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Susceptibility to heat-affected zone (HAZ) cracking during electron-beam welding was studied in
two INCONEL 718–based alloys doped with different levels of boron. By lowering the carbon, sulfur,
and phosphorous concentrations to be “as low as possible,” the occurrence of HAZ cracking was
related directly to the level of segregation of boron at grain boundaries, which occurred by nonequilib-
rium segregation during a preweld heat treatment. The study has demonstrated a direct correlation
between the amount of boron segregated at grain boundaries and their susceptibility to HAZ cracking,
in terms of the total crack length and number of cracks observed in the HAZ. The analysis of
results suggests that both the melting and resolidification temperatures of the boron-segregated grain
boundaries can be about 100 8C to 200 8C lower than those of the grain boundaries that were susceptible
to constitutional liquation of Nb carbides on them, making boron more deleterious in causing HAZ
cracking.

I. INTRODUCTION pool. Thus, several possibilities exist to enable species to
segregate on grain boundaries and reduce the melting tem-HEAT-AFFECTED zone (HAZ) liquation cracking in perature of the grain boundaries relative to the sur-

INCONEL 718* has been extensively studied and has been rounding matrix.
The segregation of impurities to grain boundaries can take*INCONEL is a trademark of INCO Alloys, Huntington, WV.

place during the heat treatment before welding. In general,
attributed to different factors. The original theory of liquation it can occur by two mechanisms, viz., equilibrium segrega-
cracking was related to the formation of grain-boundary tion[11] and nonequilibrium segregation.[12–19] In equilibrium
liquid through the constitutional liquation of grain-boundary segregation, solute atoms that diffuse to grain boundaries
precipitates and the inability of the liquid films to support are actually bound to grain-boundary sites. The extent of
the tensile stress developed during cooling after weld- this segregation increases with decreasing temperature and
ing.[1,2,3] The phases that may induce constitutional liquation increasing solute concentration in the matrix. Nonequilib-
in the alloy have been identified to be primarily NbC car- rium segregation occurs during cooling from high tempera-
bides[1,2,4–6] in wrought material and carbides and Laves ture[13,15,16] and during annealing following plastic
phase[5,7,8] in the cast alloy. deformation.[20,21] This type of segregation requires the for-

The application of the constitutional liquation mechanism mation of solute-vacancy complexes and a concentration
to HAZ cracking is generally satisfactory, yet is challenged gradient of these complexes between the grain interiors and
by some observations. For example, the alloy’s resistance grain boundaries. The annihilation of vacancies at grain
or susceptibility to HAZ liquation cracking is not propor- boundaries causes a concentration gradient of complexes,
tional to the volume fraction of grain-boundary precipitates which drives the complexes to diffuse from within the grain
that are prone to constitutional liquation, but is significantly to the grain boundaries. This diffusion causes excessive sol-
influenced by heat treatment, which, in fact, may not cause a ute atoms to concentrate in the vicinity of grain boundaries.
significant change in the grain-boundary precipitation phases The degree of nonequilibrium segregation has been found
likely to undergo constitutional liquation.[5] When material to depend on the starting temperature, cooling rate, and bulk
was found not to contain grain-boundary precipitates, a sus- concentration of solutes.[12–19]

ceptibility to HAZ liquation cracking still existed. Borland,[9]
The segregation of impurities can also take place during

for example, in 1960, suggested that segregation of elements the welding process.[22,23] The occurrence of equilibrium
with high relative potency factor values (leading to wide segregation in this case might be dependent on the tempera-
freezing ranges), combined with suitable wetting of grain ture to which the material is exposed and the diffusion time
surfaces, could result in weld cracking. Other possibilities, that is available. If heating and cooling rates are rapid, it
according to Savage and Krantz,[10] include sweeping up of may not be possible for the impurities to travel to the grain
solute by migrating boundaries and the influx of solute down boundaries, which is a function of the diffusivity of the
the grain boundaries due to epitaxial effects from the weld impurities and the time available for their diffusion. The

nonequilibrium segregation takes place during the cooling
cycle of welding. It, however, may not cause HAZ cracking
if the temperature in the HAZ has been reduced to theW. CHEN, Assistant Professor, is with the Department of Chemical and

