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An Investigation of Heat-Affected Zone 
Hot Cracking in Alloy 800 

The susceptibility to grain boundary liquation in the HAZ is 
associated with localized titanium enrichment 

BY J. C. LIPPOLD 

ABSTRACT. The heat-affected zone 
(HAZ) hot cracking susceptibility of alloy 
800 was evaluated using the Spot Vares
traint test. Hot cracks were localized at 
liquated HAZ grain boundaries adjacent 
to the fusion line. Microprobe analysis of 
the liquated, crack-susceptible bound
aries revealed a 50-fold increase in titani
um concentration relative to the bulk 
composition. A Ti-rich Laves phase, 
which exhibits a melting point approxi
mately 50° C (122°F) below the bulk soli
dus temperature, was associated with the 
liquated boundary region. 

A mechanism involving the dissolution 
of Ti-rich carbides and assimilation of the 
titanium into migrating HAZ grain bound
aries has been proposed to explain the 
HAZ hot cracking phenomenon. Both the 
nature and distribution of carbides (or 
carbonitrides) in the base metal micro-
structure were found to have a profound 
effect on the hot cracking behavior of 
alloy 800. 

Introduction 

Alloy 800 is a fully austenitic Fe-Cr-Ni 
alloy (also commonly known as Incoloy 
800) often used in applications that 
require a combination of high-tempera
ture strength and corrosion resistance. 
The alloy has been used extensively by 
the nuclear power industry for super-
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heater and reheater tubes and, more 
recently, has been chosen by the solar 
energy industry for solar central receiver 
panels in multi-kilowatt power plants. 
Since all of these applications require 
welding as a fabrication step, alloy 800 
must be resistant to hot cracking during 
welding and ultimately must exhibit as-
welded properties that will ensure 
extended service life in severe mechani
cal/environmental conditions. 

Although fusion zone hot cracking in 
alloy 800 can usually be avoided by the 
selection of appropriate filler materials, 
hot cracking in the heat-affected zone 
(HAZ) of certain heats of material has 
become a persistent and, as yet, unex
plained phenomenon. An initial investiga
tion by Canonico, et al., (Ref. 1) evalu
ated the effect of aluminum, titanium, 
sulfur, and phosphorus on the hot ductil
ity behavior of Gleeble-simulated HAZ 
microstructures. Their results indicated 
that ductility losses were associated with 
an increase in each of these elements 
relative to a baseline Fe-Cr-Ni ternary 
composition. The elevated temperature 
embrittlement occurred abruptly at tem
peratures slightly below the solidus tem
perature and was intergranular in nature. 
The premature loss of ductility was asso
ciated with the formation of low-melting 
grain boundary films. However, no 
mechanism was proposed which would 
either explain the liquation phenomenon 
or rationalize the hot cracking sensitivity 
in the HAZ of isolated heats of alloy 
800. 

In another report, Reed and King (Ref. 
2) found that the susceptibility to HAZ 
hot cracking as determined by the Spot 
Varestraint test was related to the ele
mental ratio (Al + Ti)/(C + Si). This ratio 

had been suggested earlier by York and 
Flury (Ref. 3) as a means to predict the 
hot cracking susceptibility of autogenous 
EB welds in alloy 800. York and Flury 
found that as the value of this ratio 
increased the alloy was less susceptible to 
cracking within the fusion zone. It is 
unclear how this ratio pertains to the 
behavior of the HAZ especially since 
Canonico, et al., (Ref. 1) demonstrated 
that an increase in titanium and aluminum 
promoted embrittlement in simulated 
HAZ hot ductility samples. 

This investigation attempts both to 
identify the elemental species responsible 
for HAZ hot cracking in commercial heats 
of alloy 800 and to propose a model 
which describes the mechanics of the hot 
cracking phenomenon. 

Experimental Procedure 

Material 

Five commercial heats of alloy 800 
were evaluated in this investigation. The 
compositions of these materials are listed 
in Table 1. Heats B through E were 
supplied in bar stock form, while heat A 
was in the form of 6.35 mm (0.25 in.) 
thick plate. Heats A, B, D, and E were mill 
annealed at 980°C (1860°F) and heat 
C was solution annealed at 1150°C 
(2100°F). 

The resultant microstructures are 
shown in Fig. 1. The mill annealing treat
ment results in a small grain size (ASTM 
8-10) and a bimodal distribution of car
bides. Annealing at 1150°C (2100°F) 
results in the dissolution of the smaller 
carbides and a subsequent increase in 
grain size (ASTM 3-5) as evidenced by the 
microstructure of heat C in Fig. 1. 
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Table 1—Alloy 800 Chemical Composition, Wt 

Heat 
identification 

A (HH 7055A) 
B (HH 8579A) 
C (HH 8144A) 
D (HH 8989A) 
E (HH 9019A) 

(a) Average of two 

c 
0.06 
0.08 
0.04 
0.05 
0.07 

Mn 

0.87 
0.93 
0.87 
0.63 
0.81 

independent analyses. 

Si 

0.39 
0.08 
0.24 
0.26 
0.15 

%(») 

Ti 

0.42 
0.49 
0.43 
0.42 
0.44 

Al 

0.19 
0.40 
0.39 
0.30 
0.47 

Cu 

0.64 
0.71 
0.57 
0.67 
0.32 

Cr 

19.94 
19.55 
19.67 
19.88 
20.42 

Ni 

33.95 
32.47 
32.79 
31.88 
32.83 

S 

0.003 
0.004 
0.004 
0.004 
0.003 

P 

<0.01 
0.008 
0.007 
0.008 
0.008 

N 

0.020 
0.018 
0.012 
0.019 
0.017 

Fe 

Bal. 
Bal. 
Bal. 
Bal. 
Bal. 

