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ABSTRACT

This paper deals with Ductility Dip Cracking (DDC) during multipass welding of 690 filler
metals. In addition to industrial alloys (152 and 52M), model alloys of controlled purity were
also used to unambiguously demonstrate the effect of elemental sulphur and carbon. The
sensitivity of each alloy to DDC was measured with the recently developed Refusion
Cracking Test (RCT). It is confirmed that the cracks observed in this study result from DDC,
not from liquation nor solidification cracking. DDC cracks are in most cases observed after

several welding passes. The detrimental effect of sulphur and beneficial effect of carbon on
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the resistance to DDC are clearly evidenced. The good resistance to DDC of the industrial

alloys, compared to the model alloys, is related to their niobium content.
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Ductility Dip Cracking, DDC, Intermediate Temperature Embrittlement, Nickel alloys, Grain

boundary segregation, Multipass welding, Model alloys



INTRODUCTION

Nickel based alloys are used in the primary circuit of nuclear Pressurized Water Reactors
(PWR) due to their good resistance to corrosion. Nowadays Inconel 690® (~60 wt% Ni,
~30 wt% Cr, ~9-10 wt% Fe and ~0.04 wt% C) is the most used for new components and
repair. Welding filler metals for Inconel® 690, like grades 152 and 52M, described later, can
be sensitive to Ductility Dip Cracking (DDC), a solid-state cracking phenomenon that occurs
in the temperature range of 0.5 to 0.8 of the alloy solidus temperature. [1,2]. DDC manifests
itself in intergranular cracks that form in the heat affected zone (HAZ) of previous weld beads

during multipass welding operations.

As detailed in the background section of this paper, there is currently no general agreement in
the literature on the root cause of DDC in nickel alloys during welding. In particular, it is
difficult to identify any clear effect of specific elements like sulphur, carbon or niobium on
the DDC. Another difficulty is that various techniques are used to characterise DDC, which
give results that are different in nature and difficult to compare to each other. The first part of
this paper ("Background" section) reviews the different mechanisms of DDC proposed in the
literature and tries to identify some correlations between DDC sensitivity and the chemical
composition of 690 alloys. The objective of the experimental work proposed thereafter is
notably to clarify the effect of sulphur and carbon on the DDC of 690 alloys. To achieve that,
model alloys with controlled compositions were used, in addition to industrial alloys. The
sensitivity to DDC of each alloy was determined from the Refusion Cracking Test (RCT)

recently developed [3].



BACKGROUND

DDC mechanisms

In the literature, various metallurgical explanations can be found for DDC. Table 1 lists
different mechanisms or metallurgical features suspected to have an influence on DDC. The
first mechanism listed in Table 1 is grain boundary sliding. Different authors observed signs
of grain boundary sliding around DDC cracks [4-8]. They concluded that this phenomenon
could be the cause of DDC. However Zheng [9] argued that intergranular sliding cannot by
itself be responsible for DDC because high temperatures enhance intergranular sliding, even

in cases where DDC is not observed.

Several studies mention an influence of the grain boundary morphology on DDC. It is stated
that materials with tortuous grain boundaries are less sensitive than materials with straight
ones [1,10-12]. For these authors, tortuosity would better distribute stress along the grain
boundaries during welding and reduce the sensitivity to cracking. It is important to note that
in the majority of the studies presented in Table 1, the grain boundaries tortuosity is not
accurately quantified, nor even defined. Nevertheless, one study reveals that it is possible to
design alloys with relatively straight grain boundaries and high resistance to DDC [13]. The
suspected beneficial impact of grain boundary tortuosity is most often attributed to niobium.
Indeed, several studies show that niobium addition decreases DDC sensitivity [1,2,14—17].
This niobium addition increases the amount of primary carbides, suspected to increase the

grain boundary tortuosity.

Secondary carbides are sometimes reported to have an influence on DDC sensitivity.
However, there is no consensus on the exact role of those carbides. Indeed, in some cases it is
stated that intergranular secondary carbides increase the DDC sensitivity [6,18-22] by cavity
formation around carbides during hot deformation. On the contrary, in other cases [6,7,22—

241], it is stated that intergranular secondary carbides decrease the DDC sensitivity by limiting



the sliding of grain boundaries. Moreover, as reported by Zheng [9], some alloys without any
precipitates show high sensitivity to DDC, which tends to show that secondary carbides are

probably not among the main origins of DDC.

