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An Investigation of Ductility-Dip Cracking in 
Nickel-Based Weld M e t a l s -  Part III 
The characteristics of we/d-meta/ grain boundaries associated with 

e/evated-temperature fracture are investigated 
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ABSTRACT. In Part I of this investigation 
of ductility-dip cracking (DDC) in nickel- 
based filler materials, the strain-to-frac- 
ture (STF) test (Ref. 1) was used to quan- 
tify the DDC susceptibility of two 
Ni-based filler metals, Filler Metal 52 and 
Filler Metal 82. Ductility-dip cracking sus- 
ceptibility was related to the nature of the 
migrated grain boundaries in these weld 
metal deposits and the effect of grain 
boundary "tortuosity" on the mechanical 
locking of these boundaries at elevated 
temperature. Part II of this investigation 
used scanning electron microscopy to ex- 
amine the DDC fracture surfaces in order 
to relate fracture mode to temperature, 
composition, interstitial content (hydro- 
gen), and microstructure. Part III of this 
investigation uses optical microscopy, 
high-resolution scanning electron mi- 
croscopy, and electron backscattered dif- 
fraction (EBSD) techniques to further ex- 
plore the factors that contribute to DDC 
in Ni-based weld metals. Based on this 
analysis and the results from Parts I and lI 
of this investigation, a DDC mechanism is 
described that involves the complex inter- 
play of alloy composition, interstitial and 
impurity element additions, grain bound- 
ary segregation, triple-point grain bound- 
ary junctions, grain growth, grain bound- 
ary sliding, precipitation, recrystallization, 
boundary orientation relative to the ap- 
plied strain, and the contribution of grain 
boundary misorientat ion and accumu- 
lated local strain. Insight is provided to op- 
timize elevated-temperature ductility in 
order to avoid DDC in Ni-based weld de- 
posits and other austenitic alloys. 

Introduction 

From a mechanistic standpoint, rela- 
tively little is known or understood about 
DDC, a solid-state cracking mechanism. 
Ductility-dip cracking occurs below the ef- 
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fective solidus temperature and separa- 
tion of grain boundaries  has been re- 
ported to be characteristic of materials 
susceptible to DDC (Refs. 2, 3). A number 
of factors have been repor ted to con- 
tribute to the development of DDC, in- 
cluding specific alloy, impurity, and inter- 
stitial element content, segregation, large 
grain size, grain boundary precipitation, 
orientation relative to the applied strain, 
and high levels of weld restraint. The 
DDC mechanism is still not well under- 
stood, nor is the individual effect of these 
factors. Furthermore, preventive methods 
for avoiding DDC in highly restrained 
weldments have proven elusive. 

Part I of this investigation (Ref. 4) 
quantified DDC susceptibility in Filler 
Metals 52 and 82. Additionally, hydrogen 
and sulfur additions to the weld metal 
were evaluated with the STF test and 
found to increase weld metal DDC sus- 
ceptibility. Part II of this investigation 
(Ref. 5) used optical and scanning elec- 
tron microscopy to study the ductility-dip 
fracture surfaces, identifying the fracture 
mode dependence on temperature  and 
microstructure. These two previous stud- 
ies provided an initial insight into the fac- 
tors responsible for promoting DDC in 
highly restrained weld metals. Part III of 
this investigation uses optical microscopy, 
high-resolution scanning electron mi- 
croscopy, and electron backscattered dif- 
fraction techniques to further expand on 
the understanding of the DDC phenome- 
non. Part III of the investigation has com- 
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bined the results of the first two parts with 
the advanced characterization results to 
provide insight into the mechanism of 
DDC. The mechanistic aspects of DDC 
discussed here are thought to apply not 
only to the Ni-based Filler Metals 52 and 
82, but also more broadly to other 
austenitic alloys, including the austenitic 
stainless steels. 

This investigation has provided further 
evidence that the Gleeble strain-to-frac- 
ture test is an effective, robust test tech- 
nique for evaluating DDC susceptibility in 
weld metals. The ability to determine the 
strain-temperature relationships for DDC 
as a function of composition has been in- 
valuable for studying elevated-tempera- 
ture behavior in these alloys. 

Experimental Procedures 

Advanced characterization was con- 
ducted on STF samples of both Filler 
Metals 52 and 82. The compositions of 
these filler metals are provided in Table 1. 
The STF test techniques and test results 
are reported in Part I (Ref. 4). In this 
study, grain boundary characteristics of 
DDC were investigated in more detail  
than in Part I. 

Strain-to-fracture samples were sec- 
tioned and mounted in a conductive phe- 
nolic powder for advanced characteriza- 
tion using optical and high-resolution 
scanning electron microscopy, along with 
X-ray energy-dispersive spectrometry 
(EDS) and electron backscattered diffrac- 
tion (EBSD), also known as orientation 
image microscopy (OIM TM). The samples 
were polished and then electrolytically 
etched with 10% chromic acid at 2.5 V for 
15-20 s. During polishing, an effort was 
made to minimize material removal, as 
many cracks were relatively shallow. The 
polished and etched samples were exam- 
ined using a Nikon metallograph, and dig- 
ital photomicrographs were taken with a 
Hitachi CCD camera. Additionally,  a 
Philips XL-30 field emission gun (FEG) 
scanning electron microscope (SEM) was 
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Fig. 1 - -  Migrated grain boundary in killer Metal 52 at 986°C am/2.6% 
strain. (Arrow indicates small particle along boundary.) 
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Fig. 2 - -  Precipitation and microsegregation along solidification sut~,,rain 
boundaries in Filler Metal 52 at 986°C (lowerphoto reveals boundary mi- 
gration from "pinning points" at solidification subgrain boundary.) 

Table 1 - -Chemical  Composition of Filler Materials (wt-%) 

Element Filler Metal 52 Filler Metal 82 Filler Metal 82 Filler Metal 82 
Heat NX9277 Heat YN6830 Heat YN7355 Heat YB7724 

C 0.026 0.04 0.04 0.041 
Mn 0.25 2.86 2.75 2.79 
Fe 8.88 1.18 0.70 0.90 
S 0.0037 0.01 0.002 0.001 
Si 0.17 0.12 0.07 0.06 
Cu 0.011 0.09 0.07 0.04 
Ni 60.12 72.75 72.8 72.98 
Al 0.71 N/A N/A 0.05 
Ti 0.50 0.37 0.47 0.45 
Cr 29.09 20.1 20.1 19.98 
Cb + Ta 0.02 2.3 2.6 2.7 
Mo 0.05 N/A N/A N/A 
P 0.0044 0.007 0.01 0.004 
Pb 0.0001 0.004 0.002 0.002 
Co 0.05 0.04 0.01 

used to analyze the mounted DDC speci- 
mens at higher magnifications. The chem- 
ical compositions of the precipitates were 
measured by EDS analysis. 

The grain boundary character distribu- 
tion and local strain distribution were de- 
termined on the SEM using EBSD. Elec- 

tron backscattered diffraction is a widely 
used technique that collects crystallo- 
graphic data from a surface with submicron 
resolution. Because this technique uses the 
electron beam on an electron microscope, 
most commonly an SEM, a direct relation- 
ship can be established between the mi- 

crostructure and the crystallographic infor- 
mation (Ref. 6), making it an excellent tool 
for fracture analysis (Ref. 7). The samples 
to be used for the EBSD analysis were 
ground and polished using the same proce- 
dure previously described. However, spe- 
cial precautions were taken to minimize the 
grinding deformation artifacts. After pol- 
ishing, the samples were lightly electrolyti- 
cally etched with 10% chromic acid at 1.5 to 
2.0 V for 15 s. Electron backscattered dif- 
fraction dedicated software, Channel 5 TM by 
HKL Technology, was used for the auto- 
mated EBSD data acquisition and analysis. 
The low-angle (1-15 deg) grain boundary 
distribution was determined based on the 
EBSD maps. Finally, this low-angle grain 
boundary information was also used to ob- 
tain plastic strain distribution maps in the 
microstructure (Ref. 8). 

