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INVESTIGATION OF CRACKING SUSCEPTIBILITY
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Comparative investigation of hot cracking sensitivity of commercial welding wires has been performed. It
is shown that an all-purpose method of weldability evaluation can be the machine method with controllable
forced deformation during TIG welding (PVR-test method), which allows separating the conditions of
initiation of solidification cracks and ductility dip cracks in the weld and HAZ metal, and provides
comprehensive information about quantitative characteristics of cracking sensitivity. 6 Ref., 9 Figures.
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Austenitic high-alloyed steels and their welded
joints are rather sensitive to hot cracking. Their
sensitivity is abruptly increased in fusion welding
of stably austenitic steels and nickel alloys,
which preserve face-centered cubic lattice in the
entire temperature range. Considering the com-
plexity of thermodeformational processes, taking
place in fusion welding of the above materials
and diversity of the kinds of initiating cracks,
evaluation of material sensitivity to cracking and
their classification are an urgent problem. Valu-
able information about hot cracking sensitivity
can only be obtained in the case, when practically
all the crack types are studied in one sample
during one experiment.

In this case external influence during sample
realization is the same for all the zones of the
studied sample, however, having different for-
mation mechanisms, different kinds of cracks de-
velop non-simultaneously, thus determining the
priorities at evaluation of crack resistance of the
joint as a whole.
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Figure 1. Hot cracking in welded joints of high-alloyed
steels and alloys: R — recrystallization [2]
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According to international standard ISO
17641-1:2004 hot cracks are violations of material
integrity, formed at high temperature along grain
boundaries (dendrite boundaries), when defor-
mation or strain rate exceed a certain level. In
their turn, cracks are subdivided into solidifica-
tion, liquation and ductility dip cracks [1].
Causes for cracking are numerous, but usually
they initiate, when local ductility is insufficient
to counteract the developing welding deforma-
tions. Exact mechanism of hot crack initiation
has not yet been clarified.

Temperature interval of solidification crack
initiation (BTR) depends on the range of the
metal solid-liquid state at weld solidification.
Lower boundary of this range is determined by
the value of solidus temperature T when solidi-
fication is over. Temperature range of ductility
dip (DTR) is determined by approximate ratio
of (0.6-0.8)T¢ (Figure 1). In this temperature
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Figure 2. Testing schematic at application of PVR-test
method [6]
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Figure 3. Schematic of conducting an experiment on evalu-
ation of crack resistance of metal of welds with stably
austenitic structure: 1-5 — sequence of weld performance
when making a sample by TIG welding with filler wire;
6 — control weld with simultaneous forced deformation
(TIG without filler); arrows — direction of forced defor-
mation

range cracks initiate and propagate along the
boundaries of high-angle austenitic grains.

There exist numerous procedures for determi-
nation of hot cracking sensitivity [3, 4]. Accord-
ing to standard ISO 17641-1:2004, testing for
hot cracking sensitivity is subdivided into two
main groups: testing with natural rigidity and
testing with external load application. PVR-test
belongs to the second testing group, alongside
MVT-test and hot tensile testing.

According to ISO 17641-3:2005, this method
is applicable for evaluation of weldability of
structural materials during performance of sin-
gle- and multipass welding of austenitic corro-
sion-resistant steels, nickel-base alloys and
nickel-copper alloys. It, however, can be also
applied for other materials, such as aluminium
alloys and high-strength steels [5].

This evaluation method is realized by perform-
ance of nonconsumable-electrode welding with-
out filler along the plate central axis with simul-
taneous longitudinal deformation of the sample,
changing in time.

Table 1. Chemical composition of studied welding wires, wt.%

Figure 4. General view of sample surface after testing by
PVR-procedure: ¢ — welding wire Sv-06Kh18N10; b —
EP-690; arrows show hot cracks

Critical strain rate v, at which first cracks
appear, was selected as the criterion of cracking
sensitivity (Figure 2). During welding perform-
ance cracks can initiate simultaneously both in
the weld metal, and in the HAZ metal [6]. These
cracks, as a rule, appear at different v.. This
allows quantitative characterization of sensitiv-
ity to a certain crack type. More accurate infor-
mation about the moment of cracking initiation
can be derived by studying weld surface with
application of optical methods of magnification.

The objective of his work was investigation
of hot cracking sensitivity of commercial welding
wires by PVR-test method.

Sv-06Kh18N10 wire is used for welding of
structures from general purpose high-alloyed
steels, and it provides a certain amount of 5-fer-
rite in welds, which counteracts hot crack initia-
tion.