I 25 pm | 

200 pm | 

" 

Fig. 1 — Microstructure of the as-received base materials. Heats A, B, D, and ,E are in the mill 
annealed condition, X800. Heat C Is in the solution-annealed condition, X100 

Varestraint Testing 

The Spot Varestraint test (Ref. 4, 5) was 
employed to evaluate the HAZ hot crack
ing susceptibility of the five base 
materials. A schematic illustration of the 
Spot Varestraint apparatus is shown 
in Fig. 2 (Ref. 6). Small laboratory 
scale samples 15.24 X 2.54 X 0.64 cm 
(6 .0X1 .0X0 .25 in.) are clamped into 
the test fixture as indicated in the sche
matic. A gas tungsten arc (GTA) spot 
weld is initiated and after a predeter
mined time a pneumatically actuated ram 
is triggered, forcing the sample to con
form to the radius of a preselected die 
block. 

The welding parameters employed in 
the test are listed in Table 2. An arc time 
of 10 seconds(s) was selected in order to 
ensure that the specimen reached ther
mal equilibrium prior to testing. A delay 
time between arc shutoff and ram actua
tion was used to allow some solidification 
of the weld pool to occur prior to bend
ing. Using this method cracks are pro
duced in the HAZ adjacent to the fusion 
line of the GTA spot weld. 

The tangential strain imparted to the 
outer fibers of the test bar is given by the 

relationship e «= t/2R, where t is the 
thickness of the sample (6.4 mm, i.e., Vt 
in.) and R is the radius of the die block. 
Augmented stains in the range from 0.25 
to 4.0% were applied by selecting the 
appropriate die blocks. 

Following testing, cracks in the HAZ 
were tabulated with the aid of a binocu
lar microscope equipped with a filar eye
piece. A magnification of X100 was used 
to measure crack lengths on the as-tested 
surface of the Varestraint samples. The 
crack length data reported represents the 
average of two independent compila
tions. The total crack length, maximum 
crack length, total number of cracks, and 
average crack length were used to assess 
the hot cracking susceptibility of the indi
vidual heats. 

Microstructural Evaluation 

Metallographic samples were pre
pared in order to investigate the micro-
structural features of the HAZ. All sam
ples were polished through 0.05 ^m alu
mina powder and etched with a solution 
containing equal parts of hydrochloric, 
sulfuric, and nitric acid. Pertinent regions 
of these samples were also evaluated 

Table 2—Alloy 800 Spot Varestraint 
Welding Parameters 

Current 
Voltage 
Electrode-to-work 

distance 
Electrode 

Electrode diameter 
Arc time 
Ram delay time 
Shielding gas 
Flow rate 

150 + 5 A 
14 ± 1 V, DCSP 
2.38 mm ( fe in.) 

W-Th02, 60 deg 
included angle 

2.38 mm ( f e in.) 
10 s 
0.05 s 
Argon 
0.23 liters/s (30 cfh) 

using the scanning electron microscope 
(SEM) and the electron microprobe. 

Several samples were partially sec
tioned and then fractured at room tem
perature in order to expose the fracture 
surfaces of the HAZ cracks. The crack 
surface morphology was evaluated in the 
SEM. Both the surface concentrations and 
composition depth profiles below the 
crack surfaces were analyzed with aid of 
the scanning Auger microscope. 

Results 

Base Metal Microstructure 

Polished and etched metallographic 
samples of the as-received material were 
examined in the SEM in order to deter
mine the nature of the base metal car
bides. An SEM micrograph of the heat A 
microstructure, which is representative of 
a mill annealing heat treatment at 980°C 
(1800°F), is shown in Fig. 3. The micro-
structure consists of a bimodal distribu
tion of carbides (or carbonitrides) with 
large, blocky MC-type particles located 
randomly throughout the structure and 
smaller MC and M23C6 particles outlining 
prior austenite grain boundaries. 

The large MC carbides were found to 
be Ti-rich and presumed to have formed 
in the melt prior to solidification of the 
original ingot. The smaller MC particles 
which were also rich in titanium and the 
M23C6 particles which were enriched in 
chromium form during the mill annealing 
heat treatment. In a report by Allen and 
(ones (Ref. 7), thin foil TEM samples from 
heats B, D, and E were prepared and 
diffraction patterns of the individual parti
cles were produced which verified the 
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STOP BLOCKS 

FRONT VIEW 

Fig. 2-Schematic of the Spot Varestraint apparatus (Ref. 6) 

lmm VB' 
Fig. 4—Macrostructure of Spot Varestraint specimens tested at 4% restraint: A -
X30 (reduced 42%, on reproduction) 

1mm 
heat B; B - heat D. 

nature of these particles. 
The microstructure shown in Fig. 3 is 

typical of the mill annealed condition of 
heats A, B, D, and E. Heat C exhibited 
only large, blocky MC-type carbides typ
ical of the solution annealed condition. 

Spot Varestraint Results 

The microstructure of both a heat B 
and heat D Spot Varestraint sample 
tested at 4% restraint is shown in Fig. 4. 
The light-etching annular region adjacent 
to the fusion line delineates the region of 
the HAZ where substantial grain growth 
has occurred during the test. Note that 
the cracks lie perpendicular to the fusion 
line and within the light-etching region. 

In many cases the cracks extend into 

the fusion zone. Since a short delay 
occurs between the time the arc is extin
guished and the sample is bent around 
the radius block, a small portion of the 
fusion zone solidifies prior to being sub
jected to the tangential stress. The por
tion of the fusion zone in which the 
cracks propagate corresponds to this 
pre-solidified region. 

Crack Length vs. Augmented Strain. 
The relative hot cracking susceptibility of 
the individual heats of alloy 800 was 
evaluated by plotting the total length of 
all cracks observed on an individual sam
ple vs. the strain level at which that 
sample was tested. The results of the 
Spot Varestraint test, plotted in this man
ner, are shown in Fig. 5. Although the 

Fig. 3 —SEM micrograph of base metal car
bides, X3000 (reduced 50%, on reproduc
tion) 

individual curves fall within a broad band, 
the data suggest that both heats D and E 
are more susceptible to HAZ hot cracking 
than the other heats, particularly at the 
higher strain levels. 

