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ABSTRACT. In Part I of this investigation 
of ductility dip cracking (DDC) in nickel- 
based filler materials (Ref. 1), the strain- 
to-fracture (STF) test was used to quantify 
the DDC susceptibility of two Ni-based 
filler metals, Filler Metal 52 and Filler 
Metal 82. Ductility dip cracking suscepti- 
bility was related to the nature of the mi- 
grated grain boundaries in these weld 
metal deposits and the influence of grain 
boundary composition and "tortuosity" on 
resistance to DDC. In Part II of this in- 
vestigation, the fracture behavior and 
fracture surface morphology associated 
with DDC are related to composition, mi- 
crostructure, and the temperature at 
which cracking occurs. This work is based 
on the evaluation of the fracture paths and 
surfaces in STF samples tested over the 
full DDC temperature range. 

Fracture morphology was a strong 
function of temperature within the ductil- 
ity dip temperature range (DTR) of 
650-1200°C (1200-2190°F). At low and 
high temperatures within this range, frac- 
ture occurred by a ductile intergranular 
mode with clear evidence of ductile dim- 
ple rupture with sharp features at the 
grain faces. In the intermediate tempera- 
ture range (850-1050°C), the fracture 
morphology is described as ductile inter- 
granular with rounded features. In this 
range, the rounded ductile intergranular 
features were usually accompanied by slip 
intersections on the fracture surface that 
are manifested as serrated, terrace-like 
steps. 

The nature of the carbides along the 
weld metal migrated grain boundaries had 
a strong influence on fracture behavior. In 
Filler Metal 82, the presence of numerous 
MC-type carbides (carbides of Nb, Ta, Ti, 
or V) resulted in more tortuous grain 
boundaries and higher resistance to crack- 
ing. The addition of hydrogen to the weld 
metal through the shielding gas had a pro- 
found negative effect on resistance to 
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cracking. Cracking was widespread at 
grain boundary triple junctions under rel- 
atively low applied strains (less than 2%), 
exhibiting a macroscopically intergranular 
fiat fracture surface. When these samples 
were tested at intermediate temperatures 
within the DDC range, they presented 
some unique regions with evidence of duc- 
tile fracture with relatively deep voids and 
porelike features. 

This paper provides an overview of 
DDC fracture behavior in Ni-based filler 
metals and is a prelude to Part III of this 
investigation, which discusses the mecha- 
nism of DDC. 

Introduction 

Ductility dip cracking occurs below the 
effective solidus temperature, and separa- 
tion of grain boundaries has been re- 
ported to be characteristic of materials 
susceptible to DDC (Refs. 2, 3). Part I of 
this investigation (Ref. 1) quantified DDC 
susceptibility in Filler Metal 52 and Filler 
Metal 82. Additionally, hydrogen and sul- 
fur additions to the weld metal were eval- 
uated with the STF test and were found to 
increase weld metal DDC susceptibility. 
Strain-to-fracture behavior was character- 
ized by strain vs. temperature plots that 
showed the minimum strain required to 
initiate DDC in the weld metal mi- 
crostructure. As part of the overall inves- 
tigation, considerable characterization of 
microstructure and fracture morphology 
was conducted using the scanning electron 
microscope (SEM). Part II of this investi- 
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gation focuses on the fracture characteris- 
tics of STF samples of both Filler Metals 
52 and 82 over the entire DTR. 

Experimental Procedures 

Advanced characterization was con- 
ducted on STF samples of both Filler Met- 
als 52 and 82. The compositions of these 
filler metals are provided in Table 1. The 
STF tests were performed in a Gleeble TM 

thermal-mechanical simulator according 
to the techniques reported in Part I. The 
STF test determined the cracking suscep- 
tibility of the alloys for specific strains and 
temperatures, which allowed develop- 
ment of DDC susceptibility curves for 
Filler Metals 52 and 82, also presented in 
Part I. In this investigation, SEM was used 
to characterize the fracture behavior of 
STF samples by examining DDC fracture 
surfaces both in the as-tested condition 
and after cleaning to remove surface oxi- 
dation. 