Table 1. DDC most documented hypotheses in nickel alloys.

Mechanisms or metallurgical features References
Grain boundary sliding [4-8]
Grain boundary morphology [1,10-17,22,25-27]
Secondary carbides increase the sensitivity to DDC [6,18-22]
Secondary carbides decrease the sensitivity to DDC [6,7,22-24]
Impurity segregation to grain boundaries [6,9,28-37]

Grain boundary impurity segregation is the last hypothesis frequently presented in literature.
In pure nickel, sulphur segregation decreases grain boundary cohesion and is responsible for
ductility loss [32,38]. Similar effects are observed in Fe-36%Ni alloys [30,31]. Several
publications show that sulphur increases the DDC sensitivity in nickel-based alloys [6,29,33—

35,37].

Correlation between DDC and chemical composition

The sensitivity to DDC has been studied on numerous Inconel 690® filler metals with a
nominal composition based on Ni-30Cr-10Fe (wt%) [2,6-8,10,11,14,15,17-19,23—
25,27,36,37,39-60]. Those studies were conducted using different experimental methods that
we can classify in three types: thermomechanical simulation using fast heating tensile
machine tests (using small specimens ~ 50 g), externally loaded welding tests (generally using
medium specimens ~ 250 g) and self-restrained welding tests (using large mock-ups ~> 5 kg).

In the first class of tests, some studies use thermomechanical simulation tensile tests led to



fracture [7,19,24,39—42] and others use strain to fracture tests (i.e. interrupted tensile tests)
[6-8,10,11,17,23,25,27,37,43-52,54]. In the second group of tests, PVR (Programmierter
Verformungs Riss) tests [2,15] and Varestraint tests [39,42,55-58] are used to study DDC; in
some publications self-restrained tests are used [14,18,36,59,60]. The data obtained from
those techniques are different in nature (elongation to fracture, number of cracks, etc.), so
their direct comparison is not possible. However, for comparison purposes it is possible to
extract from those studies a "DDC-sensitivity factor” ranging from zero to one, where a factor
equal to zero corresponds to a minimum of sensitivity among a series of alloys (for example a
minimum number of cracks observed at the surface of a Varestraint specimen), whereas a
factor equal to one corresponds to a maximum of sensitivity. The factors obtained from

different studies can then be put together and relations to composition can be investigated.

Individual studies sometimes conclude on a detrimental role of S and/or P, and/or on a
beneficial effect of Nb and/or Mo. If obvious, this should be confirmed as general trends by
plotting, in Figure 1, the present DDC sensitivity factor as a function of the "S+P" and
"Nb+Mo" contents. The items a), b), ¢), etc. in Figure 1 correspond to different experimental
techniques. In some cases, the S+P or Nb+Mo content is not available, which results in no
point in the graphs. In Figure 1 c), only the Nb content is taken into consideration because the

Mo content is not mentioned in the paper.

A very clear correlation between DDC sensitivity and the S+P content is evidenced in figure 1
e) showing data from Saida et al. [35]. In contrast no obvious correlation is found in the rest
of the figure. Concerning the effect of Nb and Mo, a beneficial effect might be evidenced in
figure 1 a) to d) but the experimental points are strongly scattered and the correlation is not
systematic. Possible correlations of the sensitivity factor with other elements were also

investigated but no correlation was evidenced.



From the data available in the literature it seems difficult to correlate the sensitivity to DDC to
alloy composition. One of the reasons is certainly that the data come from different
experimental methods so their direct comparison is difficult. In particular, the thermo-
mechanical conditions (temperature cycle, deformation, deformation rate, etc.) are very
different depending on the testing technique. As DDC is classically believed to be associated
to a metallurgical evolution in a temperature range, possibly driven by the strain rate [61],
thermo-mechanical kinetic conditions are of primary importance. Another possible reason for
the near absence of correlation is that the composition of the alloys gathered in Figure 1
usually differs in several elements, not only one. In that case, the effect of a given detrimental
element might be counterbalanced by a beneficial one. This makes it very difficult to evidence
a correlation between DDC sensitivity and the content of one particular element from the data
available in the literature. In addition, the precision on the trace elements is often not better
than 0.01%. This poor precision makes it impossible to take account of trace elements, like
sulphur, that can be active at the ppm level. Seeing that simple representations did not show
any clear influence of elements on DDC sensitivity, we tried automatic data mining but it did
not show any clearer effects. For these reasons, we chose in this work to study model alloys in
addition to industrial alloys, in order to investigate the effect of particular elements, here
sulphur and carbon, on DDC. The recently developed Refusion Cracking Test (RCT) [3] was
used to measure the sensitivity to DDC of the different alloys. This test was chosen for two
reasons. First it is close to actual conditions of multipass welding. Second it allows using
small specimens, which is critically needed here as only small amounts of model alloys are

available.