Samples of heat A material were 
tested in orientations both transverse 
(A-T) and parallel (A-L) to the rolling 
direction. Despite the difference in orien
tation there appears to be almost no 
change in hot cracking susceptibility 
when the direction of crack propagation 
is parallel to the rolling direction. 

Differences in the hot cracking behav
ior of the five heats can be made clearer 
if both the cumulative total crack length 
and total number of cracks from the data 
in Fig. 5 are plotted in the form of a bar 
graph, as shown in Fig. 6. When the data 
are plotted in this manner it can be seen 
that heat A, tested in the transverse 
orientation, and heat C are least suscepti
ble to HAZ hot cracking. Heats D and E 
exhibit nearly a 50% increase in cumula
tive total crack length and total number 
of cracks relative to heats A and C. 

Microstructural Evaluation 

Metallographic sections parallel to the 
top surface of the test samples were 
examined at higher magnification. This 
was done in order to determine the 
metallurgical changes which have oc
curred in the HAZ as a result of the Spot 
Varestraint test and to relate the onset of 
hot cracking to microstructural features in 
this region. 

Polished and etched sections of the 
HAZ containing hot cracks in heats A, C, 
and E are shown in Fig. 7. All the cracks 
propagate intergranularly along bound
aries in the grain coarsened region of the 
HAZ. Continuity of the fracture path 
across the fusion line into the fusion zone 
is a consequence of the epitaxial nature 
of solidification in fusion welds, whereby 
grain boundaries are continuous across 
the fusion line. 

Closer inspection of the microstructure 
in the crack-susceptible grain coarsened 
region reveals that localized melting has 
occurred along many of the grain bound
aries. A region of the HAZ in a heat A 
sample tested at 4% restraint is shown in 
Fig. 8. Note the widened boundaries 
(arrows) associated both with grain 
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Fig. 5 —Results of the Spot Varestraint test plotted as total 
crack length vs. augmented strain 
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boundaries along wh ich f racture has 
occur red and w i th boundar ies wh ich 
have remained intact. The w idened 
boundar ies are indicative of the localized 
melt ing and resolidif ication wh ich has 
occur red at these sites dur ing the Vares
traint Test. 

A secondary const i tuent was o f ten 
observed along the center o f the mel ted 
and resolidif ied grain boundary regions. 
This dark etching const i tuent, s h o w n 
more clearly in the inset in Fig. 8, appears 
t o be nearly cont inuous and forms along 
solidif ication substructure boundaries 
wi th in the per imeter o f the l iquated 
region. The presence o f this secondary 
const i tuent along the subboundaries indi

cates that it f o r m e d dur ing the final stages 
o f resolidif ication. 

Microprobe Results. Electron beam 
microanalysis was pe r f o rmed at selected 
locations w i th in the crack-sensitive HAZ 
microstructure. The m ic rop robe results 
f r o m a heat A sample tested at 4 % 
restraint are presented in Fig. 9. T w o 
points (A and C) along the w i d e n e d grain 
boundaries and t w o reference points (B 
and D) at the grain interiors w e r e ana
lyzed. The composi t ional data in Fig. 9 
represent an average of three individual 
analyses at each po in t . 

A compar ison o f the local compos i t ion 
along the boundar ies w i t h b o t h the adja
cent HAZ compos i t ion and the nominal 

/ • 
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* I 200 
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ton i 
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m 

Fig. 7 —Regions of hot cracking in the HAZ of 
samples tested at 4% restraint: A—heat A-T; 
B-heat C; C-heat E X100 

Fig. 8 — Grain boundary liquation associated with HAZ hot cracks in a heat A sample tested at 4% 
restraint, X400. Note the secondary constituent along the liquated boundary in the inset, X1000 
(X400 and X1000 views reduced 7% on reproduction) 
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Microprobe Results (wt.%. 

Ti 
Si 
Al 
Mn 
Mo 
Cu 
Cr 
Ni 
S 
P 
C 
Fe* 

A 
18.56 
0.81 
0.22 
1.46 

0.40 
0.91 

22.70 
35.57 

<0.0I 

1.03 

-
18.33 

B 
0.28 
0.55 
0.11 

1.01 
0.21 
0.65 

20.64 

34.46 
<0.0I 

0.01 

-
42.07 

C 
18.19 

1.30 
0.22 
0.99 

0.24 
0.95 

23.68 
36.35 

<0.0I 

1.71 
0.16 

16.20 

D 
0.26 
0.57 

0.15 
1.00 
0.19 
0.14 

19.83 
33.06 

<0.0I 

0.01 

-
44.78 

Nominal 
0.42 
0.39 

0.19 

0.88 
<0.05 

0.64 
19.94 

33.95 
0.003 

<0.0I 

0.06 
43.47 

•determined by difference 

Fig. 9—Microprobe analysis results oi selected 
regions of the HAZ of a heat A sample tested 
at 4% restraint, X400 (reduced 16% on repro
duction) 

alloy composi t ion indicates that a signifi
cant enr ichment o f t i tanium and phos
phorus occurs at points A and C. There 
also appears t o be a slight increase in 
silicon, copper , ch rom ium, and carbon 
along the mel ted and resolidif ied b o u n d 
aries. Sulfur was not de tec ted at any of 
the analysis points. M i c r o p r o b e analysis 
of l iquated boundaries and in the heat C 
and E samples y ie lded similar results; in 

Fig. 11-Fractography of HAZ crack surfaces of Spot Varestraint samples tested at 4% restraint; 
A -heat A-T, X500; B-heat A-T, X1000; C-heat D, X500; D-heat D, X1000 

b o t h cases a significant enr ichment in 
t i tanium was observed along HAZ grain 
boundar ies. 