Fracture surface analysis was con- 
ducted using both the Philips TM XL-30- 
FEG and Philips ultrahigh resolution 
Sirion-FEG SEMs. Saw cuts were made 
from all sides, using a water-cooled abra- 
sive saw and a jeweler's saw, to isolate the 
cracks in the STF samples. The remaining 
ligament was then broken, and the frac- 
tured sample was ultrasonically cleaned in 
ethyl alcohol and dried in an oven at 60°C 
prior to insertion into the SEM. Samples 
were evaluated in both the as-tested con- 
dition and following ultrasonic cleaning 
for 30 min in an inhibited acid solution 
consisting of 3 mL of HC1, 4 mL of 2-bu- 
tyne-1, 4-diol (35% aqueous solution), 
and 50 mL of deionized water. This tech- 
nique proved very effective in removing 
the surface oxide without damaging the 
underlying fracture surface. Additionally, 
select samples were ultrasonically cleaned 
using the same acid solution for longer pe- 
riods (up to 2 h), resulting in a minor etch- 
ing effect and exposure of small precipi- 
tates upon the surface. 

Metallographic samples for optical mi- 
croscopy were prepared using standard pol- 
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Fig. 1 - -  Filler Metal 52.fi'act~raph at 025"~C and 17~)~ smtin (5000×). Fig. 2 - -  Fifler Metal 52 fi'actogmph at 936°C and 10.5% strain (5000×: 
arrows indicate small particles on the fracture surface). 

Fig. 3 - -  Filler Metal 82 fi'actograph at 842°C and 11% strain (5000x). Fig. 4 - -  Filler Metal 82 fi'actograph at 1147~C and 1 I %  strain (lO, O00x; 

note the serrated, terrace-like patterns across the rounded ductile dimple 

IG  features). 

ishing and etching techniques. The use of an 
electrolytic 10% chromic acid solution re- 
vealed the general microstructure and grain 
boundary constituents. A voltage of 2.5 V, at 
times ranging from 15 to 20 s, was typical. 

R e s u l t s  

Frac ture  Sur face  Charac ter i za t ion  - -  S E M  

Scanning electron microscopy (SEM) 
was used to characterize DDC fracture 
surfaces. As shown in the following fig- 
ures, the fracture morphologies and fea- 
tures are strikingly similar at analogous 
temperatures for both Filler Metal 52 and 
Filler Metal 82. 

Low-Temperature Region - -  The frac- 
ture surface in Fig. 1 is representative of 
intergranular fracture with ductile dim- 
ples (termed ductile intergranular). Note 
that the ductile dimple features are rela- 
tively sharp in nature, revealing a consid- 

erable amount of microductility. These 
features are typical of the low temperature 
region (625-800°C) of the DTR for Filler 
Metal 52 and Filler Metal 82. As temper- 
ature decreases within the low-tempera- 
ture region of the overall DTR, the flat- 
ness of the fracture surface increases from 
a macroscopic standpoint. 

Medium-Temperature Region - -  The 
fracture surface in Fig. 2 also exhibits a 
partially ductile intergranular morphol- 
ogy with a flat appearance macroscopi- 
cally. Microscopically, the fracture surface 
is wavy, presenting ductile dimples that 
become increasingly rounded, suggesting 
limited microductility as the temperature 
increases within the medium-temperature 
region (850-1000°C) of the overall DTR. 