Materials Engineering, University of Alberta, Edmonton, AB, Canada T6G level at which the melting of segregated grain boundaries
2G6. M.C. CHATURVEDI, Senior NSERC Industrial Research Professor, is unlikely. A grain-boundary sweeping mechanism has been
and N.L. RICHARDS, Associate Professor, are with the Department of also proposed to account for the segregation during weld-Mechanical and Industrial Engineering, University of Manitoba, Winnipeg,

ing.[10,22,23] It is suggested that, as grain boundaries migrateMB, Canada R3T 5V6.
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Table I. Chemical Compositions (Weight Percent) ofsolute and/or impurity atoms are swept into the boundaries
INCONEL 718and are dragged along as grain growth proceeds. As the

temperature in the HAZ increases above the local grain- Low Boron High Boron
boundary melting temperature, liquation occurs and the Elements* Material Material
region of the HAZ within a critical embrittlement tempera-

C 0.003 0.002ture range becomes susceptible to liquation cracking. It has
Si 0.02 0.02been, however, questioned whether the solutes are swept Cr 18.85 18.84

into grain boundaries or the migrated grain boundaries can Ni 52.36 52.43
actually escape the segregated solutes during their Fe 19.12 19.02
migration.[24]

Mo 3.01 3.01
Thompson and co-workers, by Auger spectroscopic analy- Nb 5.06 5.09

Ti 0.99 1.00sis of grain-boundary material, have attributed HAZ liqua-
Al 0.49 0.49tion cracking to the segregation of S on grain boundaries
B 0.0011 0.0043during the preweld heat treatments.[4,25,26] In cast INCONEL
S 0.0008 0.0009718, Huang et al.[27,28] have attributed HAZ liquation crack-
P 0.006 0.007ing to the equilibrium and nonequilibrium segregation of B,
W 0.02 0.02the B having been detected by Secondary Ion Mass Spec-

*About 0.01 wt pct of Mn, Hf, Ta, Cu, V, and Co was alsotrometry (SIMS) analysis. The detrimental effect of B was
detected in both alloys.further confirmed by studies on specially prepared

INCONEL 718 alloys that had a controlled concentration
of B, but were essentially free of S, P, and C.[29] Chaturvedi
et al.[29] compared the effect of S and B segregation on HAZ The solution-treated specimens were given a succession of
liquation cracking of INCONEL 718–based alloys and found deformation and annealing treatments at 1030 8C to produce
that B has much more detrimental effect than S, which a single-phase microstructure with a grain size of about 100
supports the earlier suggestion of Kelly.[30] mm for both the materials. Two 30-mm-long specimens of

The SIMS studies of the segregation of B during preweld both the alloys were given a final solution treatment at 1050
heat treatment of both cast and wrought INCONEL 718 8C, 1100 8C, and 1150 8C for 9.6, 7.2, and 5.5. minutes,
alloys and the corresponding orientation imaging and elec- respectively. The different heat-treatment times used in the
tron backscattered diffraction analysis have reasonably well final heat treatment were determined according to d 2/D[32]

explained the mechanism of the segregation of B and its where D 5 2 3 1027 exp (20.91 ev/kT )m2/s[31] is the
effect on HAZ liquation cracking.[27,28,29] However, detailed diffusion coefficient of B, and d is the diffusion distance of
studies on the degree of segregation related to the preweld boron, which was set to be equal to 4 times the grain size
heat treatment and process and its influence on grain-bound- in order to achieve the same level of equilibrium segregation
ary liquation are lacking. Therefore, experiments were care- of boron at grain boundaries. After the solution treatment
fully designed to further study the relationship between the at each of these temperatures, one set of specimens was air
grain-boundary segregation of B and the susceptibility to cooled and the other one was water quenched. The cooling
HAZ cracking in wrought INCONEL 718 alloys. Two rates were measured to be 570 8C/s during water quenching
INCONEL 718–based alloys with identical chemical com- and 117 8C/s during the initial stages of air cooling.[31] After
positions except for the boron concentration were designed. the final heat treatment, the specimens were electron-beam
By controlling the concentration of carbon and phosporus welded by the bead-on-plate technique by a Mark VII EB
to a level as low as possible, the HAZ cracking due to Welder, using a sharp focus (without beam oscillation) at
constitutional liquation was avoided. Various levels of segre- 44 kV, 79 mA, and 152 cm/min. This welding procedure
gation of boron at grain boundaries were obtained through produced partial-penetration welds. Cross sections of the
preweld heat treatments according to the grain-boundary welded specimens were mounted and polished and given a
segregation behavior of boron in INCONEL 718, as reported light etch for the microstructural examination. The HAZ
elsewhere.[31] The cracking susceptibility of various materi- crack measurements were done on an analytical JEOL* 840
als was then related to the degree of segregation.