Temperature Gradient in the HAZ 

O n e sample was thermally mon i to red 
dur ing the Spot Varestraint test by 
imbedding thermocoup les in the HAZ at 
various distances f r o m the fusion line. 
The temperatures at the individual loca
tions w e r e measured simultaneously dur
ing the test cycle. The thermal data indi

cated that, for the we ld ing parameters 
and the specimen geomet ry emp loyed , 
the system reaches nearly steady-state 
thermal equi l ibr ium in 10 s. 

The steady-state tempera ture gradient 
in the near HAZ region at the instant that 
the specimen is bent in the test sequence 
is s h o w n in Fig. 10. Super imposed on this 
temperature vs. distance plot is the corre
sponding microstructure in the HAZ of a 
heat B test specimen. A distinct tempera
ture regime can be ident i f ied in wh ich 
grain boundary l iquation and subsequent 
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hot cracking occurs; this is accomplished 
by measuring the distance from the 
fusion line to the furthest indication of 
grain boundary melting and relating this 
distance to the measured temperature 
gradient. In this way it can be shown that 
grain boundary melting occurs in the 
temperature range from 1360 to 1320°C 
(2480 to 2410°F). 

Further from the fusion line, a grain 
coarsened region forms in the tempera
ture range from 1320 to 1240°C (2410 to 
2265°F). The rapid transition in grain size, 
which occurs at approximately 1240°C 
(2265°F), represents the point at which 
carbides dissolve and thus become inef
fective in pinning the grain boundaries. 
Note that the large, blocky Ti-rich car
bides do not dissolve as readily as the 
smaller MC and M23C6 particles in both 
the partially liquated region and the grain 
coarsened region. 

Analysis of Fracture Surfaces 

Heat A and E Varestraint specimens 
were sectioned in order to reveal the 
HAZ hot crack fracture surfaces. The 
morphology of a region of the fracture 
surface near the fusion line, shown in Fig. 
11, reveals the intergranular nature of the 
crack path. Careful examination of the 
fracture surfaces revealed a wavy pattern 
on the grain faces and evidence of melt
ing along grain boundaries and at triple 
points. Both observations suggest that 
failure has occurred by a liquation mech
anism rather than by a solid-state failure 
mode which would produce a smoother 
intergranular fracture morphology. 

The fracture surfaces also exhibit a 
distinct speckled appearance at regions 
adjacent to, but not within, the fusion 
zone. The density of these speckles 
decreases as a function of distance from 
the fusion line. The origin of these dis
crete regions may be merely a by-prod
uct of the fracture mechanism, whereby 
the speckles represent the last vestiges of 
liquid which bridged the boundary prior 

to complete separation. 
Upon separation, the microscopic liq

uid droplets resolidified as the discrete 
particles observed in Fig. 11. Alternative
ly, these distinct particles may represent 
the dark-etching constituents observed 
along the fracture path in Fig. 8 or may 
form by means of a precipitation mecha
nism as the weld cools through the car
bide precipitation range. 

Auger Surface Analysis. The fracture 
surfaces were also subjected to analysis 
in the scanning Auger microscope. Since 
cracking along these grain boundaries 
occurs at elevated temperature, the frac
ture surface will be oxidized upon cooling 
to room temperature. As a result, it was 
necessary to ion-sputter through the sur
face in order to obtain information below 
the oxidized surface layer. Using this 
technique it was possible to obtain the 
compositional depth profiles for the 
heats A and D fracture surfaces pre
sented in Fig. 12. 

In both cases silicon and titanium are 
present at high levels on the surface, 
while the nickel, chromium, and iron 
concentrations are essentially zero. The 
oxygen and carbon curves have been 
deleted for clarity; however, it should be 
noted that oxygen which was initially high 
at the surface was nearly absent 100 A 
below the surface. Silicon also decreases 
rapidly in the oxide layer but is still 
present in significant proportions below 
this level. 

In both samples, titanium increased 
sharply and reached a maximum approx
imately 100 A below the surface. Note 
that heat D, which was more susceptible 
to HAZ hot cracking than heat A, exhibits 
a higher concentration of titanium in the 
near-surface region. The Auger results 
also tend to corroborate the microprobe 
data (Fig. 9) which showed enrichment of 
both silicon and titanium along liquated 
grain boundaries. The Auger analysis 
failed to reveal the phosphorus enrich
ment which was detected by the micro
probe. 

Discussion 

The results of the metallographic in
spection, microprobe analysis, and Auger 
surface analysis have shown that cracking 
in the HAZ of alloy 800 weldments 
occurs preferentially at intergranular sites 
and involves localized melting associated 
with an enrichment in titanium and sili
con. The dramatic increase in titanium 
concentration in these liquated regions 
(nearly a 50-fold increase over the nomi
nal alloy concentration) requires a rapid 
reapportionment of titanium in the near-
HAZ during the weld thermal cycle. The 
mechanism by which this reapportion
ment occurs and the relationship 
between titanium enrichment and the 
observed HAZ hot cracking is discussed 
in the following sections. 

Grain Boundary Liquation 

Metallographic evidence has shown 
that the HAZ cracking in Spot Varestraint 
test samples is associated with widened 
liquated boundaries adjacent to the 
fusion line. It has also been shown that in 
many cases the cracks are continuous 
across the fusion line into the fusion zone 
(Fig. 4), suggesting that fracture may 
occur initially in the fusion zone and that 
the widened HAZ grain boundaries may 
be the result of a crack backfilling mech
anism. 

