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Processes of aging of maraging steel 03N18K3M3T from commercial heats are investigated. Dilatometric,
x-ray diffraction, and fractographic studies and tests for corrosion strength and delayed fracture (DF) are de-
scribed. It is shown that after quenching from 820°C and aging at 400°C a DF crack propagates in the studied
steel over grain boundaries at a high speed, which causes brittle fracture. The corrosion rate of the steel after
such a treatment is also high. X-ray diffraction analysis has shown the presence of a strong and virtually sin-
gle-component texture in martensite, which is preserved after forging, prior high-temperature quenching, and
base quenching from 820°C.

INTRODUCTION

It is known [1 – 3] that delayed fracture of maraging
steels manifests itself in the range of aging temperature close
to 400°C and is connected with the appearance of local inter-
nal stresses. The maximum of this kind of fracture has not
been determined due to the difficulties in the study of the
early stages of decomposition by direct diffraction methods.
The decomposition of a supersaturated solution in this stage
is accompanied by simultaneous processes of rest and relax-
ation of stresses. A characteristic typical feature of delayed
fracture is the intergrain brittle propagation of the crack. It is
assumed that intergrain fracture is connected either with pre-
dominant decomposition of martensite over grain boundaries
[1, 2] or with concentration of dislocations on grain bound-
aries as a result of their planar slip through coherent particles
in the process of DF tests [3]. In this case, it is necessary that
hydrogen had arrived at the tip of the growing crack in de-
layed fracture.

The aim of the present work consisted of studying the
structure of maraging steel 03N18K3M3T in the initial aging
stages and determining the possible causes of its catastrophic
embrittlement in delayed fracture in this state.

METHODS OF STUDY

We studied2 maraging steel 03N18K3M3T obtained by
two methods, namely, (I ) vacuum-induction melting (VIM)
and (II ) vacuum-induction melting and vacuum-arc remelt-
ing (VIM + VAR) (see Table 1).

After solution annealing the castings were forged for
squares 90 � 90 mm in size and subjected to prior 2-h
quenching from 1200°C in water. Then followed the base
quenching of the preforms, namely, steel I was heated to
820°C for 1 h and cooled in water and steel II was subjected
to three-stage quenching from 975°C (1 h), 950°C (1 h), and
925°C (1) and cooled in water. After the base quenching the
forgings were cut into prismatic specimens (over the axis)
and then aged at 350 – 500°C for 3 h.

DF tests were performed at a constant load by the
method of pure flexure in distilled water at room tempera-
ture. The fracture behavior of the specimens was studied un-
der a RÉMMA-202M scanning electron microscope. The
texture was studied in cobalt K�-radiation by the Schultz
method of “reflection” from plane {110}. Photographs were
taken from the end surface of prismatic specimens, which
was perpendicular to the axis of the forging. We also per-
formed a dilatometric analysis.
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RESULTS AND THEIR DISCUSSION

The tests have shown that the maximum rates of DF and
corrosion for steel I correspond to an aging temperature of
400°C (Fig. 1). The maximum of the DF rate for steel II is
shifted somewhat to the range of higher temperatures and is
almost three orders of magnitude lower than in steel I; the
corrosion rate increases monotonically starting from 450°C.
The dependence of the corrosion rate of steel I on the aging
temperature (Fig. 1) indicates the presence of local chemical
inhomogeneity in the solid solution. The inhomogeneity of
steel I after aging at 400°C (before the beginning of forma-
tion of a stable �-Ni3Ti-phase) can be caused by the
inhomogeneity of the solid solution with respect to titanium
inherited from the �-region and causing the formation of
clusters enriched with nickel and titanium atoms due to the
strong interaction between these atoms [4]. The latter cir-
cumstance is the reason behind the marked acceleration of
corrosion in the alloy, because in this case the solid solution
is depleted of titanium, i.e., the element that passivates the
given alloy under the conditions of our experiment (in a solu-
tion of sodium chloride). In later aging stages (at 400°C), the
particles of the hardening phase segregate not only in these
zones but also on crystal lattice defects, i.e., heterogeneously
[3], which leads to leveling of the chemical composition of
the steel and reduction of the corrosion rate.

