
Relationship Between Hot Ductility Behavior and 
Microstructural Changes in TP347 Stainless Steel 

On-cooling hot ductility of TP347 stainless steel is controlled by the competition 
between dynamic recrystallization and degree of grain boundary wetting 

due to incipient melting and constitutional liquation of precipitates 
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ABSTRACT. This research evaluated the 
relationship between ductility behavior 
and metallurgical changes in the TP347 
austenitic stainless steels. Microstruc- 
tural examinations clearly revealed that 
the hot ductility behavior was mainly 
controlled by the competition between 
the softening process (dynamic recrystal- 
ization) and the degree of grain boundary 
wetting due to incipient melting and con- 
stitutional liquation of precipitates. The 
on-cooling fracture mode was intergran- 
ular, and cracks propagated along prior 
melted and resolidified boundaries 
which were rich in impurities and deco- 
rated by the products of the precipitate- 
austenitic eutectic reaction. 

Introduction 

Hot ductility testing has been used ex- 
tensively to evaluate the fabrication and 
service performance of stainless steels 
since Sauveur used the hot twist test to 
determine the optimum temperature for 
hot working of various steels in 1929 
(Ref. 1 ). The direct welding related appli- 
cation of ductility testing was introduced 
shortly after the "Gleeble" was devel- 
oped in 1949 by Nippes and Savage (Ref. 
2). The hot ductility measured for the sim- 
ulated weld heat-affected zone (HAZ) 
was related to the potential for hot crack- 
ing during fabrication in many stainless 
steels and high alloys (Reg. 2, 3). The re- 
lationship between hot ductility and hot 
cracking was empirically established by 
comparison between fabrication crack- 
ing incidents and the base metal re- 
sponse, in terms of a material's ability to 
tolerate welding restraint strains without 
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cracking in the HAZ. Thus, hot ductility 
and HAZ hot cracking susceptibility are 
related, in that the hot ductility of the 
HAZ must be adequate to plastically ac- 
commodate the weld contraction strain 
without cracking. 

Unfortunately, there is no known ab- 
solute hot ductility value beyond which 
weld cracking does not occur in the HAZ 
during welding. Since the Gleeble was 
used for hot ductility testing, many crite- 
ria (Refs. 2-10) have been developed to 
correlate test results and actual cracking 
incidents. Among these criteria, the duc- 
tility recovery rate and nil ductility tem- 
perature range criteria have been known 
as reasonable criteria. That is, when hot 
ductility recovers well within a small 
temperature range after exposure to the 
zero ductility temperature (i.e., near fu- 
sion line temperature), the material 
should be crack resistant. 

However, most of the developed cri- 
teria were based only on the mechanical 
values (reduction in area and/or strength) 
without considering microstructural 
characteristics. Therefore, it is necessary 
to investigate the metallurgical changes 
that occur during hot ductility testing 
that are directly related to the hot ductil- 
ity test results, and which are also essen- 
tial to the proper interpretation of the 
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results. To correlate the hot ductility test 
results with the microstructural charac- 
teristics, metallographic and fracto- 
graphic examinations were conducted 
principally on a selected heat which had 
shown relatively poor hot ductility re- 
sponse among materials evaluated. 

Materials and Experimental 
Procedures 

Materials 

The chemical composition, ferrite 
number (ferrite potential) of the two 347 
type materials evaluated in this study is 
given in Table 1. Materials are nuclear 
grade (NG) austenitic stainless steels 
which were developed for an application 
in a boiling water reactor (BWR) system 
and are principally controlled in carbon, 
phosphorous and nitrogen content to im- 
prove intergranular corrosion and inter- 
granular stress corrosion cracking 
resistance during high temperature ser- 
vice. The major differences between the 
two steels are that steel E contains higher 
Nb, C and Mn levels than steel G. 

Hot Ductility Tests 

Hot ductility tests were conducted 
using a Gleeble, which is essentially a 
high speed, hot tensile tester instru- 
mented so that heating and cooling of the 
test specimen can be accurately pro- 
grammed to reproduce the rapid thermal 
changes that occur during welding. The 
peak temperature employed in hot duc- 
tility tests may be any temperature below 
the bulk melting temperature (about 
1450°C) (2642°F) of the material being 
studied. Therefore, the technique pro- 
vides the tensile properties of any mi- 
crostructure which may occur within the 
weld HAZ. 

