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The mechanisms of cracking of welded joints in tempering used to relieve stresses are considered. It has been found that
welded joints on steel 10Kh9MFB with a homogeneous martensitic structure are insensitive to temper cracking. Formation
of δ-ferrite in the martensitic structure may lead to cracking of the weld metal. Cracks form in tempering in the range
of about 450--550 °C as a result of concentrated deformation within the zone of soft ferrite interlayers in development
of secondary hardening of the martensitic matrix. A probable cause of hardening is precipitation of chromium carbide
M7C3.
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Manufacture of welded structures from hardening
heat-resistant and high-temperature steels is related
to the need to perform heat treatment of welded joints
for tempering of quenching structures and lowering
of the residual stress level. In some cases temper cracks
can form in the welded joints during heating or soaking
in certain temperature intervals. The risk of cracking
increases at treatment of rigid joints, as well as in the
presence of design stress raisers, lacks-of penetration,
undercuts and extended inner defects in them.

Temper cracks (or reheating cracks) are defects
forming as a result of a non-uniform plastic deforma-
tion under the conditions of high-temperature relaxa-
tion of inner stresses [1]. The non-uniform nature of
relaxation creep of metal at tempering can be related
to chemical microinhomogeneity (which is charac-
teristic of weld metal) and development of dispersion
hardening of grain bodies at certain temperatures as
a result of precipitation of finely dispersed phases,
namely carbides, intermetallics. Grain strengthening
due to secondary hardening is a factor of «relative
softening» of grain boundary regions. As a result, the
deformation at relieving of inner stresses is concen-
trated in the grain boundary zone. A fast increase of
density of crystalline structure defects at local defor-
mation, as well as formation of interatomic disconti-
nuities under the impact of embrittling impurities,
leads to initiation of microdamage in the form of initial
pores [2--4] and to crack propagation. A feature of
temper cracks is their intergranular nature.

A susceptibility to hardening and, therefore, to
formation of cracks at tempering is found in steels
containing strong carbide-forming elements (tita-
nium, vanadium, niobium) and elements strengthen-
ing the solid solution (molybdenum, chromium, which
also belong to carbide-forming elements) [1, 5--9].
Depending on the alloying system, strengthening can

be induced in structural and heat-resistant steels by
Cr7C3, Mo2C, V3C4 carbides, in austenitic steels ----
by NbC, TiC carbides, in nickel-based alloys ---- by
intermetallics of Ni3(Al, Ti) type [1, 3, 7, 10, 11].
Lowering of high-temperature ductility in the bound-
ary zone and crack formation are caused by impurities
of phosphorus, arsenic, antimony, tin and sulphur [1,
5, 12--16]. According to the data of [17], the embrit-
tling action of such impurities as phosphorus and sul-
phur is due to weakening of the bonds between the
metal atoms as a result of formation of electronic bonds
on the levels of s-orbitals of metal atoms and p-orbitals
of impurity atoms. Such elements as silicon, manga-
nese, carbon, aluminium and copper [3, 5, 18] also
increase the temper cracking susceptibility. They,
however, have an indirect influence on embrittlement,
for instance, by enhancing the grain-boundary segre-
gation of phosphorus (silicon, carbon, manganese)
[5], or ousting carbon from the zone of their clustering
with formation of soft microstructural components
(silicon, aluminium).

In welded joints the metal in the near-weld sections
is more susceptible to cracking, these sections devel-
oping a coarse-grained structure as a result of heating
to subsolidus temperatures and a high degree of hard-
ening as a consequence of a more complete dissolution
of the carbide precipitates and saturation of γ-solid
solution by carbon and carbide-forming elements. In
the welds cracks can form predominantly in the mi-
crosections, in which the solidification boundaries en-
riched in liquating impurities, coincide with the sec-
ondary boundaries ---- the austenite grain boundaries.

