of delta ferrite (alone) on

the impact properties, the specimens were austenitised at

1075°C for 0.5 h, quenched in water and tempered at

520°C for 2 h. This ensures that no relevant amounts of

massive dendritic carbides or other carbides are formed.

In Fig. 2 impact properties of these specimens are rep-

resented as a function of their pure delta ferrite content

(without carbide dendrites). Increasing delta ferrite

content causes the maximum force Fm to decrease, while

the ductility Su and the impact energy Av increase. This

is the direct in¯uence of the softer delta ferrite phase (see

also [9]).

When selecting a slower cooling rate, e.g. 15 K/min,

massive dendritic carbides are precipitated around the

delta ferrite during cooling [8]. They cause together

with the delta ferrite the impact properties represented

in Fig. 3. With an increasing fraction of delta ferrite

and, hence, an increasing proportion of carbide den-

drites (at a small cooling rate), all impact properties

measured (maximum force, ductility Su and impact

energy) decrease. This means that the dendritic car-

bides have a dominant in¯uence on impact properties,

as a result of which the positive in¯uence of delta

ferrite on ductility Su and impact energy is turned to

the negative.

From Figs. 2 and 3, the in¯uence of the dendritic

carbides alone without delta ferrite is calculated sup-

posing the property P of steel containing delta ferrite F

and dendritic carbides C together, P(F+C), related to

the property without F and C, P(-), is equal to the

product of F and C alone: P(F+C): P(-) � P(F): P(-) á
P(C): P(-) [11]. P (C) is shown in Fig. 4. It can be no-

ticed that small amounts of dendritic carbides originat-

ing from a delta ferrite content of about 5% do not

in¯uence maximum force, but strongly a�ect impact

energy. At higher delta ferrite contents (e.g. 25%) and

high contents of dendritic carbides, ductility and impact

work are hardly in¯uenced, while the e�ect on the ma-

terial strength increases.

A lot of tensile tests at room temperature were car-

ried out likewise. Toughness was obtained as the prod-

uct of tensile strength and uniform elongation. The

results are given in [11] and presented qualitatively in

Table 1.

Fig. 1. Dendritic structure of the M23C6-seam carbide of the

delta ferrite [10].

Fig. 2. Maximum force Fm, deformation up to cleavage fracture

Su and impact energy Av from impact bending tests for steels

watercooled in order to avoid dendritic carbides in dependence

of the delta ferrite content.
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4. Discussion

According to Table 1, delta ferrite is a relatively soft

phase in the martensite. It reduces the strength of the

steel, increases its ductility and, hence, (due to the

dominant increased ductility) its toughness, but not al-

ways its fracture toughness (ARm). As the brittle phase

in the martensite, the dendritic carbides reduce both the

ductility at fracture and the toughness of the steel.

Strength is decreased in the tensile test and increased in

the impact bending test, which is due to various fracture

mechanisms. The combined e�ect of delta ferrite and

dendritic carbides on the strength is always negative.

This also applies to the notch bar impact bending test,

because the strength-reducing e�ect of delta ferrite pre-

dominates. In addition, in¯uence on the ductility and

toughness is negative when considering the fracture (Su,

A, Av and RmA). As regards the deformation state well

before fracture (Ag and RmAg), however, the combined

in¯uence of delta ferrite and dendritic carbides improves

both the ductility and the toughness. This combined

in¯uence was measured following cooling at a rate

leading to the maximum possible amount of dendritic

carbide. Of course, other mixing ratios of dendritic

Fig. 3. Maximum force Fm, deformation up to cleavage fracture

Su und impact energy Av from impact bending tests for steels

cooled in a furnace with 15 K/min in order to get dendritic

carbides in dependence of the delta ferrite content.

Table 1

In¯uence of delta ferrite and massive dendritic carbides, separately and in combination, on the mechanical properties of a martensitic

chromium steel (+� increase; -� decrease)

Strength Ductility Toughness

Fm Rm Rp0:2 Su A Ag Av ARm AgRm

Delta ferrite, DF ) ) )) + + ++ +(+) ) +(+)

Carbide dendrites + ) ) )) )()) + )) ) 0())

DF + CD ) )()) )) ) ) ++ )()) )) +

Tensile test: Rp0:2� 0.2% yield strength; Rm�ultimate tensile strength; Ag�uniform elongation; A� total elongation. Charpy impact

test: Fm�maximum force; Su �bending at brittle fracture; Av� impact energy.

Fig. 4. Calculated maximum force Fm, deformation up to

cleavage fracture Su und impact energy Av for impact bending

tests for steels with amounts of dendritic carbides accopanying

the delta ferrite declared here.
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carbides and delta ferrite are possible. The model as-

sumption comprises a matrix of martensite and two in-

cluded phases, one of which (delta ferrite) is softer, more

ductile, tougher and less strong than the martensite,

while the other phase (dendritic carbides) is harder, less

ductile, less tough and stronger than the martensite.

Both phases have an opposite in¯uence on the me-

chanical properties of the steel. Pure delta ferrite in-

creases the ductility and toughness of the steel, while

dendritic carbides decrease them. Strength is negatively

a�ected by both phases. When used together, either

phase may predominate depending on the mixing ratio

of dendritic carbides and delta ferrite and the test

method or type of load. This also explains the contra-

dictory results in literature [1±7]. As the mechanical

properties of the steel are nearly always adversely af-

fected by the dendritic carbides, they should be avoided

largely by selecting a cooling rate of at least 103 K/min.

In contrast to this, delta ferrite alone may often be tol-

erated.
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