The test employs a cylindrical speci- 
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Table I - -  Chemical Composition of the Materials Evaluated in this Study 

Code Type Heat No. Fn a Fn b C Si Mn P S Cr Ni Mo N Nb Co 

347NG-E 347NG 161286 4.4 3.0 0.05 0.53 1 .93 0.029 0 .005  18 .10  10.50 - -  - -  0.56 0.14 
347NG-G 347NG 316642 1.8 2.8 0.03 0.42 1 .66  0.024 0.009 17 .96  10.46 - -  - -  0.33 - -  

a. Measured Ferrite content with Magne-Gage. 
b. Ferrite potential by Delong method. 

men, 0.25 in. (6 mm) in diameter and 
4 in. (102 ram) long, aligned in the rolling 
direction. The specimen is clamped be- 
tween two water-cooled jaws separated 
0.8 in. (20 mm) from each other, which, 
in addition to serving as grips for tensile 
testing, provide a means for introducing 
the current to the specimen and ensuring 
a rapid cooling when the flow current is 
interrupted. The heating current is con- 
trolled electronically throughout the de- 
sired thermal excursion by means of a 
signal obtained from a fine wire thermo- 
couple percussion welded to the center 
of the specimen gauge length. During 
testing, the instantaneous temperature of 
the specimen is compared with a refer- 
ence temperature, and the flow of current 
is increased, decreased or interrupted as 
required. The thermal cycles utilized are 
characteristic of the HAZ of a 1-'/~ in. (28 
mm) thick stainless steel plate welded 
with an energy input of 70 kj/in. 

The on-cooling tests are conducted 
from the zero ductility temperature (ZDT), 
which is determined from the on-heating 
tests. The crosshead speed is 65 mm/s and 
2 samples at each temperatures are tested. 
Other conditions for the testing are given 
elsewhere (Ref. 9). The data of interest in 
the test evaluation are the percentage re- 
duction in area at a specific temperature 
for on-heating and on-cooling. Reduction 
in area is the ratio between the fractured 
surface area (calculated from the mea- 
sured average diameter of a fractured 
surface under a low magnification micro- 
scope) and the original cross section area 
of a specimen. These data are plotted vs. 
test temperature. 

Microstructural Examination and 
Fractography 

Metallurgical evaluation was con- 
ducted for selected samples utilizing the 
optical light microscope and SEM (EDAX). 
Mounted samples were wet polished to 
0.05 I.tm using alumina powder and then 
etched in dilute aquaregia (1 part nitric 
acid, 3 parts hydrochloric acid plus 1 part 
distilled water). SEM fractograph was con- 
ducted on the hot ductility samples tested 
in the argon atmosphere to obtain clean 
fracture surface. 

Results a n d  Discussion 

Hot Ductility Behavior 

Figure 1 compares the on-heating and 
on-cooling hot ductility behavior of 
347NG-E and 347NG-G. The scatter bars 
on the curves show ductility values for 
two tests at each temperature. The two 
heats have similar behavior during on- 
heating. However, the on-cooling ductil- 
ity response is somewhat different in 
terms of the extent of ductility recovery 
relative to on-heating and the approxi- 
mate temperature range over which the 
on-cooling ductility is essentially zero 
(nil ductility temper- 
ature range). 

As far as the 
amount of ductility 
recovery is con- 
cerned, 347NG-G "<m 
shows better re- 
sponse compared to 
347NG-E. 347NG-E 7 

has poor ductility re- 
covery and virtually ~',., 
no recovery in ductil- 
ity until the on-cool- 
ing test temperature 
rises to about 2300°F 
(1246°C), i.e., 200°F 
(93°C) below the 
ZDT. This may not be 
too unexpected 
when the chemical 
composition of the 
347NG-E is consid- 
ered. The carbon 100 
content of this grade 
exceeds the nuclear =~ ~- 80 
grade requirement of 
0.04% max and has a 
concomitantly higher r~ 60 

Nb content to meet [~ 40 
Nb/C ratio require- 
ment (Nb>8x%C). ~ 

The on-heating 
ductility drop behav- (]800 
ior seems to have two 

I 
stages in which ZDT 970 
is achieved: the first 
stage when ductility 
falls very rapidly to a 
low value, and then a 

second stage when ductility continues to 
fall slowly to zero. These on-heating and 
on-cooling ductility behaviors are corre- 
lated with microstructure features in the 
following section. 