Scanning electron microscopy has shown that when
steel I is tested for DF after aging at 400°C, it fractures over
grain boundaries; steel II fractures in a brittle manner over
the bodies of the grains (Fig. 2). The size of the grains
d = 8 – 10 and 20 – 25 �m for steels I and II, respectively.

The differential thermal analysis performed earlier and
the study of the resistance have shown that in the initial stage
of the aging at 400°C after quenching from 820°C before the
formation of the principal hardening phase of a Ni3Ti type,
another process occurs in the steel. After triple quenching
this aging stage is absent. It was suggested in [5] that concen-
trated inhomogeneities of nickel form in the solid solution in
the early aging stages, in which a titanium-rich phase nucle-
ates later at 450°C. However, the possible causes of forma-
tion of such inhomogeneities were not discussed in this work.

Our study of the � � � � � transformations performed
by the method of dilatometric analysis of specimens heated
at a rate of 200 K�h has shown the presence of anomalies
above 620°C (Ac1 ) similar to those observed earlier in [6, 7]
in the range of reverse � � � transformations. They differed
in steels I and II (Fig. 3). We can distinguish several stages in
the reverse transformation at a temperature more than 620°C
depending on the size of the dilatometric effect �l�l. For
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Fig. 1. Mean rate of crack growth vg in tests for delayed fracture
and the rate of corrosion Km in a 20-h test in 3% aqueous solution
of NaCl: solid lines) steel I; dashed lines) steel II.
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Fig. 2. Fractograms of steels I (a) and II (b ), which have been aged
at 400°C, after delayed fracture, � 650.

TABLE 1. Chemical Composition of Steel 03N18K3M3T after Two Melts

Steel (heat)
Content of elements, %

C Ni Co Mo Ti Al Si Mn S P

I (VIM) 0.03 18 3.1 3.15 1.3 0.11 0.1 0.1 0.01 0.01

II (VIM + VAR) 0.02 18 3.05 3.41 1.11 0.11 0.04 0.03 0.006 0.007

Note. The method of melting is indicated in parentheses.



steel I they corresponded to the following temperatures:
1 ) 620 – 670°C (�l�l = – 0.15%), 2 ) 670 – 740°C (�l�l =
– 0.05%), 3 ) 740 – 800°C (�l�l = + 0.01%); for steel II we
obtained: 1 ) 620 – 650°C (�l�l = – 0.15%); 2 ) 650 – 740°C
(�l�l = – 0.17%); 3 ) 740 – 850°C (�l�l = – 0.04%). In [6, 7],
such anomalies were explained by the anisotropic change in
the sizes of the specimen connected with texture effects. By
the data of [6], the staged nature of the reverse � � � trans-
formation is connected with the predominance of diffusion or
of a martensitic mechanism of transformation at different
temperatures. An analysis of the size of the dilatometric ef-
fect has shown the following. The transformation that occurs
predominantly by a shift mechanism in the anisotropic field
of internal stresses (stage 1 ) is followed by a predominantly
diffusion transformation (stage 2 ) accompanied by the disso-
lution of the hardening phase Ni3Ti and redistribution of the
alloying elements; then follows a predominantly shift trans-
formation again, because the temperature Ai of the tita-
nium-enriched martensite is higher (stage 3 ). As a result of
the staged occurrence of the inverse � � � transformation,
the solid solution formed after cooling has an inhomo-
geneous chemical composition. Comparing the dilatometric
effects in stages 1 and 3 of the inverse transformation, we see
that the transformation of titanium-enriched martensite
makes the greatest contribution to the texture effects in the
inverse transformation and that steel I has more substantial
texture anomalies.