(o]
208L3 © % 10.8
= (e]
= 0.6 10.6
504 10.4
002 {0.2
20 0 :
0 100 200 300 400 0 2 4 6 8
S+P (ppm) Nb+Mo mass%
0 20 40 60 80 0 2 4 6 8
b) | : : : 1 S . :
20.8t 10.8
> . .
= 0.6f 10.6
5 04 10.4
2 0.2 {0.2
0 0 '
= 0 2 4 6 8
S+P (ppm) Nb+Mo mass%
¢) ,0 20 40 60 80 100 0 1 2 3
1 " —0—-0—0— 1 1 O T 1
o o,
20.8f 10.8 0.8 10.8
Z 0.6 {06 0.6 G, 10.6
& L o | ]
504 P 04 0.4 o 0.4
v 02t © 102 0.2 o T 102
8 0 Q a Q L Og O O Q L 0. 0
0 20 40 60 80 100 0 1 2 3
S+P (ppm) Nb mass%
5,0 100 200 300 400 0 2 8
d) g : : . 1 la— 4 6 1
20.8f 108 0.8f . 10.8
Z 0.6 10.6 0.6 {0.6
£ 0.4 104 04 10.4
0 0.2 102 0.2 o, 10.2
g0 0 0 SR N
0 100 200 300 400 0 2 4 6 8
S+P (ppm) Nb+Mo mass%
0 20 40 60 80 0 02 04 06 0.8 1
el —m————0— 1 1 : : . : 1
a8
208 o 108 0.8 10.8
Z 0.6 o {o6 06 o 10.6
wn) .
504 go 104 04 10.4
0 0.2f o 102 02 {10.2
Bol e 0 ol—— Ty
0 20 _ 40 60 80 0 02 04 06 08 1
S+P (ppm) Nb+Mo mass%
fy 0100 200 300 400 0 0.5 1
l—o—+——+—— 1 1 . 1
208} o © 408 08 ° 108
Z 0.6} 106 0.6 10.6
£ 0.4f0 104 04 10.4
Q02 o 102 0.2 10.2
8 olo 0 0 0
0 100 200 300 400 0 0.5 1
S+P (ppm) Nb+Mo mass%

Figure 1. DDC sensitivity as a function of S+P or Nb+Mo content. a) using STF
[1,7,17,25,27,49,52] ; b) using in situ STF [51,62] ; c) using Young welding model [14] ; d)
using PVR [2,15] ; e) using Varestraint [35] and f) using tensile testing [7,24,42]. The dotted

lines are guides for the eyes. Empty graphs result from lack of information.



MATERIALS AND METHODS

Industrial alloys

Two industrial filler metal grades for Inconel® 690, Inconel® filler metal 52M and 152, were
studied. Industrial alloys were provided as welded mock-ups (1000x130x60 mm? in 2 parts
~64 kg). The mock-ups were obtained by multipass deposition of the fillers, using Gas
Tungsten Arc Welding (GTAW) for the 52M filler and Shielded Metal Arc Welding for the
152 filler (Figure 2). In the as-received state, the mock-ups did not show any cracking. It
should be mentioned that in this welding configuration, which corresponds to a flat deposition
of metal on a flat sheet (without high constraint by a chamfer, or by a particular welding
geometry), it is possible, with adjusted parameters, to deposit large quantities of material
without cracking, while in contrast industrial welding conditions might lead to cracking.

Figure 2 presents the 152-alloy mock-up during manufacturing.

Figure 2. Welded mock-up for 152 alloy during manufacturing.

The composition of the alloys 152 and 52M are given in Table 2 and Table 3.