Zhang et al. (Refs. 4, 5) described a 
wavy ductile intergranular fracture fea- 
ture in Fe-36%Ni weld metals at 900°C 
that is strikingly similar to the fracture 
morphology shown in Figs. 2 and 3, with 

Fig. 3 showing it more clearly at higher 
magnification. However, although similar 
in description to the wavy feature de- 
scribed by Zhang, Figs. 2 and 3 could be 
further characterized as ductile dimples 
with rounded features. Zhang concluded 
that the wavy ductile intergranular pattern 
along the fracture surface was nearly 
equal in size to cavities formed along the 
grain boundaries observed metallographi- 
cally. These cavities would eventually link 
as applied strain increased resulting in in- 
tergranular fracture. Zhang also noted 
that the size of the wavy feature increased 
with increasing temperature. Similarly, as 
observed when comparing Fig. 3 (842°C) 
to Fig. 2 (936°C), the rounded features 
also appear to increase in size with in- 
creasing temperature, which suggests 
some ductility recovery. Based on the sim- 
ilarities between the fracture surface de- 
scriptions and the temperatures at which 
these features are observed, this suggests 
that the rounded ductile intergranular sur- 
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Fig. 5 - -  lfiller Metal  ,~'2 fi'actograph at 1198°C and  18.5% stlztin (5000×). 

face features observed in the medium- 
temperature region are the result of cavity 
formation along the migrated grain 
boundary prior to cavities linking to- 
gether, eventually resulting in intergranu- 
lar fracture when subjected to sufficient 
strain. 

High-Temperature Region - -  The 
fracture surface in Fig. 4 is representative 
of the high-temperature region 
(1050-1200°C) of the overall DTR. This 
fracture surface appears relatively flat 
macroscopically (400-600×), with 
rounded ductile dimple intergranular fea- 
tures evident at higher magnification. No- 
tice that the size of the rounded dimples 
observed in this high-temperature region 
is much larger than the size of the ones ob- 
served at the medium-temperature re- 
gion. This indicates the higher level of 
ductility at higher temperatures, as re- 
vealed by the STF test results presented in 
Part I. A series of serrated, terrace-like 
features is evident across the rounded 
ductile intergranular morphology of the 
entire fracture surface. These features are 
evidence of crystallographic planar sliding 
that has intercepted the fracture surface. 
Some small particles, possibly MC-car- 
bides, were also observed on the fracture 
surface, but were too small to identify with 
energy-dispersive spectrometry (EDS) 
analysis in the SEM. 

As seen in Figs. 4 and 5, as temperature 
increases within the upper temperature re- 
gion (1050-1200°C) of the overall DTR, the 
fracture morphology transitions from 
rounded ductile dimples to increasingly 
macroscopically flat with typical sharp duc- 
tile dimples microscopically. Additionally, 
the morphology observed in Fig. 5 is strik- 
ingly similar to that observed in the low- 
temperature region (Fig. 1) of the DTR for 
both filler materials, as noted by the sharp 
features of the ductile dimples along the 

grain faces in both fig- 
ures. Therefore, frac- 
ture surfaces in both 
the low-temperature 
(625-800°C) and high- 
temperature (1050- 
1200°C) regions of the 
overall DTR display 
ductile intergranular 
morphologies, with evi- 
dence of ductile dimples 
with sharp features at 
the low and high ex- 
tremes of the DTR, 
while also displaying an 
increase in ductility 
(Ref. 1). As described in 
Part I of this investigation, this change in 
fracture morphology coincides with the 
restoration of ductility in the low- and high- 
temperature ranges of the DTR. 

Fig. 6 - -  Filler Metal  82 f i 'actogmph at 950°C and  1.6% strain (hydrogen 
additions); A - -  2000×; B - -  5000x. 