Microstructural Behavior 

On-Heatin~ Behavior 

A typical base metal microstructure 
for the as-received condition, from the 
347NG-E, is given in Fig. 2. The grains 
are more or less equiaxed and have an 
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Fig. 1 - -  Hot ducti l i ty behavior o f  347NG-E and 347NG-G. 
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average diameter of 50 l.tm with some 
grains.as small as 30 lum in diameter• 
Some residual ferrite, in bands elongated 
parallel to the sample (rolling) direction 
also can be noted. Furthermore, discrete 
niobium rich particles, aligned parallel to 
the rolling direction, also exist• 

The typical optical microstructure just 
adjacent to the fracture surface and the 
fractography of the sample tested at 
2100°F (1135°C) on-heating are shown in 
Fig. 3. All samples were tested in the tem- 
perature range of approximately 1900°F 
(1025°C) to 2300°F (1245°C) and have 
similar features. The fractograph indicates 
that at this temperature fracture occurred 
in a transgranular ductile mode. The frac- 
ture surface reveals dimples typical of 
ductile fracture. The microstructure 
shows equiaxed grains (about 10 I~m in 
diameter) which are much smaller com- 
pared to the as-received base metal, thus 
revealing evidence of a dynamic recrys- 
tallization which occurred during fracture 
(straining)• 

It is well known that the ductility (and 
strength) of a material during hot defor- 
mation is governed by the balance be- 
tween work hardening and dynamic 
softening• If work hardening predomi- 
nates, strength is high but ductility is low. 
When a softening process predominates, 
strength is low but ductility is high. Fur- 
ther, it is also known that austenitic stain- 
less steel, a low stacking fault material, 
more likely undergoes dynamic recrys- 
tallization instead of dynamic recovery 
as a softening process during hot defor- 
mation (Refs. 14, 15). 

Therefore, in the case of the samples 
tested on-heating in the temperature 
range of 1900°F (1025°C) to 2300°F 
(1245°C), the initially deformed grains 
are replaced by recrystallized equiaxed 
grains which nucleate at the original 
austenite-austenite grain boundaries and 
recrystallization proceeds progressively 
with strain, resulting in a high ductility 
(more than 90%). Figure 3 further shows 
a significant number of cavity-like cracks 
formed parallel to the straining direction. 
These cracks have no obvious relation- 
ship to the final recrystallized grain 
boundaries. These cracks may have 
formed on the initial grain boundaries in 
the early stage of the deformation (strain- 
ing). However, with continued deforma- 
tion at high temperature and with a high 
extension rate [(2.5 in./s (65 mm)/s in this 
case), any initially formed crack was im- 
mediately arrested and isolated from the 
original grain boundaries by the rapid re- 
crystallization and the migration of 
newly formed grain boundaries. The iso- 
lation of initial cracks by dynamic re- 

crystallization was 
also found in an Fe- 
Ni alloy (tested at 
high strain rate in 
a high temperature 
torsion test) by White 
et al. (Ref. 13), who 
observed that crack 
formation and growth 
were dependent up- 
on the rate of recrys- 
tallization and grain 
boundary migration. 

The rate of dy- 
namic recrystalliza- 
tion depends, at any 
given moment, on 
the extent of defor- 
mation and the tem- 
perature for a given 
material. At higher 
temperatures, recrys- 
tallization is ex- 
tremely rapid and 
thus, the resultant 
grain size is larger 
than for a lower tem- 
perature as shown in 
Fig. 4 [sample tested 
at 2300 °F (1245°C) 
at which the on- 
heating ductility be- 
gins to decrease]• 
The equiaxed grain 
size at this tem- 
perature is greater 
than that at 2100°F 
(1135°C) and is al- 
most the same as that 
in the as-received 
base metal• There- 
fore, at this tempera- 
ture, the initially 
formed intergranular 
cracks must have 
been more rapidly 
blunted and isolated 
from the original 
grain boundaries, re- 
sulting in a more 
rounded crack tip 
and a smaller num- 
ber of cavity-like 
cracks than at the 
lower temperature 
(see Fig. 3). At 
2300°F (1245°C), 
the original ferrite 
bands are broken 
and are no longer 
continuous• Fractog- 
raphy reveals that 
although cracks were 
formed initially 
along original grain 
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Fig. 2 - -  Base metal microstructure of  347NG-E in the as-received 
condition. 
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Fig. 3 - -  Typical optical microstructure just adjacent to the fracture sur- 
face and 5EM fractograph of the sample tested on-heating at 2100°F 
(1135°0, 347NG-E. 
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Fig. 4 - -  Typical optical and SEM microstructures and tractograph of 
the sample tested on-heating at 2300"F (1245°0, 347NG-E. 