Table 2. Composition of the industrial alloys used in this study - Major elements (weight %).
Cr, Fe, Nb and Mn were measured using X-ray fluorescence. Si, Ti and Al were measured

using Glow Discharge Mass Spectrometry (GDMS).

Alloy | Ni Cr Fe Mn Si Ti Al Nb

52M | Bal. 299 &5 0.75 0.11 023 0.11 0.84

152 | Bal. 287 92 37 051 0.081 0.040 2.1




Table 3. Composition of the industrial alloys used in this study - Residual elements (weight

ppm). Carbon was measured using a combustion method. N, O, S, P and Cu were measured

using GDMS.
Alloy C N Q) S P Cu
52M | 130 140 30 92 17 43
152 370 210 760 51 82 58

Model alloys

Four model alloys based on the composition of our Inconel® filler metal 52M (without
niobium) were also studied. These four model alloys were designed in order to test the

influence of sulphur and carbon on DDC. The content of all other elements was kept constant.

0.5 kg of each alloy was obtained using vacuum melting in a cold silver crucible. After
solidification the four ingots (approximately 25 x 25 x 100 mm) were transformed into plates

(7 x 50 x 170 mm) by hammering at room temperature.

Table 4 and Table 5 present the composition of the model alloys. Phosphorus, niobium and
copper contents were not measured in the alloys Base + C and Base + CS (with additions of
carbon or carbon and sulphur) because they are close to those of the Base alloy due to the

manufacturing route.
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Table 4. Composition of the model alloys used in this study - Major elements (weight %). All

elements were measured using X-ray fluorescence.

Alloy Ni Cr Fe Mn Si Ti Al

Base 299 842 085 0.14 021 0.13

Base + C ¥ 297 844 076 0.11 021 0.13

Base + S * 300 844 084 0.14 021 0.13

Base + CS * 300 841 080 0.14 021 0.13

Table 5. Composition of the model alloys used in this study - Residual elements (weight ppm).
Nb, Cu and P were measured using GDMS. O, N and C were measured using a combustion
method. S was measured using GDMS in Base and Base +C alloys, and using a combustion

method in Base + S and Base + CS alloys. NM means “not measured”.

Alloy C N (0) S P Cu Nb
Base 11 1 7 4.7 1 8 3.3
Base + C | 404 1 5 3.1 1 8 3.6
Base + S 16 1 7 52 NM NM NM
Base + CS | 418 1 4 56 NM NM NM

Refusion Cracking Test (RCT)

For this study, the refusion-cracking test (RCT) presented in [3] was used. The RCT is
inspired by the multipass welding test developed at EPRI [59] allowing a cyclic loading of the
specimen. Nevertheless, it requires only small amounts of material, which makes it possible to
investigate the bulk model alloys fabricated for this study, whereas the EPRI test needs large

amounts of materials, shaped as filler metal wires or electrodes.
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The RCT test simply consists in multiple GTAW passes without filler metal at the surface of a
restrained specimen. DDC sensitivity is then estimated through a plot of the total crack length

as a function of the number of passes.

Figure 3 presents the experimental setup. The specimen, a 50x40x7mm plate, is GTAW-
welded onto a 200x60x6mm steel plate along the red line shown in Figure 3. The steel plate is
then clamped as shown in Figure 3 to ensure good mechanical restraint and electrical
continuity. The whole is placed in a cylindrical chamber (30 cm in diameter and 7 cm in
height). The chamber is filled with argon (< 2 ppm O2 and < 3 ppm H>0O) during two minutes
at 15 1.min"! before each welding pass. Argon is heavier than air and stays mainly at the
bottom of the chamber where the oxygen concentration decreases to about 2% (measured
using an oximeter located 1 cm from the specimen). This argon-filled-chamber is a
complementary protection against oxidation, which is added to the usual protective argon flux

from the welding torch.