The mechanism, as originally described 
by Savage and coworkers (Ref. 9), 
involves the backfilling of either HAZ or 
fusion zone cracks by liquid from the 
molten weld pool. As a crack forms at the 
solid-liquid interface, liquid is drawn into 
the open crack by capillary action where 
it solidifies within the confines of the 
crack envelope. As a result, the actual 
mechanism of HAZ cracking may be 
masked by the presence of backfilled 
liquid from the fusion zone. 

In an effort to determine if the liquated 
boundary microstructure resulted primar
ily from a crack backfilling mechanism, 
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Fig. 13 — Microstructure in the near-HAZ of an 
unbent spot Varestraint sample. Note the con
stitutional liquation of carbides (A) and the 
localized melting of grain boundaries (B). X400 
(reduced 50% on reproduction) 

samples w e r e p roduced wh ich exper i 
enced the same thermal histories as Spot 
Varestraint samples; howeve r , they we re 
not bent t o induce cracking in the HAZ. 
The microstructure along the fusion line 
o f such a sample is s h o w n in Fig. 13. 

The features of the microstructure in 
Fig. 13 are similar t o those observed in 
the Varestraint samples, as ev idenced by 
the consti tut ional l iquation of M C or 
M 2 3 Q particles adjacent t o the fusion line 
(denoted by A in Fig. 13) and the pres
ence of w i d e n e d , l iquated boundaries in 
the near-HAZ (denoted by B). M ic ro 
p r o b e analysis of these boundary regions 
revealed a localized enr ichment in titani
um, a l though not t o the degree repor ted 
in Fig. 9. 

The onset of l iquation along grain 
boundaries in alloy 800 was also co r rob 
ora ted by the results of a compan ion 
study wh ich evaluated the hot ducti l i ty o f 
simulated HAZ microstructures (Ref. 10). 
Results of the study s h o w e d that l iquation 
and associated ducti l i ty losses occurred in 
the tempera ture range f r o m 1325 to 
1350°C (2415 to 2460°F) fo r all f ive 
heats. SEM analysis of the hot ducti l i ty 
samples tested in this tempera ture range 
revealed that f racture was intergranular 
and exhibi ted a morpho logy similar to the 
f racture surface of the Varestraint sam
ples shown previously in Fig. 1 1 . The 
brit t le temperature range def ined by the 
hot ducti l i ty test is in g o o d agreement 
w i th the embr i t t lement range predic ted 
f r o m the tempera ture g rad ien t /m ic ro -
structure compar ison made in Fig. 10. 

From the observat ions discussed 
above , it can be conc luded that grain 
boundary l iquation in the HAZ can be 
isolated f r o m fusion zone phenomena. 
A l though some degree o f crack backfi l l
ing may cont r ibute t o the total vo lume of 
in situ liquid in the HAZ boundar ies, it is 
clear that b o t h embr i t t lement and titani
u m enr ichment can occur in the absence 
of any backfi l l ing. It should be no ted that 
the w i d e n e d , l iquated boundar ies o b 
served in Fig. 8 are not ev ident in the 
reference microstructure in Fig. 13. This 
discrepancy can be explained by the 
same capillarity argument used prev i 
ously. 
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Fig. 14 — The Fe-Ti binary equilibrium diagram (Ref. 12) 

T i 

If the sample in Fig. 13 was t o be bent 
around a die b lock in the manner of the 
Spot Varestraint test, the boundar ies at 
points B w o u l d separate in the presence 
o f the tangential stress and the l iquid 
along the boundary w o u l d be d r a w n into 
the roo t of the crack. As the crack 
p ropagated , the vo lume of l iquid w o u l d 
increase until ult imately the stress f ield 
decreased and crack propagat ion 
ceased. The liquid w o u l d then solidify in 
situ and might result in w i d e n e d b o u n d 
aries similar to those s h o w n in Fig. 8. 

Nature of the Secondary Constituent 

The presence o f a secondary const i tu
ent along the center of the l iquated HAZ 
boundaries suggests that this const i tuent 
is the last to f o r m during the resolidifica
t ion of the boundary region. A t tempts t o 
identi fy the const i tuent by means of 

extract ion repl icat ion techniques w e r e 
unsuccessful. 

A similar const i tuent was observed by 
Brooks (Ref. 11) in a study of HAZ crack
ing in an A-286 stainless steel. Since the 
A-286 alloy nominal ly contains 15Cr-
25Ni-2Ti, it is likely that the const i tuent 
may be similar to that f ound in the HAZ 
of alloy 800. The f ive- fo ld increase in the 
t i tanium content of A-286 relative to alloy 
800 resulted in a larger vo lume of the 
const i tuent in the HAZ of A-286 test sam
ples. Through the use o f x-ray di f f ract ion 
techniques Brooks (Ref. 11) was able t o 
identify the const i tuent as a variant o f the 
Fe2Ti Laves phase.* 

*Laves phase —a close packing of atoms 
involving two atoms of one metal and one 
atom of a second metal geometrically located 
in the matrix. 
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Inspection of the Fe-Ti binary equilibri
um phase diagram (Ref. 12) in Fig. 14 
indicates that the Fe2Ti phase forms via a 
eutectic reaction at 1291°C (2390°F). At 
the eutectic temperature the Fe2Ti phase 
contains approximately 22 wt-% titanium. 
The composition predicted by the phase 
diagram is in good agreement with the 
microprobe analysis data of the liquated 
grain boundaries presented previously in 
Fig. 9 and corroborates the Auger surface 
analysis results in Fig. 12. In addition, the 
eutectic temperature of 1291 °C (2390°F) 
correlates reasonably well with the onset 
of embrittlement observed in both the 
Spot Varestraint samples and in the hot 
ductility specimens (~ 1320°C, i.e., 
2408°F). 