R e s u l t s  

Grain Boundary Characterization - -  SEM 

In Part I of this investigation, optical 
microscopy was used to characterize DDC 
behavior of Filler Metal 52 and Filler 
Metal 82. To develop a better understand- 
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Fig. 3 - -  Second phases precipitated in the Filler Metal 52 weld metal. Fig. 4 - -  Energy-dispersive spectrometry spectra o f  cuboidal second phases ob- 
served in the Filler Metal 52 weM metal. 

ing of the factors contributing to DDC, the 
SEM was used to characterize Filler Metal 
52 and Filler Metal 82 grain boundaries at 
much higher magnifications. It is antici- 
pated that these results, in combination 
with the metallographic results shown pre- 
viously in Part I and the fractography 
analysis presented in Part II of this inves- 
tigation, would further elucidate the fac- 
tors contributing to DDC formation. 

Filler Metal 52 

Migrated grain boundaries in Filler 
Metal 52 weld deposits exhibit both 
long/straight and tortuous segments. 
Under low strain levels, cracking occurred 
primarily along the straight sections of 
these boundaries. Examination of the 
weld-metal microstructure using optical 
and scanning electron microscopy re- 
vealed interdendritic second phases. In 
addition, clear evidence of grain boundary 
pinning caused by these interdendritic 
precipitates was observed. However, these 
precipitates were not consistently distrib- 
uted throughout the weld-metal mi- 
crostructure. Consequently, the regions 
free of these precipitates underwent more 
grain boundary migration, resulting in the 
straight boundaries most susceptible to 
DDC. Figure 1 illustrates a long, straight 
migrated grain boundary in a Filler Metal 
52 multipass weld. Both the boundary and 
the microstructure clearly lack any imped- 
iments (precipitates or second phases) to 
"lock" the boundary in place, or to "pin" 
boundary movement, resulting in uninhib- 
ited boundary migration and the conse- 
quent grain boundary straightening, grain 
growth, and increased susceptibility to 
DDC. 

Figure 2 clearly reveals solidification 
subgrain boundaries, migrated grain 

boundaries, and DDC along migrated 
grain boundaries. The solidification sub- 
grain boundaries exhibit both segregation 
(as revealed by the contrast) and two dif- 
ferent types of precipitates, shown in Fig. 
3. The large precipitates are cuboidal TiN 
particles, approximately 5 lam in their 
largest dimension. Figure 4 shows a typi- 
cal EDS spectrum for this precipitate, in- 
dicating that Ti and N are essentially the 
only elements present. The small Cr and 
Ni peaks probably reflect the surrounding 
matrix. The size and location of these 
large precipitates suggest they did not 
form as a result of the weld solidification 
process. Rather, it appears these particles 
were transferred into the weld pool from 
the welding wire. To confirm this, Fig. 5 
shows the microstructure of the Filler 
Metal 52 wire, where even larger TiN par- 
ticles were observed. The larger size of the 
precipitates in the welding wire suggests 
that the nitrides partially dissolved once 
they were injected into the molten pool. 
Since the welds were made using the gas 
tungsten arc welding (GTAW) process 
with cold wire feed, it is possible for these 
particles to survive in the molten pool and 
then become entrapped in the microstruc- 
ture during weld solidification. 

The other precipitates, evident along 
the solidification subgrain boundaries in 
Fig. 3, are smaller (less than 1 ~tm in di- 
ameter), but are also rich in Ti and N. 
Analysis of these particles in the transmis- 
sion electron microscope verified that 
they are TiN. Because these smaller pre- 
cipitates are slightly elongated and per- 
fectly aligned along the solidification sub- 
grain boundaries, it is apparent that their 
formation is directly related with solidifi- 
cation segregation. It is hypothesized that 
these particles are the result of a eutectic 
reaction at the end of solidification, or 

may form in the solid state on cooling from 
the solidification range or during reheat- 
ing in the multipass weld. Further study is 
necessary to clarify the nature of these 
particles. 

Initially, these precipitates were 
thought to be MC carbides, Laves phase, 
or a mixture, which precipitate at the end 
of the solidification as a result of eutectic 
reactions (Ref. 9). Depending on the 
chemical composition of the alloy, MC 
carbide precipitation or MC carbide plus 
Laves phase may form in Ni-based weld 
metals, as proposed by DuPont and co- 
workers (Ref. 9). Figure 6 shows the 
schematic solidification path for an Nb- 
bearing Ni-based alloy, which leads to the 
formation of MC carbides (NbC in this 
case) and possibly Laves phases eutectic 
constituents during solidification. Com- 
positionally, Laves phase can form from 
several elements in the basic form [(Ni, Fe, 
Co)2(Nb, Ti, Mo)]. Energy-dispersive 
spectrometry analysis of the precipitates 
did not indicate any combination of Ni or 
Fe and Ti, which could be the most prob- 
able if Laves was present. Based on this 
cursory analysis, it appears that the pre- 
dominant particle in the Filler Metal 52 
weld microstructure is a Ti-rich nitride ap- 
proximating TiN. 

The detail of the grain boundary in Fig. 
2 shows they have clearly migrated away 
from the solidification subgrain bound- 
aries that are free of the TiN precipitates. 
Ductility-dip cracking is predominant 
along these "clean" migrated grain bound- 
aries. The bottom photo in Fig. 2 is a 
higher magnification of the boxed area in 
the upper photo of Fig. 2, clearly illustrat- 
ing the lack of precipitation or second 
phases along the migrated grain bound- 
ary, whereas the large TiN particles ap- 
pear as single large cuboidal particles, as 
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Fig. 5 - -  Second phases precipitated in the Filler Metal 52 weld metal. 
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Fig. 6 - -  Schematic solidification path for a Nb-bearing superalloy lead- 
ing to the formation o f  MC carbides and possibly Laves phases eutectic 
constituents (Ref 5). 

Table 2 - -  Filler Metal 82 Chemical Composition Comparison (wt-%) 

Element Ni-Cr-Fe-Nb Filler Metal 82 Differential 
Weld Deposit 12 Heat YN6830 (+ or-)  

C 0.031 0.040 +0.009 
Mn 0.20 2.86 +2.66 
Fe 7.04 1.18 -5.86 
S 0.007 0.01 +0.003 
Si 0.16 0.12 -0.04 
Cu 0.035 0.09 +0.055 
Ni 73.85 72.75 -1.1 
A1 0.12 N/A - -  
Ti 0.26 0.37 +0.11 
Cr 15.7 20.1 +4.4 
Nb + Ta 1.58 2.3 +0.72 
Mo N/A N/A - -  
P N/A 0.007 - -  
Pb N/A 0.004 - -  
Co N/A 0.05 - -  

shown in Fig. 3, and discrete small parti- 
cles (see left portion of bottom photo in 
Fig. 2). Some other elongated phases ap- 
pear continuous (see right portion of bot- 
tom photo in Fig. 2) along some of the so- 
lidification subgrain boundaries.  The 
ductil i ty-dip crack follows a migrated 
grain boundary path that both transects 
and directly follows a solidification sub- 
grain boundary. 