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

scanning electron microscope equipped with a Noran stored-II. EXPERIMENTAL METHODS
image analysis program.

Two INCONEL 718–based alloys were used in this study.
Their chemical compositions, as listed in Table I, were iden-

III. RESULTS AND DISCUSSIONtical except for the concentration of boron, which was 43
and 11 ppm, respectively, for the high-boron and low-boron

A. Microstructural Observationsalloys. The carbon, sulphur, and phosphorous in both the
alloys were at a level as low as possible, to minimize their The microstructure of the as-received hot-rolled material

consisted of austenitic grains with large amount of Lavesinfluence on HAZ liquation cracking. Cast ingots of these
alloys were prepared by Special Metals Corporation (New phase. A very small amount of carbides was also observed.

To produce a single-phase material, the alloys were firstHartford, NY) using standard commercial vacuum induction
melting (VIM) practice and hot rolled to 12.5-mm-thick heated to 1000 8C and then to 1200 8C for 1 hour at a very

slow rate of 70 8C/h to prevent the liquation of Laves phase.plates. Sections of the alloys, measuring 12.5 3 12.5 mm,
were solution treated at 1200 8C for 2 hours to produce The solution-treated and water-quenched material was essen-

tially single phase, but with a very large grain size. Therefore,precipitate-free microstructures and then water quenched.
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(a)

Fig. 2—Effect of solution temperature and cooling rate on the average total
crack length per weldment section in HAZ.

After a succession of deformation and annealing treat-
ments at 1030 8C, as described in the previous paragraph,
two specimens of each of the two alloys were given a final
solution treatment at 1050 8C, 1100 8C, and 1150 8C for
9.6, 7.2, and 5.5 minutes, respectively. These different hold-
ing times were used to ensure the same level of equilibrium
segregation of boron at grain boundaries in specimens
annealed at different temperatures. This short annealing time
did not change the grain size of the material. As was reported(b)
earlier, these treatments produced different levels of non-

Fig. 1—Microstructures of high boron alloy subjected to solution heat equilibrium segregation of B on grain boundaries.[31]

treatment at 1200 8C for 2 h and followed by 25 pct cold rolling and
subsequent annealing at 1030 8C for (a) 7 h and (b) 24 h, respectively.

B. Susceptibility to HAZ Cracking

The test pieces, after the final heat treatment, were electron
beam–welded using the same parameters. The welded piecesthe material was 25 pct deformed by cold rolling and

annealed at 1030 8C, which is the lowest temperature at were cut in a direction perpendicular to the welding direction.
Eight sections in total were examined for each welded piece.which a single-phase material can be produced, as it is above

the solvus temperature of the Laves phase and d phase.[33] Cracks were all observed in the HAZ, and no cracks in the
fusion zone were found. The average value of the total crackMoreover, as was reported elsewhere,[31] annealing at 1030

8C first produced borides at the original g grain boundaries length per section for all the welded pieces (Lt) is plotted
against the heat-treatment temperature in Figure 2. It is seen(Figure 1(a)), and the material had to be annealed for 24

hours to dissolve them (Figure 1(b)). It is suggested that new that the value of Lt in the high-boron material is in the range
of 7 to 20 times larger than that observed in the low-borongrains nucleated at the original boundaries in the deformed

material and consumed the deformed material on both sides material. The value of Lt is also a function of cooling rate.
In general, the material with air cooling shows a value ofof the original boundary to create a new defect-free crystal.