boundaries, fracture occurred in a trans- 
granular mode relative to the new grains 
and is of a ductile type (microvoid coa- 
lescence mechanism). 

Figure 4 further depicts that Nb(C,N) 
along the grain boundaries begin to react 
with austenite grain (constitutional liqua- 
tion) (Ref. 16). However, the Nb(C,N) in 
the grain matrix are intact with austenite. 
There is no evidence of incipient melting 
at the grain boundaries. Therefore, since 
the ductility at this temperature is greater 
than 90% (almost the same as that in the 
lower temperatures), the small amount of 
localized liquid formed by the constitu- 
tional liquation of Nb(C,N) does not ap- 
pear to be significant. 

Fig. 5 - -  lypical optical microstructure and 5EM fractograph of the 
sample tested on-heating at 2350°F (1275°0, 347NG-E. 

The typical mi- 
crostructure and 
fractography of the 
sample tested on- 
heating at 2350°F 
(1275°C), which has 
a 45% reduction in 

area and is approximately at the mid- 
point of the first stage of the ductility drop 
region, are given in Fig. 5. The grain size 
at this temperature is slightly larger and 
the ferrite bands are less continuous in 
comparison to those obsewed at 2300'~F 
(1245°C). Significant cracking has 
formed and the cracks appear to propa- 
gate in both parallel and perpendicular 
directions relative to ~train direchon. The 
cracks which propagate perpendicular to 
the ~train direction are generally related 
to the gram boundaries. Therefore, when 
straining a sample on-heating at this tem- 
perature, cracks may have formed at 
triple points and/or irregularities in the 
grain boundaries. Rapid recrystallization 

and migration at this high temperature 
immediately isolated these cracks from 
further growth. However, with continu- 
ous deformation, new cracks may have 
formed at the boundaries of the recrys- 
tallized grains and these, together with 
the portion of the initial cracks, may have 
grown by dragging moving boundaries to 
lengthen the cracks before the bound- 
aries once again broke away from the 
crack surface "obstacles." Therefore, the 
crack paths are irregular in shape and 
show a mixture of transgranular and in- 
tergranular modes. The evidence of in- 
tergranular fracture is more clear on the 
fracture surface as shown in Fig. 5. Frac- 
tographic evidence reveals more or less 
granular features, but with significant ex- 
tent of ductile dimples on the grain sur- 
faces. The evidence of liquid film which 
existed at a moment of fracturing also can 
be noted on the fracture surface (see 
arrow), but this is not clearly discernible 
in the cross section optical microstruc- 
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Fig. 6 - -  Typical optical and SEM microstructures and fractograph o f  
the sample tested on-heating at 2400°F ( 1300°0, 347NG-£ 

Fig. 7 - -  Typical optical and SIVA,! microstructures and fractograph o f  
the ~rlmple tested on heating at 2430 ~F (1320°0, 347NG-E. 

ture. The microstructural features there- 
fore indicate that the sudden drop in the 
on-heating ductility may be attribuiable 
to the fracture mode change from trans- 
granular to intergranular, and is partially 
related to the formation of the liquid film 
along the grain boundanes. 