The grain boundary highlighted and 
detailed in Fig. 2 migrated from the rela- 
tively "clean" solidification subgrain 
boundary to its left. Since the precipitates 
were not prevalent along this particular 
solidification subgrain boundary, the im- 
pediment  to boundary motion was low 
enough to allow the boundary to migrate. 
Migrated grain boundaries  move away 
from the compositional portion of a solid- 
ification grain boundary in the solid state 
due to simple grain growth or a boundary 
straightening mechanism. Throughout the 

Filler Metal 52 microstructure, some re- 
gions reveal decreased microsegregation 
along the solidification subgrain bound- 
aries and decreased second phases than 
do other  regions. The "clean" grain 
boundaries or the grain boundaries absent 
of such constituents preferentially migrate 
and crack under sufficient levels of strain. 
Under low levels of applied strain, these 
"clean" boundaries  are most likely the 
sites of DDC initiation with propagation 
possible along more tortuous boundary 
segments. The tortuous paths appear to 
assist in arresting DDC propagation,  
probably due in part  to a mechanical  
"locking" effect. 

Filler Metal 82 

In comparison to Filler Metal 52, Filler 
Metal 82 migrated grain boundaries are 
always tortuous in nature,  which con- 
tributes to an increased resistance to DDC 

(Ref. 4). Filler Metal 82 weld deposits con- 
tain large amounts of MC carbides (FCC 
crystal structure) of the type NbC and/or 
(Nb,Ti)C, which pin the grain boundaries. 
Thus, grain growth is inhibited resulting in 
increased grain boundary area and a sub- 
sequent increase in the strain necessary to 
cause cracking. The interdendritic posi- 
tion of these carbides suggest they are the 
result of a eutectic reaction occurring at 
the end of solidification, as schematically 
shown in Fig. 6. The solidification process 
in this alloy starts as L-~t with the inter- 
dendritic region or liquid becoming en- 
riched in C and Nb, until the composition 
of this liquid achieves the twofold satura- 
tion between 7 and NbC. At this point the 
solidification continues by the simultane- 
ous formation of ~/and NbC by a eutectic- 
type reaction as the remnant liquid follows 
the twofold saturation line shown in Fig. 6. 
If the solidification process ends along this 
twofold line, the only interdendri t ic-  
formed phase would be NbC. However, if 
solidification continues to the triple eu- 
tectic point  (where % NbC, and Laves 
phases are in equil ibrium) it will form 
Laves phase in addit ion to 7 and NbC 
(Ref. 9). In the case of the Filler Metal 82 
chemical composition (Table 2), the low 
Fe content limits the Laves formation and 
the results show that in this case the solid- 
ification ends along the twofold saturation 
line before the triple eutectic point is 
reached. As a result, only the NbC second 
phase is formed during solidification of 
Filler Metal 82. 

In Filler Metal 82, eutectic carbides are 
evenly distr ibuted throughout  the mi- 
crostructure, residing at solidification 
grain and subgrain boundaries. Figure 7 
shows eutectic MC carbides consistently 
distributed throughout the Filler Metal 82 
microstructure with several of the con- 
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stituents effectively pinning the grain 
boundary from further motion, thereby 
restricting grain growth. Additionally, Fig. 
7 illustrates a number of smaller inter- 
granular and intragranular carbides (see 
boxed area in lower photo of Fig. 7). These 
smaller precipitates were found to be as- 
sociated with the interdendritic regions 
and gathered around the larger carbides. 
In contrast, the Filler Metal 52 weld de- 
posit microstructure appears to be free of 
these groups of smaller precipitates when 
observed in the SEM. 

EDS analysis of the large precipitates 
(Fig. 8) showed Nb and Ti peaks, charac- 
teristic of an Nb-Ti-rich MC carbide 
(Nb,Ti)C. The Ni and Cr peaks result 
from the electron beam interaction with 
the matrix due to the small size of the an- 
alyzed particle. The particles observed in 
the boxed area in the lower photo of Fig. 
7 were too small to identify in the SEM, 
but have been identified independently as 
(Nb,Ti)C (Ref. 10). 

Figure 9 reveals further definitive evi- 
dence of grain boundary pinning by the MC 
eutectic carbides. Again the large eutectic 
constituents are (Nb,Ti)C formed at the 
end of solidification. The smaller precipi- 
tates (in the boxed area and along the grain 
boundary) are most likely (Nb,Ti)C or some 
other type of MC-carbide particles. 

Electron Backscattered Diffraction 

Electron backscattered diffraction was 
used to determine the point-to-point local 
lattice orientation over the sample sur- 
face. Based on these data, information re- 
garding the grain boundary misorienta- 
tion, special orientation relationships such 
as coincident site lattice (CSL) grain 
boundaries, and accumulated plastic local 
strain was extracted from several STF 
samples in both the cracked and un- 
cracked conditions. 

Special Grain Boundaries. In general 
terms, the grain boundary character dis- 
tr ibution (GBCD) determined using 
EBSD showed a small fraction of low-Z 
CSL grain boundaries in the microstruc- 
ture. The highest measured fraction of 
~3-Y'-29 was about 17%, which is not far 
away from the expected value for an as- 
welded austenitic material. However, this 
fraction is slightly higher than the 9.1% re- 
ported for as-cast, pure nickel (Ref. 11). 

The GBCDs measured on the STF 
samples of Fi l ler  Metal  52 and Fil ler  
Metal 82 (Heat YN6830) are summarized 
in Table 3. The data in this table should be 
analyzed carefully because important dif- 
ferences exist among different regions of 
the samples. Measurements 2, 5, and 6 
were conducted on cracked samples but in 
regions where cracks were not present. All 
the other measurements were taken in re- 

gions where many cracks 
were present. 

When the measure- 
ments were performed in 
uncracked regions (mea- 
surements 2, 5, and 6 in 
Table 3) or over larger re- 
gions where the cracked 
area represented a lower 
fraction (measurement 4), 
the low-Z CSL grain 
boundary fraction was 
lower, as can be seen when 
measurement  3 is com- 
pared with measurements 
5 and 6, or when compar- 
ing measurements 3 and 4 ~ "  
(larger region with lower 
cracked area). The only 
exception was measure- 
ment 2, where the un- 
cracked region of Fil ler  
Metal 52 had a relatively 
high (12.2%) fraction of 
low-Z CSL grain bound- 
aries. This result was prob- 
ably due to the poor statis- 
tics of measurement  2, 
resulting from the large 
grain size. However, this 
sample was tested at high 
temperature  (1160°C) 
where the higher fraction 
of low-Y CSL grain bound- 
aries may be explained by 
the observed dynamic re- 
crystallization. 

The GBCD data show 
that the special grain 
boundaries are mainly associated with the 
regions that have cracks and not with the 
uncracked regions. This result appears to 
be contradictory with the accepted higher 
cracking resistance of these special grain 
boundaries. However, the special grain 
boundaries observed around the cracks 
were formed during the dynamic recrys- 
tallization process suffered by these highly 
deformed regions around the intergranu- 
lar cracks. It should be noted that the frac- 
tion of special grain boundaries in the mi- 
crostructure was too low to significantly 
influence the crack nucleation. 