This phenomenon was not observed in the low-boron mate- Lt almost 1.5 times larger than the water-quenched material.
The value of Lt also decreased significantly as the treatmentrial because of the smaller degree of boron segregation at

the grain boundary.[31] On extended annealing, the borides temperature decreased, especially in high-boron materials.
The average number of cracks per welded section (Nt)in both the alloys dissolved, but the grain size enlarged to

about 200 mm. Therefore, the alloys were given another 25 and the average length of a crack (Li) for both the materials,
as a function of the final heat-treatment temperature, arepct cold deformation, followed by the second annealing at

1030 8C for 4 hours and were then water quenched. The shown in Figures 3 and 4, respectively. It is seen that the
values of Nt and Li in the high-boron material are signifi-microstructure of the two alloys after the treatment was

essentially single phase, with a grain size of about 100 mm. cantly larger than those observed in the low-boron material.
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Fig. 5—Relation between the average total crack length per weldment
section and the average number of cracks per weldment section.

Fig. 3—Effect of solution temperature and cooling rate on the average
number of cracks per weldment section in HAZ.

Fig. 6—Change of average total crack length per weldment section with
average length of single crack in HAZ.

combined effect of the size of the HAZ and the size of the
grains in the HAZ. In the high-boron alloy, the increase in
total crack length per section is caused by both the increase
in the number of cracks and the length of each crack. In
contrast, for the low-boron alloy, the increase in total crack
length is more relevant to the increase in the average length
of each crack.

Fig. 4—Effect of solution temperature and cooling rate on the average
length of single crack in HAZ.

C. Susceptibility to HAZ Cracking vs B Grain-
Boundary Segregation

It has been shown previously[27–29,31] that segregation ofThese two values also decrease with decreasing temperature,
but with increasing cooling rate (from air cooling to water boron to grain boundaries in these two materials is mainly

due to equilibrium and nonequilibrium types, viz., thequenching), particularly in the high-boron alloy.
The total crack length per section obtained after various amount of segregation is a function of the solution-treatment

temperature, cooling rate, and solute concentration in theheat treatments is related to the number of microcracks per
section and to the average length of a single crack, respec- grain matrix. The higher the initial heat-treatment tempera-

ture, the larger the concentration of the equilibrium vacan-tively, in Figures 5 and 6. The average length of single crack
approaches a limit of about 115 mm. This limit might be a cies; therefore, a large number of solute (boron)–vacancy
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Table II. Calculated Values of Nonequilibriumcomplexes are available for grain-boundary segregation.
Segregation Time of Boron at Grain Boundaries inSimilarly, a small bulk boron concentration produces a small

INCONEL 718 (Data from Reference 31)number of solute-vacancy complexes. The nonequilibrium
segregation takes place during cooling due to the tendency Data Used for Calculation Calculated Value
of vacancy annihilation at grain boundaries. A very fast

Dc 5 1.0 3 1025 exp (20.94 eV/kT ) tc(1423 K) 5 4.82 scooling allows only a limited time for solute-vacancy com-
Di 5 2.0 3 1027 exp (20.91 eV/kT ) tc(900 K) 5 399 splexes to diffuse to grain boundaries, while very slow cooling
EA 5 0.94 eV

may cause diffusion of already-segregated solutes to the Ef 5 1.4 eV te(WQ 2 1423 K) 5
grain interior, due to the solute concentration gradient. Cool- 0.2822 s
ing from a higher temperature also permits a longer segrega- Eb 5 20.94 eV te(WQ 2 1373 K) 5
tion time and a faster segregation rate than cooling from a 0.2742 s

w 5 1.5 mm te(WQ 2 1323 K) 5lower temperature. This behavior has been demonstrated in
0.2657 san earlier communication[31] and has been reported by other

d 5 100 mm te(AC 2 1423 K) 5investigators also.[12–19]

1.473 sTo further define the effect of boron on the susceptibility
d 5 0.418 te(AC 2 1373 K) 5of HAZ liquation cracking, the concentration of boron at