Figure 3. Experimental RCT setup. x, y and 7 are the specimen dimensions. The specimen is
GTAW-welded onto a steel plate along the red line. The clamps are screwed to the welding

table.
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The specimen surface is mechanically polished and washed with acetone. GTAW welding
robot is used at a speed of 11 cm.min™! (1.8 mm.s'), an intensity of 120 A and a voltage of

10 V. The protective gas is the same as the one used to fill the cylindrical chamber.

Figure 4 presents the fusion lines (i.e. welding beads) positions. Before starting the cracking
test itself, two fusion lines are made on the surface, named pre-line A and pre-line B on
Figure 4, in order to have a welding solidification structure at specific locations on the
specimen. Doing this allows to test alloys with any type of initial microstructure, i.e. in the
present case pre-welded mock-ups of as-deposited industrial filler metals or cold-worked bulk
model alloys. After that, successive refusion lines are conducted in such a way that their HAZ
is located in the melted zone of the two pre-lines. In this way, the welding solidification
structure of the pre-lines are cyclically loaded in conditions very representative of a real

welding situation.

15.5 mm

/~  Pre-lineA O\

Pre-line B \
18.5 mm 12.5 mm

Figure 4. Fusion line positions on the specimen surface during RCT.

After the two pre-lines are made, the specimen surface is mechanically polished and washed
with acetone again. After each refusion pass, the surface is washed with acetone. Figure 5
shows the central fusion line with its HAZ. The cracks that develop in the HAZ during the test
are schematically represented. The blue rectangle represents a piece of cracked material that
was cut to open a crack for fractographic observation (see Results section). The black spots

shows the positions of K thermocouples that were spot-welded to the specimen surface after
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the pre-lines but before the multiple refusion lines in order to obtain the surface temperature

field.

Welding direction D

74

S R acd S e
LA ° -

5cm

Figure 5. Central fusion line with its HAZ. Schematic representation of the cracks that form
in the HAZ during the test. The black dots are examples of thermocouple positions during
RCT test (the position of thermocouples can slightly vary from one specimen to another). The
blue rectangle represent a small piece of cracked material that was cut to open a crack for

fractographic observation.

For each alloy tested, eight refusion passes were conducted with surface observation after
each pass, except for model alloy Base + S (only four passes due to severe cracking — see
Results section) and for industrial alloy 152 (sixteen passes due to very low cracking
occurrence — see Results section — with surface observation after passes 4, 8, 12 and 16).
Between passes, high-resolution imaging of the specimen surface over an area of
approximately 45 mm X 4 mm was conducted using a binocular magnifier. From the image
obtained, the cumulative crack length was measured, as well as the distance of each crack
from the edge of the central fusion line. For some specimens, several measurements were
conducted on the same image at different times; in that case an error bar representing twice

the standard deviation is indicated.
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FEM modelling of heat transfers during the RCT test

Finite Element Modelling (FEM) of the heat transfer during the RCT test was conducted
using Code_Aster [63] so as to determine the complete temperature field in the specimen at
any time. More details about the model can be found in [64]. Figure 6 (a) shows an example
of surface temperature field obtained from the model during a pass of the RCT test. The
highest temperature zone corresponds to the molten metal. Some input parameters related to
the heat source were adjusted in the model to fit the surface temperature measurements
obtained from thermocouples. Figure 6 (b) shows the agreement obtained between the
calculated and measured time dependence of temperature at different thermocouple locations.
Once calibrated, the finite element model was used in this work to determine the maximum
temperature reached at observed crack locations. This information is useful to determine the

nature of the cracks observed (DDC cracks or liquid cracking).
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Figure 6. (a): Example of surface temperature field obtained from the model during a pass of
RCT test. (b): Agreement obtained between the calculated and measured time dependence of
temperature at different thermocouple locations. Dotted lines: measurements. Full lines:

simulations.

RESULTS

Figure 7 presents the cumulative crack length obtained using the RCT test on the six alloys
tested in this work. The most sensitive alloy is the Base + S model alloy, i.e. the model alloy

enriched with sulphur. This alloy is the only one showing cracks after only one pass. After
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four passes, the cumulative crack length was so high that the test had to be stopped. The Base
model alloy, i.e. with a low carbon content and without any addition of sulphur, behaves far
better, which demonstrates the detrimental effect of sulphur. The model alloys containing
higher amounts of carbon (Base + C and Base + CS) are less sensitive than the two alloys
without addition of carbon whatever the sulphur content is. This demonstrates the beneficial
effect of carbon. The two industrial alloys behave better than any of the model alloys. It is
interesting to compare for example the 52M and Base + C alloys. Those two alloys have very
close composition in major elements, apart from Nb. However, the concentrations of minor
elements are different. According to their respective C and S contents, the Base + C alloy
(3.1 wt ppm S, 404 wt ppm C) should be more resistant to DDC than the 52M alloy (9.2 wt
ppm S, 130 wt ppm C). However, the reverse is observed. A possible explanation is a
beneficial effect of niobium (0.84 wt% in 52M, 3.3 wt ppm in Base + C), as often mentioned
in literature. The 152 alloy is the one showing the lowest sensitivity: it shows no cracking at
all after eight passes, and even after sixteen passes (which is not shown in Figure 7). The C
and S contents in the 152 alloy are very close to those in the Base + CS alloy. However, the
resistance of the 152 alloy to DDC is far better. Again, this may be due to the high niobium
content in that alloy.