The misorientation between the grains 
where intergranular cracking occurs was 
measured in the samples subjected to 
EBSD analysis. The results of these mea- 
surements are presented in Table 4. The 
angle between these grains varied be- 
tween 9 and 60 deg, with the average ap- 
proximately 40 deg. This value is close to 
the maximum misorientation frequency, 
expected to be about 45 deg, for a theo- 
retical random set of misorientations.  
Therefore, the cracked grain boundaries 
were random grain boundaries. In addi- 
tion, an EBSD orientat ion map recon- 

Fig. 7 -  Tortuous boundary in Filler Metal 82 resuhing from "pin- 
ning" by eutectic partich's. (Boxed area in lower photo shows small 
particles prevalent throughout the Filler Metal 82 weld-metal matrix. 

struction, by extrapolation of the grain ori- 
entations around the cracks, verified that 
the cracked grain boundaries were not 
Iow-CSL grain boundaries, as expected, 
due to the reported high cracking resis- 
tance of these grain boundaries. 

Strain Distribution 

The EBSD technique also allows the 
local strain distribution in the microstruc- 
ture to be estimated, allowing strain maps 
to be plotted. The strain maps from STF 
specimens revealed strain concentration 
at or very near the grain boundaries, espe- 
cially at the triple-point junctions. When 
cracked regions were mapped, as shown in 
Fig. 10, strain concentration around the 
cracks was evident. Figure 10 presents the 
strain map in an STF specimen of Filler 
Metal 52 heated to 986°C and strained 
2.6%. In this map, the thin lines represent 
the high angle grain boundaries and the 
black regions are the open cracks from 
which EBSD information is not obtained. 
The color pat tern represents the strain 
distribution, with blue representing the 
lowest and red the highest strains in this 
map. In all the strain maps developed 
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Table 3 - -  Grain Boundary Character  Distribution of STF Samples  

Measurement 1 2 3 4 5 6 7 8 

Alloy FM-52 FM-52 FM-82 FM-82 FM-82 FM-82 FM-82 FM-82 
Temperature (°C) 986 1160 972 972 984 984 1147 1147 
Strain (%) 2.6 2.9 7.5 7.5 8.1 8.1 11.3 11.3 
Area (mmx mm) 11.4 x 0.3 0.4 x 0.3 0.4 x 0.3 2.11 x 1.8 0.7 x 0.5 0.4 x 0.3 0.4 x 0.3 0.4 x 0.3 
Cracks Yes No Yes Yes No No Yes Yes 

CSL E,~:~ fi'action of the high angle grain boundaries (angle > 15 deg) [%] 

2,3 3.9 2.1 5.9 2.9 0.3 0.3 l (1.3 8.7 
Z5 2.2 - -  - -  1.6 0.1 1.3 0.3 0.4 
5`7 - -  - -  0.5 0.9 - -  0.7 1.2 - -  
Z9 2.5 - -  0.2 0.6 - -  - -  0.4 0.3 
5"11 0.3 0.1 0.1 0.5 . . . .  
5"13 0.1 1.1 0.4 3.4 - -  1.1 - -  
ZI5 0.3 - -  1.6 0.2 - -  0.5 0.1 1.6 
5`17 2.0 - -  - -  0.4 - -  - -  0.2 0.4 
5"19 0.1 3.4 0.6 0.1 - -  - -  0.7 0.9 
5`21 0.1 6.5 0.3 11.2 - -  - -  0.4 0.7 
5`23 0. l - -  0.2 0.3 . . . .  
5`25 - -  - -  0.8 0.2 - -  - -  0.1 0.4 
5`27 0.1 - -  0.2 0.7 - -  0.1 0.1 0.4 
5"29 - -  - -  0.l 0.3 2.8 4.4 2.3 2.5 
Total (%) 11.6 12.2 11.5 9.2 6.7 7.3 17.0 16.4 

Table 4 - -  Grain Boundary Misorientation in STF Samples  

Measurement 1 3 4 7 8 

Alloy FM-52 FM-82 FM-82 FM-82 FM-82 
Heat NX9277 YN6830 YN6830 YN6830 YN6830 
Temperature (°C) 986 972 972 1147 1147 
Strain(%) 2.6 7.5 7.5 11.3 11.3 
Area (mm x mm) 0.4 x 0.3 0.4 x 0.3 11.2 x 1.8 0.4 x 0.3 0.4 x 0.3 

Misorientation between grains where cracking occurred (degrees) 
Minimum 9 20 21 19 11 
Maximum 54 60 52 57 59 
Average 40 +_ 10 40 _+ 5 34 _ 3 40 _+ 5 39 _+ 4 

f rom STF specimens  of Filler Meta ls  82 
and  52, the strain was found to be  concen-  
t ra ted  at the grain boundar ies  with essen- 
tially no  strain in the grain interiors.  The  
h ighes t  s t ra ins  were associated with the  
crack tips, where  high stress concen t ra -  
t ions would be expected.  

D i s c u s s i o n  

Based  on  the  resul ts  p r e s e n t e d  here  
and those from Parts I and II of this inves- 
t igation, it is clear tha t  D D C  is a complex 
p h e n o m e n o n  that  is inf luenced by multi-  
ple factors, to be reviewed and discussed 
in the  fo l lowing sect ions .  R e f e r e n c e  to 
Parts I and II of this invest igation are sug- 
gested in o rder  to unde r s t and  the ent i re  
context  of this discussion. 

Alloy Element Effects 

Based on the results of STF tests pre- 
sented in Part I of this investigation, signifi- 
cant differences in D D C  susceptibility were 

observed when comparing Filler Metals 52 
and 82. Data  in the l i terature support  the 
observed differences based on the composi- 
t ion of  the weld metal.  A n u m b e r  of Ni- 
based alloy welds were tested by Heuschkel  
(Ref. 12) to de termine  their  elevated-tem- 
pera ture  ductility response. In that  study, 
Ni -Cr-Fe-Nb weld deposi ts  achieved the 
best ductility, with a min imum elongation of 
34% observed. Conversely, Ni-Cr-Fe-Ti and 
Ni-Cu-Ti type weld deposits exhibited the 
lowest ductility, with a min imum elongation 
of  10% repor ted .  The  649°-1093°C low- 
ductility t empera tu re  range repor ted  for 
the Ni-Cr-Fe-Nb weld deposits is similar to 
the STF results for Filler Metal  82 (Ref. 4), 
which contains Nb and forms a NbC eutec- 
tic constituent.  Interestingly, the Ni-Cr-Fe- 
Ti weld meta l  con ta ined  only 0.47% Nb 
while the Ni-Cu-Ti weld deposits contained 
no Nb additions whatsoever. Table 2 com- 
pares the composit ion of the Ni-Cr-Fe-Nb 
weld deposi ts  f rom Heuschke l  (Ref. 12) 
with that  of Filler Metal 82 (Heat  YN6830). 

Overal l ,  the composi t ions  of  the two 

filler meta ls  (Table 2) are strikingly simi- 
lar. Note  especially the Nb, Cr, and  C con- 
tents.  From his s tudies of a n u m b e r  of dif- 
ferently alloyed Ni-Cr-Fe weld deposits ,  
Heuschkel  (Ref. 12) r epor t ed  the best  re- 
sults for  those  weld deposi ts  con ta in ing  
Nb addi t ions  and  made  with argon shield- 
ing gas. Addit ional ly,  Sadowski (Ref. 13) 
s u m m a r i z e d  the  effects  of  Nb on weld-  
m e t a l  ho t  c r ack ing  suscep t ib i l i ty  of  
2 5 % C r - 2 0 % N i  based  on repor t s  by sev- 
eral au thors  and  repor ted  Nb con ten t  to 
be de le te r ious  up to 0.25% while benef i -  
cial at 1.38-2.90%. This  is precisely the  
Nb range  for  bo th  filler meta ls  in Table 2. 
Fu r the rmore ,  based  on hot  ductili ty test- 
ing of 25%Cr -20%Ni  and 18%Cr-8%Ni ,  
Haddr i l l  and  Bake r  (Ref.  14) r e p o r t e d  
t h a t  N b - c o n t a i n i n g  weld  depos i t s  in- 
c reased the  observed  ductility m i n i m u m  
significantly c o m p a r e d  to weld deposi ts  
free of Nb addit ions.  