It should be noted, as pointed out by 
Brooks (Ref. 11), that the actual phase is 
probably more complex than the simple 
Fe2Ti stoichiometry. Substitution of other 
alloying elements, as in a more general 
M2Ti phase, will have subtle effects on 
the phase equilibria, melting temperature, 
and quantity of the phase which forms. 
Although a lower temperature eutectic 
exists in the Fe-Ti system at Fe-67.8 Ti, 
there is no experimental evidence which 
indicates that this eutectic reaction is 
involved in the onset of HAZ hot cracking 
in alloy 800. For example, hot ductility 
samples tested at 1100°C (2012°F) 
showed no sign of embrittlement 
(Ref. 10). 

The iron-silicon system also forms a 
eutectic at Fe-19Si at a temperature of 
"u 1200°C (2190°F). Segregation of sili
con has been shown to promote hot 
cracking in other austenitic alloys and 
may contribute to the formation of low-
melting films along grain boundaries in 
the HAZ of alloy 800. 

Rationale for HAZ Grain Boundary Liquation 

The results of microprobe and Auger 
analysis of HAZ grain boundaries in alloy 
800 Spot Varestraint specimens have 
shown that the localized melting along 
these boundaries is most strongly associ
ated with an enrichment in titanium. A 
large proportion of the titanium in the 
mill-annealed base metal microstructure is 
present in the form of discrete MC-type 
carbides. Consequently, it is evident that 
a rapid redistribution of titanium occurs in 
a narrow microstructural region adjacent 
to the fusion line during the duration of 
the test. Unfortunately, the rapid heating 
and cooling rates associated with the 
weld HAZ result in non-equilibrium 
microstructures, which are not easily 
rationalized by classical metallurgical prin
ciples. 

Savage, et al., (Ref. 13, 14) have 
devised a "constitutional liquation" 
mechanism to explain the formation of 
liquid grain boundary films in the weld 
HAZ of maraging steel. Fundamentally, 
constitutional liquation involves the 
decomposition and subsequent melting 

of intermetallic particles in a region adja
cent to the weld fusion line which is 
rapidly heated to near-solidus tempera
tures. As migrating grain boundaries inter
sect the liquated region at the particle-
matrix interface, liquid penetrates the 
boundary and renders the microstructure 
susceptible to cracking. 

Since its inception the constitutional 
liquation mechanism has been invoked 
by a number of investigators (Ref. 15-18) 
to account for the HAZ crack susceptibil
ity of a variety of steel and nickel-base 
alloys. 

There is evidence of constitutional 
liquation adjacent to the fusion line in 
alloy 800-Figs. 9 and 12. Nonetheless, it 
appears that the localized melting of the 
Ti-rich carbides is not integrally involved 
in the grain boundary liquation mecha
nism. This observation is also supported 
by the metallographic evidence pre
sented in Fig. 7. Note that liquated parti
cles are restricted to a narrow band 
adjacent to the fusion line but are absent 
in the region of crack propagation in the 
portion of the HAZ further from the 
fusion line. This indicates that constitu
tional liquation of the carbides is restrict
ed to a narrow temperature range slightly 
below the bulk solidus temperature; it 
also indicates that, at lower temperatures 
(see Fig. 9), the carbide particles dissolve 
in the matrix. Furthermore, there is no 
indication that the constitutional liquation 
of Ti-rich carbides serves to pin grain 
boundaries or otherwise promote the 
penetration of these boundaries by liquid 
films. 

In the absence of a model based on 
the constitutional liquation theory, it 
appears that titanium enrichment of HAZ 
grain boundaries must depend on the 
interaction of matrix titanium and migrat
ing boundaries as the HAZ is rapidly 
heated to near-solidus temperatures. The 
microstructural montage shown in Fig. 9 
reveals that appreciable grain growth 
does not occur until the small MC and 
M23C6 carbides situated along prior aus
tenite grain boundaries begin to dissolve. 
As a result an abrupt increase in grain size 
occurs in the temperature range above 
approximately 1240°C (2264°F). 

Several investigators (Ref. 15, 19, 20) 
have suggested that, as the HAZ grain 
boundaries migrate, they "sweep up" 
solute and/or interstitial atoms from the 
matrix. The "sweeping" effect is most 
pronounced in the region adjacent to the 
fusion line where the diffusivity of the 
solute (or interstitial) atoms is high, allow
ing the atoms to diffuse with the moving 
grain boundary. 

Owczarski, et al., (Ref. 21) disputed 
this hypothesis and argued that, in fact, 
the grain boundaries break away from 
solute atmospheres and leave them 
behind to form the "ghost" grain bound
aries which are often observed in the 
HAZ of many alloys. As a result, they 
argued that the instantaneous solute con

centration at the boundary reflects the 
concentration of the matrix through 
which it migrates. However, this model 
neglects two important considerations: 

1. The potential for solute and/or 
interstitial atoms to be swept along with a 
moving boundary depends upon a num
ber of factors including the relative diffu
sivity, boundary velocity, and affinity of 
the atomic species for surfaces and inter
faces. As a result, it is possible that some 
solute and interstitial species are not 
capable of diffusing with a moving grain 
boundary and are left to form "ghost" 
HAZ boundaries. Other elements with 
high diffusivities may, in fact, be swept 
into and move with the boundary as the 
mobile grain boundary encounters 
regions which are enriched in this ele
ment. 

2. The diffusivity along grain bound
aries may be orders of magnitude greater 
than that of the bulk. Since grain bound
aries are continuous across the fusion 
line, a continuous solute "pipeline" is 
established between the fusion zone and 
HAZ. Solute enrichment of fusion zone 
grain boundaries resulting from partition
ing during solidification can then contrib
ute to the solute concentration of HAZ 
grain boundaries. 