Another interesting observation is that a cyclic loading is necessary to observe cracks: apart
from the Base + S alloy, cracks are never observed after only one pass. For four of the six

alloys tested, at least two to three passes are necessary before any crack is visible.
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Figure 7. Results of the RCT test for the six alloys studied in this work.

Figure 8 presents the surface observation of a cracked area for model alloy Base + CS from
passes 3 to 6. Between pass #3 and pass #4, one crack forms (white arrow) and two others
grow (black arrows). From pass #4 to pass #6 it is possible to see that some cracks appear to
be geometrically resorbing (black arrows) due to the growth of the big central crack (stress

shielding effect [65]).

Figure 9 presents the evolution of a cracked area for model alloy Base + S from passes 2 to 4,
showing other examples of cracks observed from the surface, also illustrating the

intergranular character of the cracks.

18



.-V'Veldil'ig direction

Pass #3

Pass #4

Figure 8. Evolution of a cracked area for model alloy Base + CS from passes 3 to 6.
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Figure 9. Evolution of a cracked area for model alloy Base + S from passes 2 to 4.

Surface observations have otherwise confirmed that all the cracks are located in the HAZ of
the refusion line, corresponding to the melted zone of the pre-lines. No crack is observed in
the melted zone of the refusion line. The cracks are oriented approximately parallel to the

welding direction, which is consistent with the orientation of the restraint stresses.

Figure 10 presents optical micrographs of Base + CS alloy after eight passes. These
observations are obtained after oxalic acid etching. Micrograph a) shows the position of the
pre-lines A and B as well as the position of the refusion passes. On micrograph b), the
position of the cracks with respect to the fusion line is clearly apparent. It confirms that all the
cracks are located in the HAZ of the refusion line. No crack is observed in the melted zone of
the refusion line. Micrographs c¢) and d) confirm the intergranular character of those cracks,
also observed on fracture surfaces (Figure 11). In addition it is observed in several places (see

arrows in Figure 10 d)) that the crack path is intradendritic. This will be discussed later.
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a) : Base metal

Figure 10. Micrographs of Base + CS model alloy after eight passes. Optical microscopic

observations after oxalic acid attack.

Figure 11 presents a Scanning Electron Microscope (SEM) observation of a fracture surface
for the Base + S alloy after four passes. This was obtained by cutting, from the RCT
specimen, a small piece of material containing a crack (see Figure 5) and opening it by
mechanical loading for subsequent fracture surface observation in the SEM. At low
magnification (a), the intergranular type of fracture is clearly evidenced. For medium and high
magnifications (b and c), the fracture surface appears smooth. Local signs of ductility are

observed in rare places (Figure 11 c)), but otherwise cracks mainly appear of brittle nature.
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Figure 11. SEM observation of a fracture surface. Base + S alloy after four passes.

Figure 12 shows the maximum surface temperature reached during a pass (Tmax) on the RCT

specimen as a function of the distance to the edge of the refusion line. The black line was

22



obtained using FEM. The points located below 1000°C correspond to the thermocouple
measurements. As expected, the maximum temperature reached during a pass decreases when
the distance to the refusion line increases. Good agreement is found between the FEM
calculation and the temperature measurements. The points located on the edge of the refusion
line correspond to the melting (solidus) temperature of 52M measured using calorimetry
(1 354°C). The maximum temperatures (Tmax) values of the cracking zone are given in Table 6

for the different alloys.