Carbon  conten t  has been  repor ted  by a 
n u m b e r  of researchers  to have a significant 
effect  on  D D C  suscept ib i l i ty  (Refs.  2, 
14-16). Haddril l  and Baker  (Ref. 14) ob- 
served less cracking along migrated grain 
b o u n d a r i e s  as c a r b o n  c o n t e n t  was in- 
c reased  f rom 0.06 to 0.125 wt -% in re- 
h e a t e d  regions  of  2 5 % C r - 2 0 % N i  
austenit ic weld metal.  They suggested that  
the  r e d u c t i o n  in c rack ing  suscept ib i l i ty  
with the increased intersti t ial  e lement  con- 
tent  could be related with the morphology 
and distr ibution of the in tergranular  car- 
bides and with the segregation of solute el- 
ements  to the dislocations. In suppor t  of 
this, Matsuda  et al. (Ref. 15) and Ara ta  et 
al. (Ref. 16) r epo r t ed  a much  na r rower  
D T R  and  an increased  m i n i m u m  s t ra in  

~ . ~ , " !  FEBRUARY 2004 



Nb 

Cr 

Cr : NI 

l.lO 2 Oi 310 4 i !  S OI i I I  L n  I . n  ~,oo 

~2"y: 
:::;::2 

- - - - - - - - = - 4  5 lira 

Fig. 8 - -  EDS analysis of  large eutectic constituents along the migrated grain Fig. 9 -  Triple-point migrated grain boundary intersection with eutectic 
boundaries in Filler Metal 82. grain boundary "pinning" in Filler Metal 82 tested at 1147°C. 

(Emin) to cause cracking in fully austenitic 
310S when carbon contents were in- 
creased, with no DTR phenomena ob- 
served whatsoever when carbon contents 
ranged between 0.43 and 0.53%. This im- 
provement in ductility was attributed to an 
increase in the formation of eutectic MTC 3 
carbides that restrict grain growth and 
grain boundary mobility (Refs. 12, 17). 

Nickel-based alloys containing Nb can 
form both MC carbides and Laves phase 
eutectic constituents during solidification 
(Ref. 9). However, thermodynamic calcula- 
tions showed that for the chemical compo- 
sitions of Filler Metals 52 and 82, the for- 
mation of eutectic Laves phase is not 
expected. In the case of Filler Metal 52, the 
calculations showed that the slightly higher 
content of Ti, along with the N content, pro- 
motes TiN (FCC structure) precipitation in 
the liquid and its continuous precipitation 
along the entire solidification range. The 
chemical composition of this precipitate 
gradually changes from TiN at tempera- 
tures well above the alloy liquidus to NbC 
(FCC structure) at the end of the solidifica- 
tion. Thermo-Calc TM estimates of the simu- 
lated solidification paths revealed the mass 
fraction of TiN+ (Nb,Ti)C at the end of the 
solidification to be approximately 0.25% for 
Filler Metal 82 and 0.1% for Filler Metal 52 
(Ref. 10). The actual fraction of eutectic 
constituents was not measured, but a quali- 
tative analysis shows there is a large differ- 
ence in the fraction of these interdendritic 
precipitates, being much smaller and less 
uniformly distributed in Filler Metal 52. 

Based on observations made during 
this investigation, it is postulated that the 
difference in STF DDC susceptibility be- 
tween Filler Metal 52 and Filler Metal 82 
is explained, in part, by the different con- 
tents of Nb and C. These contents are 
higher for Filler Metal 82, and therefore 
its ability to form MC-type carbides is in- 
creased. The interdendritic constituents 
inhibit grain boundary motion in the solid 

state resulting in smaller grains and in- 
creasingly tortuous grain boundary paths 
that are resistant to cracking. These con- 
stituents along the boundary also inhibit 
grain boundary sliding, which has been re- 
ported to be most prevalent along "clean" 
grain boundaries (Refs. 18-22). 

Hydrogen Effects 

Hydrogen was shown to have a pro- 
nounced negative effect on the STF be- 
havior of Filler Metal 82, as discussed in 
Part I and II of this investigation (Refs. 4, 
5). Hydrogen cracking is typically not a 
concern in fully austenitic structures 
based on the high solubility of hydrogen 
and its low diffusivity in the austenitic 
(FCC) matrix. Regardless, atomic hydro- 
gen is an extremely mobile interstitial 
species and hydrogen cracking may occur 
in austenitic materials if sufficient hydro- 
gen is present (Ref. 23). Part II of this in- 
vestigation (Ref. 5) contained a discussion 
of the two different H-embrittlement 
mechanisms, hydrogen-enhanced local 
plasticity (Ref. 24) and hydrogen-induced 
decohesion (Ref. 25), and that may be act- 
ing in the DDC temperature range of 
these filler metal deposits. The high inci- 
dence of triple-point cracking along with 
the planar slip evident in the fractography 
of the STF samples with intentional hy- 
drogen additions suggests that both hy- 
drogen embrittlement mechanisms may 
be operative during DDC of Ni-based al- 
loys. The level of hydrogen necessary to 
reduce ductility in addition to the effect of 
grain boundary structure and precipita- 
tion on hydrogen mobility is the subject of 
continuing research. 

Eutectic Constituent Effects 

In addition to the large cuboidal TiN 
transferred from the weld wire (Figs. 3 and 
5), Filler Metal 52 formed small nitrides 

during solidification. Based on thermody- 
namic calculations, the eutectic phase 
formed at the end of solidification was the 
isomorph MC carbide, having the same 
crystal structure as TiN with very similar 
lattice parameters. The gradual change of 
the precipitated phases from TiN to MC 
has been previously reported during the 
solidification of N-bearing Ni-based su- 
peralloys (Ref. 26). The weight fraction of 
the interdendritic phases in Filler Metal 
52 was very low (about 0.1% according to 
thermodynamic calculations) and its dis- 
tribution within the weld metal mi- 
crostructure was very inconsistent (Figs. 1 
and 2) resulting in relatively large areas 
across the weld metal microstructure that 
were absent of boundary "locking" and/or 
"pinning" constituents. As a result, Filler 
Metal 52 exhibited many long, straight, 
"clean" migrated grain boundaries that 
crack under low levels of strain (<2%). 

In contrast, Filler Metal 82 forms 
abundant MC-carbide eutectic con- 
stituents of the type (Nb,Ti)C. The calcu- 
lated weight fraction of this carbide for 
Filler Metal 82 was approximately 0.25% 
(Ref. 10). The carbides were distributed 
relatively consistently throughout the 
weld metal microstructure (see Figs. 7 and 
9) further inhibiting boundary motion and 
grain growth, and thus decreasing crack- 
ing susceptibility. 