Figure 6 shows microstructures for a 
sample tested at 2400°F (1300°C) {the 
end of the first stage and start of the sec- 
ond stage). At this temperature, the on- 
heating ductil ity is less than 10% and 
fracture occurred in a completely rater- 
granular mode. The fracture surface i~ 
smooth, revealing the existence ot the 
liquid film at the moment of straining. 
The optical and SEM mlcrostructures aJso 
show evidence for liquid film formation 

along the grain boundaries, with cracks 
initiated in and propagated along these 
liquated and widened boundaries. Inter- 
granular secondary cracks parallel to the 
tracture surface (perpendicular to the 
strain direction) can be clearly noted• At 
this temperature, an Nb(C,N)-austenite 
eutectic liquid formed by constitutional 
liquation reaction starts to penetrate the 
grain boundaries. However, no dissolu- 
tion or reaction between the Nb(C,N) 
particles in the grain matrix is evident. 
Figure 6 further reveals that the grain size 
is dlmost the same as that tested at 
2350°F (1275°C) but the ferrite content is 
significantly increased. It is not clear 
whether the grains are newly recrystal- 
lized grains or initial grains. As indicated 

earlier, when new grains form and re- 
place the original grains the ferrite bands 
were broken and not continuous. Further, 
the cracks were not related to the grain 
boundaries. However, as shown in Fig. 6, 
all cracks are clearly associated with the 
grain boundaries which are incipiently 
melted. Therefore, the grains at this tem- 
perature may not be the newly recrystal- 
lized grains but the initial grains. Further 
grain growth above 2300°F (1245°C) 
may be restricted due to the obstacles in- 
cluding an increased ferrite content and 
l iqwd drops/film formed by incipient 
melting and constitutional liquation of 
large Nb(C,N) at the grain boundaries. 

It is also a well known fact that dy- 
namic recrystallization in low stacking 
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Fig. 9 - -  Incipiently melted grain boundary and EDAX on the widened 
boundary. 

Fig. 8 - -  Typical optical and SEM microstructures and fractograph of 
the sample tested on-heating at ZDT of 2480°F (1345°0, 347NG-E. 

fault energy materials occurs only when 
the strain is greater than a critical value 
(which is a function of temperature such 
that with an increase in test temperature, 
the critical strain for recrystallization is 
reduced) (Refs. 9-12). Therefore, at 
2400°F (1300°C), the critical strain for 
the initiation of recrystallization may be 
higher than the fracture strain for 
347NG-E. The significantly low fracture 
strains, as shown in Fig. 6, are due to the 
incipient melting of the segregated 
boundaries and the beginning of 
Nb(C,N)-austenite eutectic liquid pene- 
tration along the grain boundaries• 

The microstructures just adjacent to 
the fracture surface tested on-heating at 
2430°F (1320°C) in Fig. 7 shows features 

almost identical to 
that at 2400°F 
(1300°C), except for 
more extensive in- 
cipient melting of the 
segregated bound- 

aries and initiation of constitution liqua- 
tion at the small Nb(C,N) within the 
grains. When the temperature ap- 
proaches the ZDT, the grain boundaries 
become almost completely wetted as 
shown in Fig. 8. Further, the extent of the 
Nb(C,N)-austenite eutectic increases and 
continuously penetrates along the grain 
boundaries. Fractography also reveals 
that the grain surface is almost completely 
wetted by a liquid atthe moment of strain- 
ing, resulting in zero ductility. The above 
microstructural features at temperature 
2400°F (1300°C) to the ZDT indicate that 
the second stage is controlled mainly by 
the extent of liquid formed and its conti- 
nuity along boundaries. 

Typical incipiently melted grain 

boundaries and EDAX analysis of a 
widened boundary are shown in Fig. 9. 
Some small discrete particles along the 
melted and resolidified boundaries can 
be seen. EDAX analysis shows that the in- 
cipiently melted boundary is rich in sili- 
con, niobium and sulfur. STEM analysis 
of the particles (from carbon extract 
replica) along the boundaries revealed 
that these particles were Nb(C,N). 

The above examination of the on- 
heating microstructures indicates that the 
on-heating hot ductility behavior is di- 
rectly related to the metallurgical 
changes during high temperature-high 
strain rate excursion. The high ductility 
region is mainly a result of dynamic re- 
crystallization which occurs rapidly to 
reduce strain hardening and thus large 
strains can be accommodated by the re- 
peatedly recrystallized material main- 
taining an equiaxed structure. Thus, 
although the cracks form along the grain 
boundaries at early stages of deforma- 
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Fig. 10 - -  Typical optical and 5EM microstructures near the fracture 
surface and fractograph, tested on-cooling at range from the ZDT to 
2300°F (1245°C), 347NG-E. 

tion, rapid recrystallization and grain mi- 
gration can blunt crack propagation and 
result in high ductility and a transgranu- 
lar ductile fracture. 