Mechanism of HAZ Hot Cracking 

Constitutional liquation of Ti-rich car
bides can be observed immediately adja
cent to the fusion line. However, it does 
not appear that this phenomenon con
tributes significantly to the onset of hot 
cracking. The observed grain boundary 
enrichment by titanium must, therefore, 
result from the accumulation of solute 
atoms along the grain boundary either by 
a "sweeping up" mechanism during the 
rapid grain growth stage of the HAZ 
thermal cycle, "pipeline" grain boundary 
diffusion from the fusion zone, or by a 
combination of these effects. Since titani
um partitions to boundaries in the fusion 
zone during solidification (Ref. 22), titani
um may migrate along the grain bound
aries from the fusion zone into the HAZ. 
Additional titanium swept up during 
boundary migration serves to increase 
the solute concentration and slow the 
boundary motion by means of a solute 
drag effect. 

Based on these hypotheses the model 
for HAZ hot cracking in alloy 800 can be 
summarized as follows: 

1. During the on-heating portion of 
the weld thermal cycle MC and M23C6 
carbides in the HAZ dissolve and allow 
rapid grain growth in the portion of the 
HAZ which experiences temperatures 
in the range from the solidus to approxi
mately 1250°C (2282°F). Carbides imme
diately adjacent to the fusion line melt in 
situ by means of a constitutional liquation 
mechanism. 

2. As the boundaries move, titanium 
from the dissolved carbides are swept up 

8-s | JANUARY 1983 



and migrate with the boundary. The 
assimilated grain boundary titanium 
imposes a drag effect on the migration 
and effectively retards the grain growth 
in the region immediately adjacent to the 
fusion line. 

3. Concurrently, titanium along fusion 
zone solidification boundaries may dif
fuse "downhil l" along the boundary into 
the HAZ. 

4. The titanium enrichment lowers the 
effective melting temperature of the 
boundary relative to the surrounding 
matrix and results in localized melting 
when the temperature exceeds approxi
mately 1320°C (2408°F). 

5. As the fusion zone solidifies or as 
the specimen is bent in the case of the 
Varestraint test, stress across the liquid 
boundary cannot be accommodated and 
a crack initiates. 

6. As the crack opens under the 
imposed restraint liquid from the molten 
pool is drawn into the crack envelope by 
capillary action. The backfilling of the 
HAZ cracks by liquid from the fusion 
zone gives rise to the widened bound
aries observed in Figs. 7-9. 

It is likely that the silicon and phospho
rus enrichment detected by the electron 
microprobe along HAZ boundaries (Fig. 
9) results from the backfilling mechanism. 
In addition, titanium which has parti
tioned along fusion zone solidification 
boundaries and in advance of the solid-
liquid interface contributes to the high 
concentration of this element and the 
formation of an M2T phase along the 
backfilled boundary. The initial liquation 
of the HAZ boundary occurs prior to any 
backfilling from the fusion zone and 
results primarily from the grain boundary 
titanium enrichment described above. 

Grain Boundary Matrix 

Cr Fe 

Ti/Fe 

Cr/Fe 

Ni/Fe 

G.B. 
0.30 

1.02 

0.49 

Matrix 
<0.05 

0.75 

0.61 
Fig. 15 — Carbide precipitation along HAZ grain boundaries following heat treatment at 1000°C 
(1832°F) 

Postweld Sensitization 

In order to map the titanium distribu
tion in the HAZ following welding, a 
number of Varestraint specimens were 
heat treated at 1000°C (1832°F). This 
temperature corresponds to the nose of 
the TTP (time-temperature-precipitation) 
curve for titanium carbide (Ref. 7). Since 
titanium is concentrated along the HAZ 
boundaries during welding, the micro-
structure in this region is effectively "sen
sitized" by this heat treatment. 

A SEM micrograph of the HAZ of a 
sensitized heat B specimen is shown in 
Fig. 15. Note that the carbide is continu
ous along the boundary and that discrete 
carbides are clustered in a band 2-3 /xm 
wide on each side of the boundary. 
Results of chemical analysis of the bound
ary precipitate using the energy disper
sive spectrometer (EDS) revealed a slight 
increase in chromium and decrease in 
nickel relative to the matrix, while the 
titanium concentration increased signifi
cantly over that of the matrix. The car
bide network extended 3-4 grain diame
ters into the HAZ and was continuous 

Table 3—Diffusivity of Ti, Cr, and C in Austenite 

Element Alloy system 

Ti Fe-Ti (Ref. 23) 

Cr Fe-17Cr-12Ni (Ref. 24) 

C Fe-15Cr-35Ni (Ref. 25) 

fusivity, cm2/s 

3.8 X 10"11 

7.7 X 10"9 

8.4 X 10"12 

1.2 X IO"9 

8.5 X 1CT7 

4.0 X 10"6 

Temperature, °C 

1000 
1350 
1000 
1350 
1000 
1350 

across the fusion line along solidification 
boundaries in the fusion zone. 

The extent of the grain boundary car
bide network in the HAZ corresponds to 
the distance over which crack propaga
tion was observed in the Varestraint sam
ples. Beyond the crack susceptible re
gion, carbides were observed to precipi
tate homogeneously both along austenite 
grain boundaries and within the grains. 

The diffusivity of titanium, chromium, 
and carbon in austenite at 1350 and 
1000°C (2462 and 1832°F) are listed in 
Table 3. Since the diffusivity of carbon is 
relatively high at 1000°C (1832°F), car
bon is able to migrate rapidly through the 
matrix to sites where MC or M23Q pre

cipitates may form. Conversely, the diffu
sivity of both chromium and titanium is 
low; thus, these elements remain in near
ly the same location that they occupied 
following welding. 

Sensitization heat treatment obviously 
represents an effective means to map the 
titanium and, to a lesser degree, chromi
um distribution in the HAZ of alloy 800. It 
is clear from the microstructure in Fig. 15 
that a large proportion of the titanium in 
the HAZ following welding is distributed 
along grain boundaries. 