1.431 sgrain boundaries arising from the preweld heat treatment
Ti 5 900 K te(AC 2 1323 K) 5

was calculated. 1.384 s
Consider a sample that is cooled so rapidly from the

solution-treatment temperature (T0) to an isothermal temper-
ature (Ti) that no mass transfer occurs in the specimen during indicating that nonequilibrium segregation was dominant
cooling. Following that, the temperature is maintained at Ti during cooling from the solution-treatment temperature.
for a period of time. It is suggested that segregation takes The concentration of B segregated at grain boundaries
place from the very beginning until a critical time is reached, during a holding time of t (,tc) can be calculated by the
after which desegregation of B due to the increased concen- following expression.[34]

tration of B at the grain boundaries will be dominant. The
Cb(t) 5 Cm

b (Ti) 2 Cg(ai 2 a0)
[3]

critical time at Ti is given by[14]

exp (2!Dct/aiw)2 erfo (2!Dct/aiw)
tc(Ti) 5

d 2 ln (Dc /Di)

4d (Dc 2 Di)
[1]

where Cm
b (Ti) 5 Cg(Eb /Ef) exp ((Eb 2 Ef )/kT0 2 (Eb 2

Ef )/kTi)).Where Dc is the diffusion coefficient of the solute complex In Eq. [3], Cm
b (Ti) is the maximum concentration of non-

in the matrix, Di is the solute atom diffusion coefficient in the equilibrium segregation induced during holding at the tem-
matrix, d is the grain size, and d is the critical time constant. perature Ti , ai and a0 are the ratios between Cm

b (Ti) and the
To determine the concentration of boron at grain bound- concentration of solutes within the grain for the isothermal

aries, the actual segregation time during cooling to room temperature and solution temperature, respectively; t is the
temperature needs to be estimated. This was done by using isothermal holding time for segregation; w is the width of
the effective time concept of continuous cooling.[14,15,16] In the segregated layer of solute atoms; Eb and Ef are the energy
this process, a continuous cooling curve was replaced by a of formation of the recombined complex and the energy of
corresponding stepped curve, each step of which was formed formation of the vacancy, respectively; and k is the Boltz-
by a small time and temperature segment so as to closely man’s constant.
represent a continuous cooling curve, and the effective time Equation [3] is used to calculate the segregation at an
at each temperature step was calculated. The effective time isothermal condition. However, it is applicable to the segre-
(te(Ti)) for the stepped curve of n steps at the temperature gation during cooling if te is used to replace t.[34] The calcu-
Ti is given by[14,15,16]

lated concentration of boron at grain boundaries is given in
Table III, which is also plotted in Figures 7 and 8 as a

te(Ti) 5 o
n

i51
ti exp (2EA(T 2 Ti)/kTTi) [2] function of Lt and Nt , respectively. Both the figures show a

linear relationship between the concentration of boron at
grain boundaries and the susceptibility to HAZ liquationWhere EA is the activation energy for diffusion of solute atom

(boron)–vacancy complexes in the matrix. It is assumed that cracking in both the alloys. The average length of a crack
is seen to increase at a lower boron concentration at grainEA is given by the average of the values of the vacancy-

movement energy and the activation energy for the diffusion boundaries, but appears less sensitive to the concentration
of boron at grain boundaries as the boron concentration atof solute atoms.

The functional relation of temperature and cooling time grain boundaries increases (Figure 9). This is consistent with
Figure 6, both of which are due to the fact that a furtherwas determined previously to be TN 5 T0 exp (20.4807n Dt)

for water quenching and TN 5 T0 exp (20.0977n Dt) for air increase in crack length is limited by the size of the HAZ
and, possibly, the grain size as well. This also suggests thatcooling, respectively.[31]