Filler Metal 82 - Hydrogen Effects - -  
Upon comparing fracture surface mor- 
phologies and features for filler materials 
with and without hydrogen additions and 
at similar temperatures, some noticeable 
differences are observed. The fracture 
surfaces shown in Fig. 6, at 950°C, and Fig. 
7, at 1000°C, were taken from STF sam- 
ples subject to hydrogen additions. These 
fracture surfaces reveal features different 
than those observed in the mid-tempera- 
ture range (850-1000°C) of the overall 
DTR for weld metal samples with no hy- 
drogen additions. Rather than the charac- 
teristic rounded ductile dimple appear- 
ance, the presence of hydrogen results in 
macroscopically (400-600x) flat inter- 
granular fracture, as presented in Fig. 8, 
with some regions presenting relatively 
deep voids with porelike features and mi- 
crovoids. It should be noted that Figs. 6 
and 7 were taken from and are represen- 
tative of discrete regions of the fracture 
surfaces subject to hydrogen additions, 

while the remaining regions, as illustrated 
in Figs. 8 and 9, possess macroscopically 
(400-600x) flat surface features. At 950°C 
(Fig. 8), these deep voids actually appear 
as surface porosity. This feature disap- 
pears, however, when the testing is con- 
ducted at 1000°C. Overall, the macro- 
scopic flatness of the fracture surface 
appears to increase with temperature. 

The appearance of those deep dimples 
with porelike features at discrete regions 
of the overall fracture surface at 950°C co- 
incides with the ductility minimum ob- 
served for both heat YN6830 and heat 
YN7355 of Filler Metal 82 with additions 
of hydrogen (Ref. 1). A comparison of 
Figs. 6 and 7 clearly reveals that with only 
a 50°C increase in temperature, the frac- 
ture surface features change dramatically. 
At 1000°C (Fig. 7), the fracture surface is 
similar macroscopically to that observed in 
the high-temperature region (1050- 
1200°C) of the overall DTR when welded 
with 100% argon shielding gas, whereas at 
950°C (Fig. 6), the morphology is macro- 
scopically flat with porelike features and 
relatively deep voids at discrete regions of 
the overall fracture surface. The scattered 
appearance of these distinctive features 
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Fig. 7 - -  Filh'r Metal S2 ji'actogr~q~h at l O00 '( " and 1.7c'~ strain (hydrogen 
additions; 2000×). 

Fig. 8 - -Fi l ler  Metal 82 fi'act~)graph at 950°('atul 2% .strata (l~vdr~)gcn ad- 
ditions; 600×). Fracture surJ'ace subjected to longer cleaning times, reveal- 
ing secondary panicles. 

Fig. 9 - -  Higher magnffk'ation Fifler Metal 82 fi'actograph at 950°C and 
2% strain (hydrogen additions). Fracture subjected to longer cleaning 
times, revealing two different sizes o f  secondary panicles. 

when larger amounts of hydrogen are pre- 
sent indicates its relationship with the 
presence of the element in the microstruc- 
ture. The features possibly indicate that at 
this temperature, hydrogen diffuses to the 
grain boundary region, drastically reduc- 
ing the interface cohesion of the inter- 
granular precipitates with the matrix, re- 
sulting in this porelike void formation. 
Another possibility is that the large 
amount of hydrogen present at the grain 
boundaries allows atomic hydrogen to re- 
combine and form molecular hydrogen 
(H2), forming microscopic pores along the 
grain boundary. Furthermore, it is possible 
that the hydrogen concentration around 
the grain boundaries reduces the cohesion 
of the grain boundary itself and triggers hy- 
drogen-enhanced local plasticity (HELP), 
facilitating void formation at the grain 
boundaries. It is not clear why the deep 
voids with porelike features are present at 

6B and 9). 

this temperature and 
not at higher or lower 
temperatures. Also 
note the transition 
from sharp to more 
rounded ductile dimple 
features (Fig. 6) similar 
to that observed on 
samples not subject to 
hydrogen additions 
from the medium-tem- 
perature region of the 
DTR. Furthermore, 
formation of minor slip 
intersections across the 
fracture surface are 
also observed in Fig. 6 
with the intersections 
increasingly visible at 
higher magnifications, 
which may be an indi- 
cation of the HELP 
mechanism (see Figs. 