— Simulation
1400
& Base+S
1200 ECracked area
8 © Base
© 1000
% O ® Base +CS
-
2. 800
§ O Base+C
[_4
600
A 52M
400
200 3
0 L . N HE , ) )
Length to the fusion line (left side - mm) Length to the fusion line (right side - mm)

Figure 12. Maximum surface temperature reached during a pass on the RCT specimen as a
function of the distance to the edge of the refusion lines for the different alloys (alloy 152 is
not considered here as no crack was observed on that alloy). See text for the signification of

lines and points.
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Table 6. Tnax values (°C) reached for observed cracks after the fourth pass. (1): Tmax

corresponding to the closest crack; (2): Tmax corresponding to the farthest crack.

Base + S Base Base + CS Base + C 52M
(1) 1190 1037 1097 1223 1028
(2) 811 750 828 927 839

Most of the cracks are located in a zone where the Tmax value is in the range 800 to 1200°C.
Table 7 shows the liquidus and solidus temperatures of the different alloys obtained from
Differential Thermal Analysis (DTA) and/or thermodynamic simulation using MatCalc
software and MC_Ni2.011 database. Tmax values in the cracking area are in all cases below
the solidus temperature. For the cracks located far from the refusion lines, Tmax can be as low
as 750°C (for the Base alloy), which is lower than the solidus temperature by approximately
600°C. In addition, it should be noted that Tmax does not represent here the actual cracking
temperature but an upper limit of it. It may then be that the actual cracking temperatures are

below the values presented in Table 6.
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Table 7. Solidus (Ts) and liquidus (T1) temperatures of the different alloys obtained from DTA
measurements and MatCalc calculations. Equilibrium calculations are processed with the

thermodynamic database MC_Ni2.011 with the following elements: Ni, Cr, Fe, Mn, Nb, Al,

Ti, Si, C, N.
DTA measurement MatCalc® calculation
Alloy 152 52M 152 | 52M | Base + C | Base
TL (°C) 1335 1377 1335 | 1374 1380 1382
Ts (°C) 1272 1354 1247 | 1330 1320 1370
TL - Ts (K) 69 23 86 44 60 12
DISCUSSION

Cracking mechanism: DDC or liquid cracking?

The nature of the cracks obtained using the RCT test is to be characterised as it could be
questioned whether the cracks are the result of liquid cracking or DDC. However, several
arguments can be put forward for DDC cracking rather than liquid cracking. First it is
observed that the cracks form only in the HAZ of the refusion line. No crack at all is observed
in the refusion line itself. The maximum temperature range of the cracking zone is
approximately from 800 to 1200°C which is always below the solidus temperature of any
alloy tested. Occasionally some cracks can even be observed in places where the temperature
never exceeds 750°C, which is approximately 600°C below the solidus temperature. It is then
likely that the material is completely solid when the cracks form. The second argument is
based on the cracking path through the microstructure. The cracking is clearly intergranular as
shown by several types of observations (Figure 9, Figure 10 and Figure 11). However, the

grain boundaries are not necessarily located in interdentritic spaces here because of grain
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boundary migration after solidification. It is shown in several locations in Figure 10 (see
arrows) that the cracks can go through dentrite arms. So the cracking observed here is
intergranular, but not necessarily interdendritic. The third argument is based on the respective
behaviour of alloys 52M and 152 during RCT. It was observed that alloy 52M is more
sensitive than alloy 152. If the sensitivity was the result of liquid cracking, the reverse should
be obtained as alloy 152 is expected to be more sensitive to liquid cracking since its
difference between liquidus and solidus temperatures is much larger than for alloy 52M (see
Table 7). Finally, the fractographs do not suggest a liquid cracking mechanism.
Complementary fracture tests [64] were conducted on tensile specimens of the same materials
at temperatures above the solidus to promote liquid cracking. The fracture surfaces obtained
were clearly interdendritic and very different from those obtained here. For all these reasons it
is concluded that DDC is the cracking mechanism active in the RCT tests conducted in this

study.

Effect of sulphur, carbon and niobium

The results shown in Figure 7 were used to relate the material composition to the sensitivity to
DDC, estimated here as the crack length obtained after eight passes of RCT. For one of the
alloy (Base + S), only four RCT passes were conducted and a sigmoid extrapolation was used
to determine the crack length after eight passes. The effect of sulphur, carbon and niobium
were considered. Sulphur was found to be the only detrimental element and it is assumed that
no crack would be obtained during RCT in the absence of sulphur. Carbon and niobium were
considered beneficial and assumed to mitigate the detrimental effect of sulphur. The
correlation equation (Eq. 1) was designed to fulfil these conditions.
sn

L=——7—— 1.

a+ bXxC + cXNb
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where L is the crack length in mm after eight passes of RCT. S, C and Nb are the sulphur,
carbon and niobium contents (expressed in wt ppm for S and C, in wt% for Nb). n, a, b and ¢
are fitting parameters.