The first stage of the ductility drop re- 
gion is governed by the fracture mode 
and localized liquid film formation. That 
is, the sudden drop in ductility is at- 
tributed to a fracture mode change from 
transgranular to intergranular and is ac- 
celerated by the formation of localized 
liquid films along grain boundaries. At 
the second stage, dynamic recrystalliza- 
tion does not appear to operate because 
of fracture strain lower than the critical 
strain for the initiation of recrystalliza- 
tion. Ductility at this stage is a function of 

Fig. 11 - -  Typical optical and SEM microstructures, tested on-cooling 
at 2100°F (1135°0, 347NG-E. 

tent of the liquid 
formed by incipient 
melting at Nb, Si and 
S segregated bound- 
aries, degree of the 
constitutional liqua- 
tion of Nb(C,N) and 

the continuity of liquid along the grain 
boundaries. 

On-Cooling Behavior 

Figure 10 shows typical microstruc- 
tures near the fracture surface and frac- 
tography for sample tested at 2300°F 
(1245°C) on-cooling from the ZDT of 
2500°F (1355°C). It is clearly evident that 
the microstructures are similar to those in 
the second stage of the on-heating duc- 
tility drop range. The basic difference is 
that the eutectic structure is more exten- 
sive than for the on-heating, indicating 
the time spent near the ZDT controls the 
extent of liquid formation. The ferrite ex- 

tent also increased. A careful examina- 
tion reveals that most of the melted grain 
boundaries have started to resolidify. 
However, the boundaries penetrated by 
the Nb rich eutectic liquid appear to be 
in a wetted condition at the moment of 
fracture. When the temperature de- 
creases below 2300°F (1245°C), all of the 
boundaries which were incipiently 
melted or wetted by the eutectic liquid 
were completely resolidified before 
fracture. 

With a further decrease in tempera- 
ture [e.g., at 2100°F (1135°C)], the mi- 
crostructure has features almost identical 
to those developed on-heating at the 
same temperature as shown in Fig. 11. 
The grains are completely recrystallized 
and are equiaxed. The initially formed 
cracks were apparently prevented from 
growing by rapid recrystallization and 
grain boundary migration. However, the 
important feature noted in these mi- 
crostructures is the cavity-like cracks 
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Fig. 12 - -  Typical optical and SEM microstructures near the fracture sur- 
face and fractograph, tested on-cooling at 1900°F(1025°C), 34 7NG-E. 

formed at the prior melted and resolidi- 
fled grain boundaries. These previously 
melted and resolidified grain boundaries 
are continuously decorated by Nb(C,N) 
particles as shown in the SEM micro- 
graph in Fig. 11. When compared to the 
microstructure of the samples tested on- 
heating at the same temperature [2100°F 
(1135°C)], in which the initial bound- 
aries had disappeared by recrystalliza- 
tion, the on-cooling microstructure 
clearly reveals both new boundaries and 
original boundaries. The prior melted 
and resolidified boundaries appear as 
"ghost boundaries". This feature further 
indicates that the prior melted and reso- 
lidified boundaries are enriched in solute 
elements as compared to the newly 

9 Prior Melted and ]. . ~  .... 
. ~ Resolidified Boundary ~, 1~r g'. 
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Fig. 13 - -  Typical optical and SEM microstructures near the fracture sur- 
face, tested on-cooling at 1700°F(910°C), 34 7NG-E. 

formed boundaries. 
(It was shown previ- 
ously that the melted 
boundaries were 
rich in Si, Nb and S). 
Therefore, the mi- 

crostructural features strongly indicate 
that the prior melted and resolidified 
boundaries are significantly embrittled 
by the segregation of impurity elements 
and by precipitation of semi-continuous 
Nb(C,N) particles which are favored sites 
for crack initiation and subsequent prop- 
agation along boundary. 