The x-ray diffraction analysis confirmed the results of
the analysis of the dilatograms. Figure 4 presents right pole
figures (RPF) of the studied steel after the two mentioned re-
gimes of quenching and aging at 400°C. The pole figure of
steel I shows the presence of a strong texture (110)[001] and
(001)[100] and a very weak component of the family of
planes {111}	112
. After triple quenching, the components
(110)[001] and (001)[100] in steel II weaken and the compo-
nent {111}	112
 intensifies, plus a new component

{113}	110
 appears. The results obtained show that the tex-
ture of quenched maraging steel is preserved after hot forg-
ing and preliminary high-temperature quenching, which is
connected with the shift nature of the martensitic transforma-
tion and the structural inheritance [8].

We can infer from the results of the dilatometric study
that the chemical inhomogeneity of martensite is caused by
the diffusion redistribution of nickel and titanium atoms in
austenite. Martensite packets formed from titanium-enriched
austenite have a preferred orientation. The subsequent pro-
cess of decomposition of the solid solution is “attached” to
the regions of the �-solid solution that have formed from ti-
tanium-enriched regions of austenite and consists of the for-
mation of “titanium – nickel” clusters. In other words, the
decomposition of martensite in the early aging stages with
cluster formation is oriented, which amplifies the anisotropy
of the properties of the steel. In the DF tests, the oriented
growth of the tip of the crack and the hydrogen that per-
meates into it create high stress concentrations, which accel-
erates the fracture process in the steel by many times.

In the case of a weak texture, the chemical inhomo-
geneity of the austenite, and hence of the martensite, is not
oriented. This prevents oriented homogeneous decomposi-
tion of the matrix, and the hydrogen that permeates into the
steel is “scattered” in the field of uniformly distributed inter-
nal stresses. In this case, the stress concentration is not high
and the fracture decelerates.

Our study of delayed fracture in maraging steel
03N18K3M3T has shown that one of the causes of its cata-
strophic embrittlement is the texture of the martensite.3 The
virtually single-component texture inherited after hot forging
is highly stable after prior high-temperature quenching and
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Fig. 3. Dilatograms of steels I and II.
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c Fig. 4. Right pole figures {110} after aging at
400°C: a) steel I, quenching from 820°C;
b ) steel II, triple quenching from 975, 950, and
925°C; c) diagram of the RPF orientation rela-
tive to the direction of forging (F is the direc-
tion of reduction).

3 The question of the role of texture in delayed fracture of ma-
raging steel remains open, because it has not been explained how
the texture appearing in the volume of the grains affects the
intergrain crack propagation. (Ed. note).



base quenching from 820°C. The use of triple quenching re-
sults in smearing of the texture due to the appearance of ad-
ditional components.

Aging of textured martensite at 400°C causes the forma-
tion of “nickel – titanium” clusters in titanium-enriched
martensite packets due to the strong interaction between
these atoms. The rate of corrosion in this steel increases sub-
stantially. Further segregation of Ni3Ti particles by the me-
chanism of heterogeneous decomposition causes leveling of
the chemical composition of the steel over the entire volume
and decelerates the corrosion. After triple quenching and ag-
ing at 400°C, the stage of homogeneous decomposition of
martensite does not occur, which decreases the corrosion rate
in the steel.

CONCLUSIONS

The presence of strong and virtually single-component
texture in steel 03N18K3M3T after forging, preliminary
(high-temperature) quenching, and base (from 820°C)
quenching is the reason behind the appearance of anisotropy
of stresses in the matrix, which increases due to the forma-
tion of clusters. The “smearing” of the texture of martensite
formed as a result of triple quenching (from 975, 950, and
925°C) performed after forging and prior quenching causes a
more isotropic stress distribution in the steel, changes the

mechanism of delayed fracture, and substantially diminishes
the rate of crack propagation in the presence of a hydrogen-
bearing medium.
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