The other data used for the calculation and the calculated the increase in Lt with the calculated concentration of B at
grain boundaries is primarily caused by the increased numbervalues of tc and te for nonequilibrium segregation of B, for

the alloys used in the study, are given in Table II. The critical of grain boundaries susceptible to HAZ cracking when more
boron is segregated at grain boundaries. However, it is influ-time to reach the maximum nonequilibrium segregation was

calculated to be much longer than the effective segregation enced by the increased length of a single crack in the HAZ
when less boron is segregated at grain boundaries.time during air cooling and water quenching from 1150 8C,
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Table III. Calculated Values of Nonequilibrium
Segregation Concentration of Boron at Grain Boundaries

in INCONEL 718

Solution
Temperature Cooling Rate Cb(t)

Alloy (8C) (8C/s) (ppm)

High B alloy (Cg 5 43 ppm) 1150 570 226.0
1100 570 213.1
1050 570 197.3
1150 117 412.6
1100 117 372.4
1050 117 326.9

Low B alloy (Cg 5 11 ppm) 1150 570 57.8
1100 570 54.5
1050 570 50.5
1150 117 105.5
1100 117 95.3
1050 117 83.6

Fig. 8—Dependence of average number of cracks per weldment section
on the calculated boron concentration at grain boundaries.

Fig. 7—Dependence of average crack length per weldment section on the
calculated boron concentration at grain boundaries.

Fig. 9—Variation of average length of single crack with the calculated
boron content at grain boundaries.D. Formulation of HAZ Cracks at B-Segregated Grain

Boundaries

In general, electron-beam welding produces a nail-shaped
fusion zone, and liquation cracks often form in the region the B-doped materials; however, more grain boundaries were

melted in the high-boron material than in the low-boronaround the shoulder of the nail. Figure 10 shows a compari-
son of microcracks in the nail-shoulder regions in both the material. Melting of grain boundaries in the HAZ was quite

selective, i.e., some grain boundaries were not melted,two materials. Many more microcracks are seen in the high-
boron material than in the low-boron material, and they were although they were quite close to the fusion zone. This

difference has been attributed to the difference in the levelobserved to have occurred at grain boundaries in the HAZ.
The grain size of both the materials was controlled to be of segregation of B at grain boundaries of different charac-

ters, with more segregation occurring at the high-angleidentical (about 100 mm), although it may appear to have
some variations at some areas. In Figure 10(a), backfilling boundaries and less at the low-angle and sigma bound-

aries.[36]of cracks near the fusion zone was occasionally observed,
which should have an insignificant influence on the crack Thompson et al.[37] have provided a sequence of events

in HAZ liquation cracking of INCONEL 718 material con-measurements presented previously.
The segregation of B at grain boundaries decreases the taining Nb carbides or Laves phases. During the heating

cycle of welding, Nb carbides or Laves phases start to feedmelting point of grain-boundary material and increases the
wettability of the grain-boundary surface.[31,35] The melting Nb to the matrix through high-temperature diffusion. This,

in turn, causes g 1 Laves → L eutectic melting when theof grain boundaries near the fusion zone occurred in both
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(a) Fig. 11—SEM image showing microfissures in HAZ of high boron alloy
subjected to the solution treatment at 1150 8C for 5.5 min and followed
by air cooling.

amount of Nb in the surrounding area reaches about 10 wt
pct (or less, depending on the cooling rate), as suggested by
the solidification constitution phase diagram for INCONEL
718.[38] As heating continues, the melting of the Nb-rich
matrix spreads to a larger area, and the liquid penetrates
along grain boundaries. When cooling starts, tensile stresses
build up around the liquid and microfissures open in liquated
boundaries, and, at the same time, resolidification of g and
Laves phases takes place along liquid microcracks at grain
boundaries. Therefore, one of the characteristic features in
the formation of microcracks due to constitutional liquation
is the presence of resolidified products around them.

The previous features, at times, appear to be at variance
with the observations of the present investigation. Although
microcracks were seen at grain boundaries that had experi-
enced melting, many of them were also associated with those
that did not exhibit strong evidence of melting (Figure 11).
In addition, often microcracks were not observed in the HAZ
next to the fusion zone, but rather in a region slightly remote
from it. It is suggested that this inconsistency is the combined
result of the melting and solidification temperature of the
grain-boundary material and of thermal stresses present at
the grain boundaries, which appear to be quite different
from the microcracking caused by constitutional liquation
of Nb carbides.