Effect of Solution Heat Treatment 

The model for HAZ cracking requires 
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Fig. 16—Microstructure of a heat A Spot 
Varestraint sample solution annealed at 
1150°C (2100°F) for 2 h, X100 (reduced 50% 
on reproduction) 

that titanium enrichment of grain bound
aries occur by means of a simultaneous 
decomposition, grain growth, and solute 
sweeping mechanism. The rapid dissolu
tion of Ti-rich carbides provides localized 
sites where titanium can be swept into 
the migrating boundaries. Based on this 
assumption an effort was made to 
improve the HAZ hot cracking resistance 
of alloy 800 by dissolving the small sec
ondary carbides by means of a solution 
annealing heat treatment. As a result, 
grain boundary migration in the HAZ 
occurs within a homogeneous austenite 
matrix. 

Spot Varestraint test bars of heat A, B, 
and D material were solution annealed at 
1150°C (2100°F) for 2 hours (h). The 
resultant microstructure, shown in Fig. 16, 
exhibited a grain size of ASTM 3-4. The 
solution treated microstructures of these 
three heats were nearly identical to the 
as-received, solution annealed micro-
structure of heat C — Fig. 1. 

Spot Varestraint test results of the 
solution treated (ST) samples are pre
sented in bar graph form in Fig. 17. For 
comparison purposes, the as-received 
(AR) data at the same restraint level is 
included. In each case, the alloy in the 
solution treated condition exhibited less 
cracking than the same material in the 
mill-annealed condition. 

The decrease in grain boundary area 
resulting from the solution heat treatment 
may have a slight effect on the results. 
However, measurements of grain size in 
the crack-sensitive region of the HAZ 
revealed that the final grain size in the 
HAZ of the solution treated samples was 
only slightly larger than that of the mill-
annealed Varestraint specimens. This can 
be demonstrated by comparing the near-
HAZ region of a solution treated heat A 
sample, shown in Fig. 18, with the as-
received test specimen in Fig. 8. Despite 
the variation in heat treatment the mor
phology of the liquated HAZ boundaries 
appears similar. 

It is evident from Fig. 17 that the 
cracking susceptibility of the four solution 
treated heats are nearly equivalent in 
contrast to the variation in crack suscep
tibility exhibited by the mill annealed 
microstructures. This observation strong
ly suggests that the presence of carbides 
in the base metal microstructure and the 
interaction of these carbides with mobile 
grain boundaries in the HAZ can influence 
the hot cracking susceptibility of alloy 
800. 

The similarity in crack susceptibility 
exhibited by the solution-annealed ma
terials probably reflects the small differ
ence in composition among the heats. 
The reduction in overall cracking relative 
to the mill-annealed (AR) microstructure 
reinforces the hypothesis that the dissolu
tion of carbides in the HAZ provides 
Ti-rich sites where titanium can be swept 
into a grain boundary and depress the 
effective solidus temperature of the 
boundary region. In short, the Varestraint 
test results suggest that the HAZ hot 
cracking susceptibility of alloy 800 is influ
enced not only by the composition of the 
material but also by the form and distribu
tion of the base metal carbides. 

Summary 

The Spot Varestraint test was em
ployed to evaluate the heat-affected 

zone (HAZ) hot cracking susceptibility of 
five commercial heats of alloy 800. 
Although the heat-to-heat variation in 
crack susceptibility was relatively small, 
evaluation of individual samples revealed 
the underlying mechanism responsible 
for cracking in this alloy. Metallographic 
examination of the Varestraint samples 
revealed that HAZ hot cracks propagate 
along liquated boundaries in a region 
immediately adjacent to the fusion line. 
Microprobe analysis of the liquated 
boundaries revealed a 50-fold increase in 
titanium concentration relative to the 
bulk composition. 

A mechanism has been proposed to 
explain the grain boundary liquation 
which gives rise to hot cracking in alloy 
800. During the on-heating portion of the 
thermal excursion in the HAZ, MC and 
M23Q carbides (carbonitrides) rapidly dis
solve and permit grain growth to occur. 
As the grain boundaries migrate, they 
encounter Ti-rich sites previously occu
pied by MC-type precipitates. Titanium 
from these sites is swept into the bound
ary and diffuses with the boundary as 
grain growth continues. The localized 
titanium enrichment lowers the effective 
melting temperature of the boundary and 
results in grain boundary liquation in 
regions of the HAZ heated above 
approximately 1320°C (2408°F). If suffi
cient restraint is present, these bound
aries become preferential sites for hot 
crack formation. 

The form and distribution of the car
bides in the initial base metal microstruc
ture can have a pronounced effect on 
the susceptibility of the alloy to HAZ hot 
cracking. Alloys, which were mill-
annealed and exhibited a biomodal distri
bution of carbides, were found to be 
more crack susceptible than the same 
alloy composition which was solution-
annealed and exhibited only the large, 
stable MC-type carbides. The absence of 
the small MC and M23Q carbides (car
bonitrides) in the solution-annealed 
microstructure mitigates the grain bound-
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SPOT VARESTRAINT RESULTS 
3% RESTRAINT 

• Total crack length 
• Number of cracks 

Fig. 17 —Results of Spot Varestraint tests of as-received (AR) and 
solution treated (ST) microstructures of heats A, B, and D at 3% 
restraint 

Fig. 18-Liquated HAZ grain boundary in a solution treated Spot 
Varestraint sample from heat A tested at 3% restraint, X400 (reduced 
31% on reproduction) 
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ary sweeping effect and thus reduces the 
hot cracking susceptibility. 

Attempts by previous investigators 
(Ref. 1-3) to relate the HAZ hot cracking 
susceptibility of alloy 800 to specific heat-
to-heat chemistry variations have been 
largely unsuccessful due to the important 
influence of heat-to-heat variations in 
microstructure. The results of this investi
gation have shown that careful control of 
base metal microstructure - in particular, 
the nature and distribution of carbides — 
is essential in order to ensure adequate 
resistance to HAZ hot cracking in alloy 
800 weldments. 
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