The four fitting parameters of Eq.1 were adjusted to obtain the best possible fit of
experimental measurements, (n=0.2604, a=0.0108, b=6.64 107, ¢=0.1570) which is

plotted in Figure 13.
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Figure 13. Predicted crack length after eight passes of RCT (using Eq. (1)) vs measured

values.

The results clearly show a detrimental effect of sulphur, which is consistent with other studies
[6,29,33-35,37]. It is inferred that sulphur segregates to the grain boundaries during the RCT
test. Sulphur is indeed known to weaken the metal bonds in grain boundaries in nickel alloys
[31,66,67]. As mentioned earlier, in five of the six materials studied here, several passes are
needed before cracks can be observed. A possible explanation would be a dynamic sulphur-

assisted crack propagation [61]. To be observable, a crack must grow to a certain length (of
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the order of 100 pm). This requires a certain time spent under tensile stress so that the crack
can grow. It appears that this time exceeds one single pass for five of the six materials tested
here. In other words, several passes are needed before a crack can be observed. Of course, this
time depends on the average crack growth rate, that itself depends on the material
composition, including sulphur concentration. This is notably related to the kinetics of sulphur
grain boundary segregation during the pass. It appears that the crack growth rate in the
Base + S alloy is high enough to obtain observable cracks after only one pass, which is not the
case for the other alloys.

In contrast to sulphur, carbon is found to be beneficial. Carbon is present in solid solution and
as carbides. Figure 14 shows the phase equilibrium diagrams obtained from Matcalc® for the
Base and Base + C alloys. For the Base + C alloy containing 400 wt ppm of carbon, Cr3Cs
carbides are expected in the temperature range of cracking (~800 - 1200°C) at a level of
approximately 1 wt % (phase fraction). This would be consistent with a possible beneficial
effect of intergranular carbides as proposed by Nissley and Lippold [23] or Chen et al. [7].
However, the beneficial effect of carbon may also be related to its presence in the austenite
solid solution. Thermodynamic calculations show that the equilibrium concentration of
dissolved carbon at 900°C is larger by approximately a factor of ten in the Base + C alloy than
in the Base alloy. The beneficial effect may derive from a thermodynamic and/or kinetic
competition in segregation of carbon or sulphur [68] to the grain boundaries. Further research
would be needed to clarify the exact behaviour of carbon. The RCT tests conducted on the
two industrial materials (containing niobium) show that those materials are more resistant to
DDC than any of the model alloys tested. These observations are consistent with the
beneficial effect of niobium mentioned in the literature [1,2,14-17]. The question of a
possible relation between niobium and grain boundary tortuosity was not investigated in this

work and would need further clarification [1,10-13].
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Figure 14. Phase equilibrium diagrams for model alloy. (a): Base, (b) : Base + C.
Calculated with MatCalc. The considered phases are liquid, FCC matrix, Cr23Cs carbides

and (C,N)Ti.

CONCLUSIONS

This paper presents new results on Ductility Dip Cracking during welding of nickel alloys of
the Inconel 690 family, obtained using the Refusion Cracking Test. This self-restraint test
with multiple fusion lines presents several advantages: it does not require a large amount of
material, it is close to actual multi-pass welding conditions and is easy to perform. This test
was conducted on a series of materials including both model alloys and industrial alloys. The

main results can be summarised as follows:
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* The RCT method is able to characterise the sensitivity to DDC, that was found very

different depending on the alloys tested in this work.

» It was confirmed that the cracks obtained are the result of DDC, not liquid cracking.

* In most cases, several welding passes were needed to observe cracks.

* Sulphur increases the sensitivity to DDC whereas carbon and niobium reduce it.

* A four parameter equation taking account of the sulphur, carbon and niobium content

is proposed to describe the results obtained with the RCT test.

* Further research is needed to identify more clearly the metallurgical mechanisms

underlying the detrimental or beneficial effect of S, C and Nb.
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