Embrittlement of the previously 
melted and resolidified boundaries is 
more evident in Fig. 12, which are from 
a sample tested on-cooling at 1900°F 
(1025°C). The prior boundaries are 
clearly defined at this temperature be- 
cause recrystallization has just begun 
along the boundaries. Small grains, re- 
crystallized but not fully grown, are more 
clearly noted in the SEM micrograph. Be- 

cause of incomplete recrystallization, the 
propagation of initially formed crack is 
not as completely blocked as was shown 
for 2100°F (1135°C), resulting in longer 
cracks. Another different feature as com- 
pared to the on-heating fractographic ap- 
pearance is that the fracture morphology 
is intergranular, even though a significant 
amount of ductile dimples exist on the 
grain faces. 

At a fracture temperature of 1700°F 
(910°C), no evidence of recrystallization 
can be found, as shown in Fig. 13. The 
grains have grown significantly during 
exposure to the ZDT followed by cooling 
to low temperature (approximately 100 
to 150 p.m in diameter). Fracture is still in- 
tergranular and along the prior melted 
and resolidified boundaries. Since the 
initially formed cracks were not "cap- 
tured" by the newly formed grains, they 
are long and straight, resulting in a 
slightly decreased ductility. The elon- 
gated grains further indicate that the 
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strength of grain boundaries is approach- 
ing that of grain interior. Thus, equicohe- 
sive temperature, above which the grain 
boundary strength is lower than that of 
the grain body, may be close to 1700°F 
(910°C). The dynamic recrystallization 
temperature of the 347NG-E is also be- 
tween 1700°F (910°C) and 1900°F 
(1025°C), and thus the equicohesive tem- 
perature and the dynamic recrystalliza- 
tion temperature appear to be close. 

The on-cooling microstructural and 
fractographic examination of 347NG-E 
strongly indicates that the on-cooling 
ductility is influenced not only by the de- 
formation mechanism (balance between 
strain hardening and softening process of 
recrystallization) but also by the extent 
and distribution of the liquid formed at or 
near the ZDT and its rate of resolidifica- 
tion. Further, regardless of the test tem- 
perature between the ZDT and 1700°F 
(910°C), fracture is intergranular and oc- 
curs along prior melted and resolidified 
boundaries which are rich in Si, Nb and 
S and decorated by the Nb(C,N)-austen- 
ite eutectic constituents. 

Although the microstructural exami- 
nation of 347NG-G is not shown here, it 
was found that the microstructural fea- 
tures [the behaviors of incipient melting 
of grain boundaries and constitutional li- 
quation of Nb(C,N), changes in shape 
and amount of delta ferrite and grain 
size] of 347NG-G were similar to those 
observed in 347NG-E except the extent 
of constitutional liquation of Nb(C,N) 
along the grain boundaries. Therefore, it 
can be concluded that the poor ductility 
recovery of 347NG-E as compared to 
347NG-G may be mainly due to a higher 
Nb content and thus an increased 

amount of eutectic liquid penetration by 
the constitutional liquation of Nb(C,N) 
into the grain boundaries, resulting in a 
more continuous network of brittle pre- 
cipitates-austenite interface along the 
grain boundaries. 

Conclusion 

1) Ductility increase region during 
on-heating is mainly a function of the ex- 
tent of dynamic recrystallization and the 
grain boundary migration which operate 
rapidly to reduce strain hardening. 

2) The sudden drop in the first stage 
of the ductility decrease region is at- 
tributed to a fracture mode change from 
transgranular to intergranular and it is ac- 
celerated by the formation of localized 
liquid films along grain boundaries with 
increasing temperature. 

3) Dynamic recrystallization does 
not appear to operate in the second stage 
of ductility decrease region because the 
fracture strain is possibly lower than the 
critical strain for the initiation of recrys- 
tallization. 

4) The lowered ductility in the sec- 
ond stage is a function of the extent and 
distribution of the liquid films formed by 
incipient melting and constitutional li- 
quation of Nb(C,N) precipitates. 

5) The on-cooling ductility is influ- 
enced not only by the deformation mech- 
anism but also by the extent and 
distribution of liquid films formed during 
exposure at and near the ZDT. 

6) The on-cooling fracture mode is 
intergranular and cracks propagate along 
the prior melted and resolidified (embrit- 
tied by segregation and decorated by eu- 
tectic phase) grain boundaries which 
appear like ghost boundaries. 
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