Fracture Surface Precipitates - -  
Despite the fact that all STF tests are run 
in a protective argon atmosphere, some 
surface oxidation occurs, which tends to 
obscure some of the finer details of the 
fracture surface. The use of a mild inhib- 
ited acid solution to remove this oxidation 
proved very effective in revealing these 
fine details. When subjected to longer 
cleaning times, small secondary particles 
were revealed on the fracture surface. Fig- 
ures 8 and 9 illustrate the DDC fracture 
surface of Filler Metal 82 with hydrogen 
additions at 950°C and 2% strain. Figure 8 
is a low-magnification fractograph of the 
DDC fracture surface revealing large in- 
tergranular MC-carbides (between 1-2 
/.tm) throughout (some of these carbides 
are indicated by arrows), while Fig. 9 pro- 
vides a higher magnification fractograph 

of a region of the fracture surface taken 
from Fig. 8. In Fig. 9, two different distrib- 
utions of secondary particles are observed. 
The large particles in Fig. 9 are the same 
MC-carbides shown in Fig. 8, while the 
small precipitates, not visible at low mag- 
nifications (Fig. 8), appear to be MC-car- 
bides as well. Although Figs. 8 and 9 were 
taken from the same sample and region, all 
the cleaned DDC test samples selected 
from the medium-temperature region 
(850-1000°C) of the DTR revealed a simi- 
lar pattern of secondary particles along the 
fracture surface. Although not always de- 
tected by the microscopy methods em- 
ployed in this study, based on detailed 
transmission electron microscope (TEM) 
work performed by subsequent continuing 
research, precipitation was found to be 
prevalent along the grain boundaries 
throughout the entire DTR but at different 
sizes and quantities (Ref. 6). 

D i s c u s s i o n  

Fracture Behavior 

Table 2 summarizes the fractographic 
characteristics of Filler Metal 52 and 
Filler Metal 82 across the entire 
625-1200°C DTR. The macroscopic 
(400-600×) flatness of the fracture surface 
increases at the low and high temperature 
extremes of the overall DTR. Ductility re- 
covery at both extremes of the DTR is 
marked by distinct ductile intergranular 
fracture that is macroscopically flat with 
sharp ductile dimple features microscopi- 
cally. The similarity of this fracture behav- 
ior (Figs. 1 and 5) is quite remarkable and 
apparently results from different mecha- 
nisms. As the temperature increases 
above 625°C into the DDC range, the frac- 
ture morphology shifts from macroscopi- 
cally flat ductile dimple with sharp fea- 
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tures to rounded ductile dimple features 
as strain localizes along the migrated grain 
boundaries. Above ll00°C, the fracture 
morphology again shifts from the rounded 
ductile dimple pattern back to macro- 
scopically fiat ductile intergranular frac- 
ture with sharp ductile dimple features. 

In the intermediate temperature re- 
gion of the DTR, the ductile intergranular 
fracture surfaces transition first to a duc- 
tile dimple pattern with rounded features 
(Figs. 2 and 3) to a ductile dimple pattern 
with rounded features revealing distinct 
crystallographic steps superimposed (Fig. 
4). This is clearly evidence of crystalline 
slip and resultant slip steps that intercept 
the fracture surface. Zhang et al. (Refs. 4, 
5) postulate a wavy pattern that is de- 
scribed to be similar to what has been ob- 
served and characterized as rounded duc- 
tile dimple features in this study. It is 
stated that the fracture surface pattern is 
the result of multiple small voids that form 
at the intergranular particles, subse- 
quently linking along the migrated grain 
boundaries and ultimately separating 
when subject to sufficient strain. Similarly, 
the rounded ductile dimple features noted 
on the fracture surface in Filler Metal 52 
(Fig. 2) also exhibit numerous small pre- 
cipitates within a comparable tempera- 
ture range as that observed by Zhang. 
These intergranular precipitates partici- 
pate in the void nucleation process, which 
explains their presence on the fracture 
surface with the rounded ductile dimple 
morphology. Likewise, at a comparable 
temperature as Fig. 2, Figs. 8 and 9 reveal 
widespread precipitation on the Filler 
Metal 82 fracture surfaces. The interac- 
tion of these intergranular precipitates 
and the slip bands observed across the 
rounded ductile dimples eventually 
progress to void nucleation and thus par- 
ticipation in the intergranular DDC initi- 
ation and/or propagation phenomena 
through cavity formation and subsequent 
linking of the cavities through a grain 
boundary sliding mechanism. However, 
based on the fracture surface analysis 
conducted to date, the actual mechanism 
for void nucleation and propagation and 
the importance of particle type and size on 
these mechanisms remain unclear. The ef- 
fect of carbide type and distribution along 
migrated grain boundaries in these weld 
metals is the subject of continuing re- 
search (Ref. 6). 