There is a sufficient number of publications de-
voted to studying the problem of temper brittleness
of low-alloyed pearlitic and bainitic heat-resistant
steels with up to 2--5 % Cr [2, 4--6]. Introduction of
new complex-alloyed martensitic steels with increased
chromium content leads to the need to study the prop-
erties of their welded joints, including temper crack
sensitivity. Possible predisposition of such steels to
development of processes usually accompanied by
cracking, is associated with the presence of carbide-
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forming elements in their composition, as well as with
martensite, the non-uniform decomposition of which
at tempering (develops quickly at grain boundaries
[19]) can be accompanied by non-uniform distribution
of deformations and increase of the density of defects
on grain boundaries.

The purpose of this work consisted in evaluation
of the susceptibility of welded joints of martensitic
steel with 9 % Cr to development of temper cracks. 

Relaxation testing was conducted by the procedure
of the I.I. Polzunov Central Institute for Boilers and
Turbines [20], based on performance of heat treatment
of welded joint samples loaded in a fixture of a high-
temperature nickel alloy up to a certain stress level
by four-point bending (Figure 1). Deflection f in the
zone of a uniform bending moment (between the sup-
port contact points) was monitored by a removable
indicator. Stresses s in the stretched zone on the sur-
face of samples of a rectangular section were calculated
using the following relationships:

σ = M/ W,   f = 
M

24EJ
 (3l2 -- 4c2),

where M = (P/2)c is the bending moment, N⋅m; W =
= bh2/6 is the axial moment of resistance of sample
section, m3; b, h is the section width and height; J =
= bh3/12 is the axial moment of inertia of sample

section, m4; E is the modulus of elasticity equal to
218⋅103 MPa for steel.

Samples fastened in the fixture were placed into
a cold furnace, heated up to the required temperature,
soaked for the specified time, and then cooled in air.
After heat treatment the visual and metallographic
inspection of welded joints was conducted to find
defects in them. Samples for testing were cut out across
the weld made when filling the groove in the plate
from 10Kh9MFB steel using automatic submerged-arc
welding. A V-shaped stress raiser was made in the
fusion zone in the samples. Welding was performed
using test flux and flux-cored wire providing the fol-
lowing composition of the deposited metal, wt.%:

Figure 1. Appearance (a) (1 ---- sample; 2 ---- welded bed; 3 ---- support; 4 ---- loading screw; 5 ---- removable plate for indicator fastening;
6 ---- indicator) and schematic for sample loading (b)

Figure 2. Nature of stress variation during tempering of pre-loaded
samples

Figure 3. Regions of cracking (a) and development of secondary
hardening (b) in the martensitic weld metal
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0.098 C; 0.72 Mn; 0.13 Si; 1.0 Mo; 0.52 Ni; 0.27 V;
0.053 Nb; 0.048 N; 0.01 Al; 0.014 S; 0.015 P, similar
to the steel to be welded. Welding was performed in
the modes with the heat input of 16 and 23 kJ/cm.

Metallographic investigations showed that in as-
welded condition the metal of the welds and HAZ
had a predominantly quenched martensitic structure.
However, in welding at higher currents (with in-
creased heat input) overheating of weld pool melt and
slowing down of the solidification rate lead to forma-
tion of a coarser crystalline structure, in which ap-
pearance of a small fraction of δ-ferrite is noted as a
result of development of chemical inhomogeneity.

As follows from the test results (Figure 2), relaxa-
tion creep develops quite intensively in the first 40--
50 min of tempering, which is indicated by the rate
of lowering of stress in the loaded samples. The re-
sidual stress level determined by metal softening rate
and its deformability, decreases with temperature in-

crease. Complete removal of stresses during short soak-
ing (from 2 to 1 h) is achieved at the temperature
above 600 °C. It is established that under these con-
ditions the metal with a purely martensitic structure
features a high cracking resistance. No cracks were
found in the base metal in the overheated section in
the stress raiser vicinity. On the other hand, in the
weld metal containing δ-ferrite, cracking was found
at tempering at temperatures of 500 to 550 °C (Fi-
gure 3, a). No cracks were formed at temperatures
above 550 °C.