The melting temperature of the boron-segregated grain
(b) boundary depends on the concentration of boron at the first

few monolayers of atoms. It has been found that the boronFig. 10—Comparison of microfissures in HAZ in (a) high boron alloy and
(b) low boron alloy. segregation was as high as 36.7 at. pct in a 50-nm-wide

zone around the grain-boundary surface in a 316L stainless
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steel that contained 40 ppm of B and was heat treated at decrease with an increase in the distance from the fusion
zone.[40] These tensile stresses might have been retained1250 8C and air cooled at 13 8C/s.[15,16] According to the
over the temperature range over which grain boundariesNi-B phase diagram,[39] this monolayer could have a melting
solidified. As a result, liquation cracking could have devel-point as low as 1018 8C. This temperature is significantly
oped in a region slightly remote from the fusion zone.lower than the melting temperature of the grain-boundary

material that experienced constitutional liquation of Nb car-
bides, which is about 1200 8C or higher, depending on the Nb

IV. CONCLUSIONSconcentration in the surrounding matrix.[38] This comparison
suggests that boron-segregated grain boundaries could start Susceptibility to HAZ cracking during electron-beam
to melt at a temperature nearly 200 8C lower on heating welding was studied in two INCONEL 718–based alloys
during welding and would remain liquated to a temperature doped with different levels of boron. By lowering the carbon,
which is 200 8C lower than that for liquation-associated sulfur, and phosphorous concentrations to a level as low as
cracking caused by constitutional liquation. As heating con- possible, the HAZ cracking was related directly to the level
tinues, atoms next to the first few monolayers on the grain- of segregation of boron at grain boundaries, which occurred
boundary surface may also start to melt, resulting in wider by nonequilibrium segregation during the preweld heat
melted grain boundaries, as observed in Figure 8. For the treatment.
grain boundary with minor segregation of boron, the eutectic

1. The study has demonstrated a direct correlation betweenmelting starts at about 1095 8C, according to B-Ni phase
the amount of boron segregated at grain boundaries anddiagram.[39]

the susceptibility to HAZ cracking, in terms of the crackDuring the cooling cycle of welding, the solidification of
length and number of cracks observed in the HAZ.melted grain boundaries will take place. The final reaction

2. Melting/resolidification occurred at grain boundaries ininvolving Laves phases should be completed at the eutectic
the HAZ as a result of boron segregation. The HAZreaction temperature, which is about 1200 8C.[38] In contrast,
cracks were observed along the grain boundaries that hadthe solidification temperature of grain boundaries melted as
experienced extensive melting; however, a few of thema result of boron segregation can be as low as 1095 8C, which
were also associated with those that liquated to ais nearly 100 8C lower than that in the case of constitutional
smaller extent.liquation. This suggests that the melting and resolidification

3. The analysis suggests that the melting and resolidificationof boron-segregated grain boundaries occurs over a much
temperatures of boron-segregated grain boundaries canwider temperature range than that of grain boundaries con-
be about 100 8C to 200 8C lower than those of the graintaining Nb carbides. This makes the segregation of B much
boundaries that experience constitutional liquation of Nbmore detrimental in causing HAZ liquation cracking than
carbides. The lower melting point of the grain-boundaryliquation of NbC.
material would widen that temperature range over whichIt should be noted that liquation cracking occurs by the
the grain boundaries would remain liquated, while reso-opening of liquated grain boundaries. In the case of constitu-
lidification at a lower temperature might have coincidedtional liquation of Nb carbides, thermal stresses with a tensile
with the change of stresses from tensile to compressive,nature should exist at the eutectic reaction temperature (1200
which may prevent the development of microcracks at8C). In contrast, the resolidification of boron-segregated
the liquated grain boundaries that solidified at thegrain boundaries occurs around 1095 8C. Analysis of stresses
lower temperature.during welding has shown that the residual stresses in the

HAZ are more tensile when the temperature is high, but
become compressive as the weldment is cooled to a lower
temperature.[40] This suggests that the thermal stresses might ACKNOWLEDGMENTS
have changed from tensile in nature to compressive when
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