Hydrogen Effects on 
Fracture Behavior 

In Part I of this investigation, hydrogen 
was shown to have a pronounced negative 
effect on the STF behavior of Filler Metal 
82. Hydrogen cracking typically is not a 
concern in fully austenitic structures 

Table 1 - -  Chemical  Composit ion of  Filler Materials  (wt-%) 

Element Filler Metal 52 Filler Metal 82 
Heat NX9277 Heat YN6830 

C 0.026 0.04 
Mn 0.25 2.86 
Fe 8.88 1.18 
S 0.0037 0.01 
Si 0.17 0.12 
Cu 0.011 0.09 
Ni 60.12 72.75 
Al 0.71 N/A 
Ti 0.50 0.37 
Cr 29.09 20.1 
Ch + Ta 0.02 2.3 
Mo 0.05 N/A 
P 0.0044 0.007 
Pb 0.0001 0.004 
Co - -  0.05 

Filler Metal 82 
Heat YN7355 

0.04 
2.75 
0.70 
0.002 
0.07 
0.07 

72.8 
N/A 
0.47 

20.1 
2.6 

N/A 
0.01 
0.002 
0.04 

Filler Metal 82 
Heat YB7724 

0.041 
2.79 
0.90 
0.001 
0.06 
0.04 

72.98 
0.05 
0.45 

19.98 
2.7 

N/A 
0.004 
0.002 
0.01 

Table 2 - -  Summary  of  Fractographic Characterist ics  

Temperature Range Fracture Characteristics 

Low 
625-800°C 

Macroscopically fiat ductile intergranular with ductile 
dimples with sharp features. 

Medium 
850-1000°C 

Ductile intergranular with rounded ductile dimple surface 
features (small dimples and voids). 

High 
1050-1200°C 

Macroscopically flat with crystallographic planar sliding evident 
across rounded ductile dimple fracture surface features. 
Transitions to macroscopically flat intergranular with ductile 
dimples with sharp features as temperature increases at 
the high end of the ductility trough. 

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 ad- 
dition and hydrogen cracking may occur in 
austenitic materials if sufficient hydrogen 
is present. For example, hydrogen- 
induced SCC of nickel-based alloys occurs 
in primary piping of nuclear reactors, 
where high concentrations of hydrogen 
(between 20 and 80 ppm by weight of hy- 
drogen for Alloy 600) may be achieved at 
the crack tip as a result of a cathodic reac- 
tion (Ref. 7). 

There are two phenomena involved in 
the hydrogen embrittlement of Ni-based 
alloys, namely hydrogen-enhanced local 
plasticity (HELP) (Ref. 8) and hydrogen- 
induced decohesion (HID) (Ref. 9). The 
decohesion theory for hydrogen cracking 
may help explain the increase in DDC sus- 
ceptibility upon adding hydrogen to the 
weld pool (Refs. 10, 11). According to this 
theory, hydrogen diffuses to regions of the 
crystal lattice where tensile stress concen- 
trations occur. Hydrogen diffusing 
through a metal lattice accumulates most 
easily at metallurgical inhomogeneities, or 
"traps." In the case of DDC, there may 