In parallel with relaxation testing heat treatment
of welded joint samples was conducted in a free (un-
loaded) state with subsequent measurement of hard-
ness in the weld metal. It is established that in the
temperature range of ~400--550 °C (Figure 3, b) metal
of 10Kh9MFB type develops secondary hardening.
Taking into account the data of [21], it can be assumed
that the factor causing hardening in the weld metal

Figure 4. Microstructure of martensitic welds with δ-ferrite (a, b) and cracking in welds formed at relaxation testing (c--f): a, b ----
×500; c, e ---- ×2020; d ---- ×4780; f ---- ×1690
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of this type, is formation of alloyed carbide M7C3
((Fe, Cr)7C3 type). This carbide can form in high-
chromium steels both as a result of substitution of
cementite (Fe3C → (Fe, Cr)7C3), and irrespective of
cementite in the form of additional carbide.

Considered cracking in the welds is the conse-
quence of deformation concentration in the zone of
soft interlayers of δ-ferrite located in a more rigid
(insufficiently tempered) martensite metal, further
strengthened by chromium carbide precipitates. δ-fer-
rite proper features a high ductility and no cracks
form in it. However, plastic flow of metal in δ-ferrite
area leads to a higher density of dislocations along
the boundary with the stronger martensite. As a result,
cracks develop in the section of δ-ferrite--martensite
transition, or along the thin solidification interlayers,
which are a continuation of coarser sections of δ-ferrite
(Figure 4). Interphases are a continuation of secon-
dary boundaries of austenite grains, which could be
detected by their decoration by dense carbide precipi-
tates at tempering. Therefore, fracture in welds, simi-
lar to HAZ metal, develops along the grain boundaries.

Non-uniform distribution of chemical elements can
be regarded as one of the possible metallurgical factors
causing lowering of strength and ductility of the in-
terphases. So, for instance, in the cracking zone in the
section of δ-ferrite to martensite transition X-ray mi-
croprobe analysis recorded an increase of manganese
concentration (~1.04--1.06 % at the interphase, 0.6--
0.8 % in δ-ferrite zone, ~0.8 % in martensite). δ-ferrite
usually contains more ferritizers (for instance, 1.23 %
Mo; 10.15 % Cr) than the adjacent martensite
(0.7 % Mo; 9.48 % Cr). In addition, δ-ferrite forma-
tion is associated with depletion of this phase in carb-
on, which accumulates on the interphases [22] and in
the adjacent matrix microsections. Increased concen-
tration of carbon near δ-ferrite is indicated by a denser
arrangement of carbides after tempering, which was
noted at metallographic examination of the structure
of welds of this type. Carbide formation on the inter-
phases and possible enhancement of impurity segre-
gation (first of all phosphorus [5]) under the influence
of local increased concentrations of alloying elements
may cause boundary embrittlement. At fracture, car-
bides are the centers of dislocation accumulation and
microcrack initiation [2]. However, on the whole, the
mechanism of embrittlement of the studied metal with
a multicomponent alloying system (Fe--9Cr--Mo--V--
Nb--Ni--N taking into account manganese, silicon, alu-
minium, sulphur and phosphorus content) is quite
complicated and requires a special study. In this case
δ-ferrite may be regarded as the main structural factor
causing cracking in the welds.

Thus, it is established that dispersion hardening
develops in the martensitic metal of 10Kh9MFB type
in the temperature range of ~450--550 °C, the probable

cause of which is precipitation of Cr7C3 carbide. Dur-
ing tempering the welded joints with a martensitic
structure do not demonstrate any susceptibility to
cracking. However, as shown on the example of welds,
cracking is possible only in the presence of soft δ-fer-
rite interlayers in rigid martensite. In this case cracks
form at soaking of the hardened welded joints in the
dispersion hardening temperature interval. A condi-
tion of high resistance of 10Kh9MFB steel welded
joints to temper cracking is ensuring their uniform
martensitic structure.
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