It is apparent that boundary tortuosity 
plays an important role in the DDC sus- 
ceptibility of the weld metal, especially at 
low levels of applied strain. In these filler 
metals, tortuosity is associated with the 
(Nb,Ti)C eutectic carbide when higher 
levels of carbon and Nb are present in the 
filler material. Increased eutectic con- 
stituents in the microstructure reduce 
grain growth, increase grain boundary tor- 
tuosity, and significantly suppress grain 
boundary sliding resulting in increased re- 
sistance to DDC initiation and propaga- 
tion. Based on the STF results for these 
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Fig. 10 - -  Strain distribution map in the STF specimen of  Filler Meta152 
heated to 986°C and strained 2. 6%. The thin lines represent the high angle 
grain boundaries. The black regions are the open cracks. The colored con- 
touring shows the strain distribution with blue representing the lowest and 
red the highest strains. 

filler metals, a strong contributing factor 
to the higher resistance of Filler Metal 82 
to DDC is the preponderance of tortuous 
migrated grain boundaries. These tortu- 
ous boundaries provide a mechanical 
locking effect as the adjacent crystals at- 
tempt to slide past each other with applied 
strain at elevated temperature. 

The specific effect of different interden- 
dritic particles, i.e., nitrides, carbides, or 
other particles, on the variation in cracking 
behavior between Filler Metals 52 and 82 is 
not clear. It is possible that certain particles 
are more effective in reducing DDC relative 
to others based on their size, distribution, or 
morphology. This effect is also the subject 
of ongoing research. 

Segregation Effects 

In Part I of this investigation, the detri- 
mental effect of sulfur on DDC was clearly 
shown. Although detailed grain boundary 
analysis was not performed, it is antici- 
pated that the segregation of sulfur to the 
migrated grain boundaries was responsi- 
ble for this degradation. In addition, as de- 
scribed previously, the accumulation of 
hydrogen at grain boundaries also appears 
to be detrimental. 

Migrated grain boundaries move more 
easily through the weld metal microstruc- 
ture when fewer eutectic constituents are 
present to "lock" and/or "pin" grain bound- 
ary motion. During multipass welding, mul- 
tiple thermal cycles promote additional 
boundary migration and segregation. Dur- 
ing migration, impurity and interstitial ele- 
ments can be swept into the boundary as 
they have high diffusivities and high affini- 
ties for grain boundaries. As the impurity 

and interstitial content in 
the boundary ap- 
proaches a critical level, 
a "drag effect" is im- 
posed upon the bound- 
ary. The boundary is no 
longer highly mobile but 
is now highly enriched in 
impurity and interstitial 
element content. This 
enrichment may have 
negative implications as 
some impurity and inter- 
stitial elements are detri- 
mental to ductility. Thus, 
in the event that impurity 
and interstitial segrega- 
tion play roles in the 
DDC mechanism, less 
grain boundary area 
brought about by in- 
creased grain size will 
lead to higher impurity 
and interstitial concen- 
trations at the grain 
boundaries, possibly 

lowering cohesion between grains. Such an 
increase in segregation could further 
weaken the grain boundaries, encouraging 
grain boundary sliding under low orders of 
strain, subsequently resulting in intergranu- 
lar cracking. 

Effect of Triple-Point Junctions 

The presence of triple-point grain 
boundary intersections in polycrystalline 
materials has been shown to influence sev- 
eral material properties, including ductil- 
ity, grain boundary migration, sliding, and 
recrystallization (Refs. 11, 27). Watanabe 
(Ref. 11) used a computer simulation of 
intrinsic stress distributions at triple-point 
grain boundary intersections to show that 
uncompensated stresses exist at these in- 
tersections, supporting the hypothesis that 
triple-point grain boundary intersections 
are highly stressed regions conducive to 
crack initiation. 

Masubuchi and Martin (Ref. 18) and 
Haddrill and Baker (Refs. 14, 22) describe 
cracking along triple-point grain bound- 
ary intersections and attribute the cracks 
to a combination of increased stress con- 
centration at the intersection and grain 
boundary sliding. Masubuchi and Martin 
(Ref. 18) stated that sliding along grain 
boundaries might take place at a low stress 
since the inherent grain boundary flow 
stress is very low. Thus, the high stress con- 
centration at the intersection initiates in- 
tergranular fracture with propagation of 
the fracture a function of sliding along the 
low flow stress grain boundary. Ductility- 
dip cracking appears to either initiate or 
terminate at these intersections. The 
strain maps obtained by EBSD, such as the 

one presented in Fig. 10, clearly reveal 
strain concentration at triple points. It is 
possible that cracking initiates at these 
triple-point grain boundary intersections, 
as these are sites of high stress concentra- 
tion, thereby lowering the "global" stress 
necessary to initiate cracking. 

Dynamic Recrystallization 

A combination of accumulated defor- 
mation and thermal energy promotes re- 
crystallization. High local strains at the 
crack tip lower the amount of thermal en- 
ergy necessary to induce recrystallization. 
The strain maps obtained from the cracked 
samples reveal recrystallization occurring at 
the strain-concentrated regions of the mi- 
crostructure, either in front of the cracks or 
at the triple-point junctions along the crack 
path. Figure 10 shows two regions of strain 
concentration where recrystallization has 
initiated, one of them in front of the smaller 
crack and the other where the larger crack 
changed its propagation direction due to a 
triple point. Additionally, strain concen- 
trates along grain boundaries that have not 
separated. As temperature increases, re- 
crystallization occurs more easily at these 
strained grain boundaries. Based on obser- 
vations during this investigation, it is postu- 
lated that the combination of applied strain, 
stress concentration at the grain boundary, 
high local strains at the crack tip, and ap- 
plied thermal energy increases the likeli- 
hood of dynamic recrystallization. There- 
fore, it is possible that the appearance of 
dynamic recrystallization within the mi- 
crostructure signals the onset of ductility re- 
covery in the high-temperature region 
(1050°-1200°C) of the overall DTR. 

Boundary Orientation Relative 
to the Applied Strain 

It is apparent that grain boundary ori- 
entation to the applied strain is a factor in 
DDC formation. Previous studies by Bow- 
ers (Ref. 28) and Kikel and Parker (Ref. 
29) using the double-spot Varestraint test 
showed that orientation relative to the ap- 
plied strain has a significant effect on 
DDC susceptibility. In this investigation, 
STF samples were tested in both the as- 
welded (multipass weld) and spot-welded 
condition. The as-welded condition re- 
suits in a more random grain boundary 
pattern resulting from epitaxial nucleation 
and columnar grain growth in the multi- 
pass weld. When a spot weld is made 
within the weld metal in the STF sample, 
a radial grain boundary pattern is created 
with boundaries ranging from 0 to 90 deg 
relative to the applied strain. For Filler 
Metal 52, the as-welded STF behavior 
showed a threshold strain of 2.5%, but 
when spot-welded samples were tested the 
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threshold strain for cracking dropped to 
1%. There are other metallurgical influ- 
ences that complicate this simple argu- 
ment, such as the effect of multiple re- 
heating in the multipass weld on the 
nature of the boundary. However, based 
on the observation that most DDC is ob- 
served in the spot welds in the angular 
range of 45-90 deg to the applied strain, it 
can be concluded that the macroscopic 
boundary orientation in the weld metal 
relative to the applied strain is a con- 
tributing factor to DDC. 