EP-690 wire is recommended for welding
structures from austenitic steels with stably
austenitic structure. 8-ferrite, which in some
cases is an undesirable component because of met-

Wire grade C Si Mn Cr Ni Mo N S P
Sv-06Kh18N10 0.05 0.7 1.5 19.1 10.1 - - < 0.02 < 0.02
(GOST 2646-70)

EP-690 >0.03 0.5 9.8 18.2 14.1 2.5 0.06 <0.02 <0.02
Table 2. Chemical composition of high-chromium nickel-base welding consumables, wt.%

Material grade C Mn Ni Cr Fe Nb Mo Ti S P Al Si
Inconel 690 0.025 0.24 Base 29.72 10.3 - - 0.28 0.002 | 0.005 0.87 0.32
Inconel 52 0.026 0.31 Same | 28.80 8.5 0.03 0.03 0.51 0.001 | 0.004 0.72 0.12
Inconel 52MSS 0.024 0.29 > 30.30 7.2 2.52 3.51 0.25 | 0.0008 | 0.0006 | 0.22 0.15
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Figure 5. Fragments of surface of welds (x50) made by Sv-06Kh18N10 wire at testing with application of PVR-method
2; b — 8; ¢ — 12 mm /h; arrows show ductility dip cracks
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Figure 6. Fragments of surface of welds (x50) made with EP-690 wire at testing with application of PVR-method at
forced strain rate: @ — 2; b — 8; ¢ — 12 mm /min; arrows show ductility dip cracks

al embrittlement in service, is absent in the weld
composition. In this case, sufficient crack resis-
tance in welding should be achieved by further
alloying of welds by such elements as manganese,
molybdenum and nitrogen.

Composition of welding wires is given in Ta-
ble 1.

Also studied were high-chromium nickel-base
filler materials of the type of Inconel 690 alloy,
which are widely used in manufacture of compo-
nents of nuclear power plants (Table 2). Kinetics
of the influence of molybdenum and niobium,
additionally alloying Inconel 52MSS wire, on
hot cracking sensitivity was studied.
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Figure 7. Dependence of number of hot cracks in the metal
of welds studied using PVR-test method, which have stably
austenitic structure: 7, 2 — ductility dip cracks and solidi-
fication cracks, respectively (EP-690 wire); 3 — no cracks
(Sv-06Kh18N10)
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Samples were made using stably austenitic
high-alloyed Kh20N16AG#6 steel, on which beads
were deposited by welding wires Sv-06Kh18N10
and EP-690, as well as nickel alloy Inconel 690,
on which multilayered beads were deposited by
Inconel 52 and Inconel 52MSS wires.

Schematic of bead deposition to produce sam-
ples at forced loading, according to PVR-test
procedure, is given in Figure 3.

Control weld was made by TIG welding with-
out filler in the following mode: I, =60 A; U, =
=95V; v, =72m/h.

Welding with simultaneous deformation of
the sample was performed in FP100,/1 rupture
machine with rigid loading system. During test-
ing loading at sample deformation is recorded,
as well as the extent and speed of sample grip
displacement.

Analysis of the surface of welds, made with
Sv-06Kh18N10 wire, showed complete absence
of hot cracks in the metal of the control weld
and HAZ, when making the control weld (Fi-
gures 4, a and 5). Thus, a conclusion can be made
that chromium-nickel high-alloyed welds, made
with Sv-06Kh18N10 wire, are not susceptible
either to solidification cracks, or to ductility dip
cracks.

Investigation of the surface of welds made
with EP-690 wire showed that hot cracks initiate
in the metal of welds and HAZ of the control
weld, particularly at high values of strain rate
(Figure 6), crack number increasing with in-
crease of strain rate (Figure 7). Considering that
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Figure 8. Microstructure (x100) of weld with ductility dip
cracks

cracking susceptibility is proportional to the
number of cracks, which initiated in welding by
PVR-test procedure, it can be assumed that the
studied welded joints should be the most sensitive
to initiation of ductility dip cracks (Figure 8).
Data generalization by the results of testing
welds made with high-chromium consumables
(Figure 9) shows that welds, made with Inconel
52 welding wire with stably austenitic structure,
are sensitive to formation of ductility dip cracks,
initiating in HAZ, particularly, when making
multipass welds. On the other hand, additional
alloying of welds by niobium and molybdenum
(Inconel 52MSS wire) leads to an abrupt reduc-
tion of the number of cracks. Thus, additional
alloying of stably austenitic welds by molybde-
num and niobium is an effective method of im-
provement of nickel alloy weldability.

Conclusions

1. Machine method with adjustable forced de-
formation during TIG welding (PVR-test) can
be a versatile method of weldability evaluation.
This method allows separating the conditions of
development of solidification and ductility dip
cracks, as well as obtaining exhaustive informa-
tion on quantitative characteristics of cracking
sensitivity.

2. The main type of cracks in welding of above-
mentioned materials by modern welding wires
with reduced quantity of impurity elements are
not solidification cracks, but ductility dip cracks.
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Figure 9. Number of ductility dip cracks in metal of welds,
studied using PVR-test method, made with welding wire
Inconel 52 (1) and Inconel 52MSS (2)

3. It is confirmed that presence of 3-ferrite is
a cardinal method of hot cracking prevention. In
the case, when such a method cannot be used
because of service conditions of welded joints, it
is rational to additionally alloy the welds by ele-
ments which change thermodeformational condi-
tions in welding, and thus prevent cracking.

4. Welds with Ni—Cr—Fe basic alloying system
are susceptible to ductility dip cracking. On the
other hand, additional alloying of welds by nio-
bium and molybdenum leads to considerable re-
duction of the number of ductility dip cracks in
multipass welding.
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