exist a critical temperature within the 
overall DTR where "detrapping" occurs, 
releasing atomic hydrogen into the grain 
boundary or intergranular precipitate in- 
terfaces, subsequently decreasing grain 
boundary and interface cohesion that 
leads to intergranular fracture. Addition- 
ally, triple-point grain boundary intersec- 
tions may be classified as shallow, re- 
versible traps. These particular traps 
permit rapid hydrogen transport to the 
crack tip resulting in a critical concentra- 
tion of hydrogen necessary to initiate 
cracking, further enhancing fracture 
under low orders of strain (Ref. 12). 
Triple-point grain boundary intersections 
are locations with high stress concentra- 
tion factors and have been shown through 
both metallographic and SEM characteri- 
zation (without hydrogen additions) to be 
highly susceptible to DDC (Ref. 1). 

Alternatively, the hydrogen-enhanced 
local plasticity (HELP) phenomenon 
causes cracking based on deformation 
concentration around the grain bound- 
aries where the plasticity has been en- 
hanced by the high hydrogen content in 
those regions. As a result, lower macro- 
scopic strains are necessary to initiate mi- 
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Fig. 10 - -  Ductility dip cracking along triple-point grain boundary inter- 
sections (hydrogen additions). 

crocracks. The hydrogen enrichment 
around the grain boundaries promotes 
heterogeneous planar slip, which causes 
further strain concentration around the 
grain boundaries, resulting in void forma- 
tion (Ref. 13), as shown in Fig. 9. Notice 
that the fracture surface in Fig. 9 has been 
submitted to acidic cleaning for long peri- 
ods of time to reveal the intergranular pre- 
cipitates present on the fracture surface. 
As a result of this extensive chemical 
cleaning, the fracture surface has become 
somewhat etched, resulting in the terraces 
caused by the slip bands becoming blurry. 
Interestingly, the fracture morphology il- 
lustrated in Fig. 4 on a sample not subject 
to hydrogen additions reveals distinct sim- 
ilarities to those described by the HELP 
mechanism above. As temperature in- 
creases within the DTR, the rounded duc- 
tile dimple features transition to rounded 
ductile dimple with serrated, terrace-like 
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Fig. 11 Ductility dip cracking along triple-point grain boundary inter- 
sections (hydrogen additions)• (Note: the boxed area shows crack initia- 
tion at the grain boundary intersection.) 

features across the 
dimples similar to 
those observed on the 
fracture surface in 
Figs. 4 and 9. Perhaps 
similar grain boundary 
sliding mechanisms are 
occurring, suggesting 
that the HELP mecha- 
nism enhances DDC at 
lower applied strain 
levels. 

Optical microscopy 
was performed to de- 
termine if, in fact, the 
frequency of DDC at 
triple-point grain 
boundary intersections 
increased when the 
weld metal microstruc- 
ture was subject to ad- 
ditions of hydrogen. 
Figures 10 and 11 re- 

veal cracking along triple-point grain 
boundary intersections in Filler Metal 82 
microstructures subject to hydrogen addi- 
tions. Based on metallographic observa- 
tions, the frequency of DDC near triple- 
point grain boundary intersections 
increases when adding hydrogen to the 
weld metal microstructure. All of the 
cracks observed in Fig. 10 reveal cracking 
at triple-point grain boundary intersec- 
tions• The higher magnification micro- 
graph in the bottom portion of Fig. 10 
clearly shows cracking between three 
triple-point grain boundary intersections, 
with the crack width at a maximum near 
the intersections• At relatively low levels 
of strain (less than 3%), cracking occurs 
almost exclusively at these intersections, 
supporting the hypothesis that hydrogen 
diffuses to regions of the crystal lattice 
where tensile stress concentrations occur, 
decreasing grain boundary cohesion and 

ultimately increasing DDC susceptibility• 
Diffusion of hydrogen to highly stressed 
triple-point grain boundary intersections 
is further supported by Fig. 11. The boxed 
area in this figure reveals a minor opening 
at the boundary intersection, supporting 
decreased grain boundary cohesion based 
on high hydrogen contents at highly 
stressed grain boundary intersections. 