Fracture Morphology 

Part II of this investigation described 
the fracture behavior associated with 
DDC in STF samples of Filler Metals 52 
and 82 throughout the entire 625°-1200°C 
DDC temperature range (Ref. 5). Ductil- 
ity recovery at both extremes of the DTR 
is marked by ductile intergranular frac- 
ture. The ductility recovery at elevated 
temperature coincides with the onset of 
local recrystallization at the grain bound- 
aries. In the intermediate temperature 
regime of the DTR, the intergranular frac- 
ture acquires a wavy pattern with crystal- 
Iographic steps superimposed. These 
steps are clearly evidence of crystalline 
slip, which is thought to be related with the 
hydrogen-induced plasticity. The pres- 
ence of precipitates was evident on the 
fracture surfaces. However, the exact re- 
lationship between fracture behavior and 
grain boundary precipitation is still not 
clear and is the subject of an ongoing in- 
vestigation. 

Grain Boundary Character Distribution 

It is well known that low CSL grain 
boundaries (Y3-Z29) exhibit special proper- 
ties that are associated with the relatively 
good atomic scale matching and conse- 
quently low energy of these grain bound- 
aries. Among these special properties are 
high resistance to 1) crack propagation, 2) 
localized corrosion, 3) sliding and cavitation 
at high temperatures, and 4) lower solute 
segregation (Refs. 11, 27). Ductility-dip 
cracking is a high-temperature phenome- 
non and, although the difference in proper- 
ties between the low-E CSL and the random 
grain boundaries decreases when tempera- 
ture increases (Ref. 30), the effect of CSL 
grain boundaries on the DDC phenomenon 
was of interest. 

Although a high fraction of "special 
grain boundaries" was not observed in ei- 
ther of the filler metals (Table 2), most of 
the boundaries identified were low Z-CSL 
grain boundaries (Z3, Z 5, Z,~, and "~'29), to 
which special properties have been re- 
ported (Refs. 11,27). These boundary types 
have low activity levels in relation to grain 
boundary migration, sliding, vacancy gener- 

ation, diffusion, and absorption while high- 
angle "random" grain boundaries have high 
activity levels in relation to these boundary 
characteristics (Ref. 11). Cracking did not 
occur along any of the "special" grain 
boundaries with some boundaries appear- 
ing to arrest crack propagation. 

In support of this observation, Watan- 
abe (Ref. 11 ) reported that "special" grain 
boundaries are strong obstacles to crack 
propagation such that intergranular frac- 
ture will arrest at these boundary types. In 
almost all cases, DDC was observed along 
"random" high-angle grain boundaries. 
Based on the high activity levels associ- 
ated with these boundaries, fracture along 
these boundary types is not surprising. 

Further supporting the fracture resis- 
tance of low-Z CSL boundaries and low- 
angle boundaries, Palumbo and Aust (Ref. 
27) reported that these boundary types 
would not fracture even when lying at opti- 
mal angles (45-90 deg) for operation of a 
grain boundary sliding assisted fracture 
mechanism. These angles are precisely the 
angular orientation range to the applied 
load found to be typical for DDC along ran- 
dom high-angle migrated grain boundaries 
in Filler Metals 52 and 82, further support- 
ing fracture propensity along high-energy, 
high-angle migrated grain boundaries. 

Grain boundary cracking resistance 
decreases as the boundary becomes more 
"random" (i.e., deviating further away 
from low energy configurations). At the 
same time, the potential for segregation of 
solute and impurities to this grain bound- 
ary is also enhanced (Ref. 11). The higher 
energy level of the boundary also im- 
proves its mobility, generating synergy be- 
tween the potential for segregation of the 
boundary and the "sweeping" effect of im- 
purities while it moves. This behavior 
lends support to increasing eutectic con- 
stituent content and decreasing impurity 
content in the weld-metal microstructure. 
Increased eutectic constituent content will 
inhibit boundary migration and the conse- 
quent sweeping of impurities, further min- 
imizing the probability of grain boundary 
sliding and/or cracking. 

In the STF samples, most of the special 
grain boundaries present in the mi- 
crostructure were a result of the thermo- 
mechanical work, which occurred during 
the test itself. Many of these special grain 
boundaries appeared to originate during 
the recrystallization process in the highly 
strained material around the cracks. 
Based on this observation, low-Z CSL 
boundaries have little effect on crack ini- 
tiation, but may play an important role in 
the crack arrest process. 

Insight into the DDC Mechanism 

While the mechanism for DDC is still 
not fully understood, the STF test has con- 

firmed many previous theories about 
DDC and has proven itself as a valuable 
method to test different conditions and 
produce a variety of cracked samples for 
evaluation. Results from this investigation 
confirm that DDC occurs preferentially 
along weld-metal migrated grain bound- 
aries. An overwhelming majority of DDC 
was observed in the spot weld with cracks 
occurring outside the spot weld in multi- 
pass weld metal only at relatively high 
strains (>8%). Typically, cracks occurred 
on migrated grain boundaries oriented ap- 
proximately 45-9(/ deg to the applied 
strain. These results agree with previous 
reports that grain boundary orientation 
relative to the direction of the applied 
strain is a contributing factor to formation 
o fDDC (Refs. 15, 19, 29, 31). 

The effect of intergranular precipita- 
tion on grain boundary sliding remains 
controversial. Mathew et al. (Ref. 21) and 
Dix and Savage (Ref. 32) postulated that 
as grain boundary precipitates form, grain 
boundary sliding is restricted enabling sig- 
nificant matrix deformation and higher 
ductility. Conversely, Zhang et al. (Ref. 
33), Mintz et al. (Ref. 17), and Arata et al. 
(Ref. 16) concluded that increased inter- 
granular precipitation lowers grain 
boundary ductility. 

Materials containing precipitates, eu- 
tectic constituents, and/or second phases 
tend to restrict grain boundary motion and 
thereby reduce the amount and length of 
cracking. Furthermore, formation of eu- 
tectic constituents at the end of solidifica- 
tion results in tortuous grain boundary 
paths that are increasingly resistant to 
both DDC initiation and propagation 
when compared to straight grain bound- 
ary paths free of precipitates. Tortuous 
grain boundary paths result in increased 
grain boundary area vs. straight grain 
boundaries, over a given length. Grain 
boundary sliding is impeded by tortuous 
boundaries and orientation to the applied 
strain is increasingly random vs. a straight 
grain boundary oriented favorably for 
DDC formation. 

Previous research supports the concept 
of Nb and C additions to the weld metal to 
decrease cracking susceptibility (Refs. 2, 
12-16). Increased C contents in Filler 
Metal 82 may result in increased MC-car- 
bide (NbC) formation along grain bound- 
aries that further restrict grain growth and 
grain boundary migration ultimately re- 
sulting in increased grain boundary area to 
withstand higher applied strains. This in- 
vestigation supports the hypothesis that 
grain boundary precipitates act as locking 
points along the boundary, thereby re- 
stricting grain boundary sliding and en- 
abling significant matrix deformation and 
higher ductility (Refs. 21, 32). Further- 
more, restricted boundary motion result- 
ing from pinning by eutectic constituents 
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in the microstructure results in reduced 
"sweeping" of impurities and undesirable 
solute elements into the boundary, further 
enhancing resistance to DDC. 

Zhang et al. (Refs. 33, 34) revealed that 
fully austenitic stainless steel weld metals 
precipitated M23C 6 carbides along mi- 
grated grain boundaries below 1200°C, 
while also observing a high density of in- 
tergranular precipitation in Fe-36%Ni 
weld metals. Generally, it was observed 
that the prevalence of precipitates in- 
creased at locations where migrated grain 
boundaries intersect solidification sub- 
grain boundaries. Subsequently, it was 
postulated that since the solute concen- 
tration at the solidification subgrain 
boundary is high, migrated grain bound- 
ary precipitation should easily occur at 
this intersection. It was also determined 
that a certain region of the migrated grain 
boundary near the intersection could be 
enriched by solute elements due to rapid 
diffusion at the grain boundary intersec- 
tion. These observations further support 
the hypothesis that as grain boundary pre- 
cipitates form, grain boundary sliding is 
restricted, enabling significant matrix de- 
formation and higher ductility. 

Controlling impurity contents (S, E 
etc.) may also assist in controlling forma- 
tion of DDC, especially during multipass 
welding operations. Based on the increase 
in DDC susceptibility observed during 
STF testing of Filler Metal 82 with addi- 
tions of sulfur to the spot weld, it is antic- 
ipated that minimizing S, P, and other im- 
purity contents in Filler Metals 82 and 52 
will increase the resistance to DDC. 
Cordea et al. (Ref. 31) concluded that 
after extensive grain growth, impurities 
became sufficiently concentrated on the 
grain boundaries to weaken them, result- 
ing in crack initiation. As microsegrega- 
tion of S, R and other impurity elements 
easily occurs to solidification subgrain 
boundaries during solidification and dif- 
fusion along these boundaries is enhanced 
in comparison to the matrix, it is antici- 
pated that the intersection of a migrated 
grain boundary with a solidification sub- 
grain boundary will result in enrichment 
of impurity elements along the migrated 
grain boundary. This in turn will promote 
decohesion and facilitate grain boundary 
sliding along the boundary/matrix inter- 
face. Eliminating or minimizing impurity 
elements in the filler materials may assist 
in increasing the amount of strain neces- 
sary to initiate grain boundary sliding. 

The potent effect of hydrogen on DDC 
susceptibility was initially quite surprising 
based on the perceived resistance of 
austenitic microstructures to hydrogen- 
induced cracking. Although the exact lev- 
els of diffusible hydrogen were not deter- 
mined, it is estimated based on data gath- 
ered from multipass welds using 95Ar-5H2 

shielding gas (Ref. 35) that the levels were 
on the order of 15-20 ppm. It is proposed 
that this hydrogen is trapped within the 
microstructure at trap sites such as the car- 
bide/matrix interface and then released 
upon heating above 625°C. Since many of 
the carbides are present along the grain 
boundaries and stress is concentrated at 
these boundaries, the hydrogen accumu- 
lates in the boundary and reduces its co- 
hesive strength and activates the localized 
plasticity around the grain boundaries. It 
is conceivable that the DDC mechanism is 
simply a manifestation of hydrogen- 
assisted cracking at elevated temperature. 

Welding speed was very low for the but- 
ter passes (2 in./min) and relatively low for 
the fill passes (5 in./min) during STF sam- 
ple preparation. Yeniscavich (Ref. 36) 
used the hot ductility test to study the ef- 
fects of welding speed on ductility re- 
sponse in Ni-Cr-Fe alloy wrought materi- 
als and weld metals. The results show 
significant differences in the ductility re- 
sponses of wrought and welded speci- 
mens, indicating that microstructure is a 
significant parameter affecting hot ductil- 
ity. Although somewhat mixed, data from 
a number of heats revealed that the duc- 
tility response is a function of welding 
speed with ductility typically increasing as 
welding speed increased from 1 to 10 
in./min. Higher welding speeds produced 
finer grain sizes in both the fusion zone 
and heat-affected zone resulting in greater 
fissure resistance. Faster welding speeds 
not only produced a fissure-resistant 
structure, but also reduced the volume of 
material susceptible to fissuring. Further- 
more, Yeniscavich postulated that segre- 
gation decreased as the welding speed in- 
creased, decreasing the likelihood of a low 
ductility response. 

This investigation into DDC of nickel- 
based alloy filler materials has identified a 
number of factors that contribute to DDC 
formation. The DDC mechanism is most 
likely a complex interplay amongst these 
contributing factors rather than a result of 
any single factor. The research performed 
in this investigation has provided in- 
creased insight into a number of variables 
that can be manipulated to assist in de- 
creasing or controlling DDC formation. 

Control of the DDC mechanism may 
be effectively described by the following: 
Materials containing a consistent distribu- 
tion of grain boundary precipitates and/or 
eutectic constituents effectively "lock" 
and/or "pin" grain boundary motion, in- 
hibiting grain growth. Grain boundary tor- 
tuosity is therefore increased resulting in 
increased boundary area per unit length 
(vs. a straight grain boundary) to resist ap- 
plied strains while also subjecting less of 
the grain boundary to orientations favor- 
able to boundary separation. Precipita- 
tion, eutectic constituent formation, and 

subsequent grain boundary tortuosity ef- 
fectively disrupt grain boundary sliding as 
cohesion between grains is enhanced. Im- 
purity and solute segregation is effectively 
reduced as the "locked" and/or "pinned" 
boundary maintains a low-angle orienta- 
tion that is more resistant to solute and im- 
purity segregation as grain boundary 
"sweeping" of these detrimental elements 
is effectively controlled. Furthermore, 
controlling or eliminating impurity con- 
tents and utilizing high welding speeds 
control intergranular segregation during 
multipass welding operations, further in- 
creasing resistance to grain boundary de- 
cohesion and sliding. Controlling or elim- 
inating a single factor contributing to the 
DDC mechanism will assist in preventing 
formation of DDC, but comprehensive 
control of all of the contributing factors 
will most likely result in the most optimal 
ductility response in nickel-based alloy 
filler materials. 

Conclusions 

1. Ductility-dip cracking occurred 
along random high-angle grain bound- 
aries, generally referred to as migrated 
grain boundaries in austenitic weld metal. 

2. A low fraction of interdendritic con- 
stituents (TIN) and eutectic MC-carbides 
were inconsistently distributed through- 
out the microstructure of Filler Metal 52 
resulting in long, straight migrated grain 
boundaries. These boundaries have low 
resistance to grain boundary sliding and 
thus exhibited increased susceptibility to 
DDC. 

3. A higher fraction of eutectic con- 
stituents, particularly (Nb,Ti)C, were dis- 
tributed throughout the microstructure of 
Filler Metal 82 resulting in formation of 
tortuous grain boundary paths that are 
more resistant to DDC. The increased re- 
sistance to DDC was a function of the eu- 
tectic constituents "pinning" grain bound- 
ary motion effectively minimizing grain 
growth and grain boundary sliding. 

4. Sulfur and hydrogen additions were 
found to increase susceptibility to DDC in 
Filler Metal 82. 

5. Triple-point grain boundary inter- 
sections act as high stress concentration 
regions conducive to crack initiation. The 
addition of hydrogen greatly increased the 
incidence of cracking at triple points. 

6. Straight migrated grain boundaries 
crack under low levels of strain (<2%). 
Higher levels of strain (>2%) are neces- 
sary to initiate cracking along tortuous mi- 
grated grain boundaries. 

7. Recrystallization was observed in the 
upper temperature range (1050°-1200°C) 
of the DTR and coincided with ductility 
recovery. 

8. Grain boundary orientation to the 
applied strain is a contributing factor to 
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D D C  format ion.  Boundar ies  o r ien ted  at 
45-90 deg to the applied strain were found 
to be most  susceptible to DDC.  

9. Using the E B S D  technique,  it was 
shown that  high strain concent ra t ions  are 
present  along the  migra ted  grain bound-  
ar ies  upon  app l i c a t i on  of  only smal l  
strains in the STF test. 
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