Interestingly, the temperature range at 
which these metallographs were taken 
(950°C) is similar to the temperature 
(900°C) at which Zhang et al. (Refs. 4, 5) ob- 
served cracking caused by precipitation- 
induced cavity nucleation and subsequent 
cavity propagation and linking from a grain 
boundary sliding mechanism at triple-point 
grain boundary intersections• Perhaps the 
grain boundary sliding and void formation 
phenomena are enhanced by the presence 
of hydrogen, which easily diffuses to loca- 
tions of high stress concentration, resulting 
in initiation of the grain boundary sliding 
mechanism and assisting void nucleation at 
lower applied strain levels• 

The fracture surface shown in Fig. 6, 
which corresponds to Filler Metal 82 
strained 1.6% at 950°C, is macroscopically 
flat with relatively deep voids and porelike 
features within discrete regions of the 
overall fracture surface, whereas at 
1000°C (Fig. 7), these particular features 
disappear, transitioning toward a macro- 
scopically flat intergranular ductile frac- 
ture surface with typical ductile dimples. 
These relatively deep voids with porelike 
features within discrete regions possibly 
indicate that at this temperature, hydro- 
gen diffusion to the grain boundary is max- 
imized allowing hydrogen interaction with 
the precipitates triggering the HID and 
HELP mechanisms• The interactions of 
HID and HELP at the intergranular pre- 
cipitates and matrix interfaces along with 
grain boundary sliding result in the for- 
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mation and growth of voids with very low 
applied strains. The large and deep voids 
are thought to have formed around the 
large and medium precipitates, while the 
microdimples have formed around the 
small precipitates. As previously men- 
tioned, it may be possible that the deep 
dimples with porelike features have 
formed due to the recombination of 
atomic hydrogen at the grain boundaries 
to form molecular hydrogen (H2). 

Diffusion is an exponential function of 
temperature (D = D0e-Rr). Based on its 
high diffusivity, hydrogen moves easily 
through the microstructure. Perhaps as 
temperature increases beyond the critical 
temperature for maximum hydrogen "de- 
trapping," hydrogen diffuses out of the 
microstructure, resulting in a reduction of 
porelike features at hydrogen trap loca- 
tions such as grain boundaries. Thus, the 
possible reason for the observed decline in 
porelike features at 1000°C vs. 950°C is 
simple diffusion of interstitial hydrogen 
away from the grain boundary. Unlike 
STF samples welded with 95Ar-5H2 
shielding gas, Filler Metal 52 and Filler 
Metal 82 samples welded with 100% argon 
shielding reveal no evidence of porelike 
features across the fracture surfaces, and 
the strain necessary to induce cracking 
was found to be significantly higher. The 
effect of hydrogen on boundary properties 
and fracture behavior is the subject of con- 
tinuing research (Ref. 6). 

Conclusions 

Filler Metal 52 and Filler Metal 82 
have similar fractographic characteristics 
throughout the DTR. 

Ductility dip cracking fracture mor- 
phology can be separately classified into 
low (625-800°C), medium (850-1000°C), 
and high (1050-1200°C) temperature 

ranges within the DTR. At the low and 
high temperature extremes, the fracture 
morphology is described as ductile inter- 
granular with ductile dimples with sharp 
features. In the medium-temperature 
range, the ductile dimple intergranular 
fracture surface features have a rounded 
appearance. 

The fracture surface exhibits distinct 
crystallographic slip intersections at the 
low end of the high-temperature range 
(1050o1150°C) of the DTR. 

Hydrogen additions significantly in- 
creased susceptibility to DDC. This in- 
creased susceptibility was characterized 
by crack initiation at grain boundary triple 
points generating an intergranular macro- 
scopically flat fracture surface and some 
evidence of deep voids with porelike fea- 
tures within a narrow temperature range. 
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