The Influence of Minor Elements on the Weldability of an

INCONEL 718-Type Superalloy

S. BENHADAD, N.L. RICHARDS, and M.C. CHATURVEDI

The effect of the minor elements C, B, and P on the weldability of the INCONEL 718 alloy was
studied. Wrought alloys containing systematic additions of the three minor elements were evaluated
by thermal simulation and by electron-beam welding. The ductility recovery temperature from the
thermal simulation experiments and the microfissuring behavior in the heat-affected zone (HAZ)
of the electron-beam samples were used to evaluate the effect of minor elements on weldability.

Carbon was found to have minimal effect on weldability, whereas, as previously observed, B
has a significant negative impact on weldability. The element P, in combination with B, was
extremely detrimental to weldability, but C mitigated the harmful effects of B and P, both individu-
ally and in combination. The effect of the minor-element additions has been explained in terms
of site competition of segregating species on grain boundaries.

I. INTRODUCTION
INCONEL* 718 is the most widely used superalloy in

*INCONEL is a trademark of INCO Alloys International, Huntington,
WV.

the aerospace industry, with good mechanical properties
up to 650 °C. It is, however, susceptible to intergranular
heat-affected-zone (HAZ) cracking during welding. A
great deal of research has been carried out to solve this
problem. The research conducted in the 19605 attributed
it to the liquation of MC carbides at the grain boundaries
(GBs) or to the liquation of GBs due to the segregation
of melting-point-suppressing elements on them. In the
1980s and 1990s, research by Thompson and co-work-
ers?34 and statistical work by Kelly® showed that minor
elements can cause precipitates to form on GBs, which
may undergo constitutional liquation during welding,
resulting in HAZ microfissuring. In superalloys, while P
has been reported to be harmful ,[® the effect of C has been
observed to be either detrimental’? or innocuous.® In the
INCONEL 718 superalloy, Thompson favored S as the
main problem element, whereas Kelly suggested B to be
the main cause of cracking of welds. Subsequent work
by the present authors”®9 on cast INCONEL 718 via
secondary ion mass spectrometry (SIMS) analysis showed
that only elemental segregation of B on GBs appeared to
cause the microfissuring. They also concluded that B can
segregate to GBs during prewelding solution heat treat-
ment by equilibrium segregation mechanisms and during
subsequent cooling by anonequilibrium segregation mech-
anism. It has been established that the equilibrium segrega-
tion depends on the solution heat-treatment temperature
and increases with adecrease in temperature. The nonequi-
librium segregation, however, depends upon the cooling
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rate from the solution heat-treatment temperature. Later
on, the research by the present authors on INCONEL 718—
based alloys with controlled additions of B and S showed
that while S can cause HAZ microfissuring, the detrimental
effect of B is far more severe.[*) However, the influence
of the combined addition of C, B, and P on the HAZ
microfissuring behavior of INCONEL 718 has not been
studied.

With the aim to improve on existing mechanical proper-
ties, the nominal composition of INCONEL 718 has been
modified by minor additions of several elements such as
C, B, and P by various researchers. Recently, Cao and
Kennedy!''l have proposed a very significant increase in
B and P concentrations, with optimum high-temperature
properties provided by the addition of 0.022 pct P and
0.011 pct B. The weldability of this alloy has not been
reported, but, based on the authors earlier studies, it
should be influenced by the tendency of B and P to segre-
gate to the GBs during the preweld heat treatment. It has
been observed in many alloys that elements like C, B, and
P influence the tendency of each other to segregate to GBs.
For example, Guttmann,*d and also Erhart and Grabke,[*!
through a systematic analysis of plain-carbon and chro-
mium-alloy steel, showed that the presence of C reduced
the segregation of P at the austenite grain boundaries
through site competition between the elements. Similarly,
Paju et al.l'*1516 have shown equivalent behavior in Fe-
P, Fe-P-C, and Fe-Mn-C-P alloys, where B reduced the
segregation of P, with no enhancement of P segregation
by Cr, Mn, Ni, or V additions. (For a more complete
discussion, the reader is referred to the authors' review
article on the subject.[*) Therefore, it is likely that the
segregation of C, B, and P in the modified INCONEL 718
proposed by Cao and Kennedy may also depend on the
concentration of these elements and their interactions with
each other and should influence their weldability. There-
fore, research wasinitiated to study the weldability of these
alloys. The present communication presents the effect of
controlled additions of C, B, and P, individually and in
combination, on the weldability of INCONEL 718-type
aloys.
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Tablel. Concentration of C, P, and B in Various IN718

Base Alloys
Alloy C(WtPct) B (WtPct) P (Wt Pct)
(Base) 0.008 <0.001 <0.001
(Base + C) 0.031 <0.001 <0.001
(Base + B) 0.005 0.013 <0.001
(Base + C + B) 0.031 0.012 <0.001
Base + B + P 0.006 0.010 0.022
(Base + C + P) 0.030 <0.001 0.022
(Base + B + C + P) 0.033 0.011 0.022

[I. EXPERIMENTAL METHODS AND
MATERIALS

Hot-rolled bars (16.0 mm in diameter) of INCONEL 718—
type aloys with varying B, C, and P concentrations (Table
I) were provided by Allvac. The composition of the base
aloy (in wt pct) was 53.16 pct Ni, 19.38 pct Fe, 17.8 pct Cr,
2.87 pct Mo, 5.06 pct Nb + Ta, 0.92 pct Ti, 0.63 pct Al,
0.10 pct Si, 0.031 pct C, 0.004 pct B, 0.006 pct P, 0.0017
pct Mg, 0.0037 pct N, and 0.0004 pct S). The as-received bars
had the following processing history: (1) vacuum induction
melted (VIM) cast: 23 kg ingots of 70 mm in diameter; (2)
vacuum arc refined (VAR) cast: 100-mm-diameter ingots; (3)
homogenized: 1190 °C for 16 hours; and (4) the ingots were
rolled to 16.5-mm-diameter bars between 1040 °C and 920 °C.

The as-received bars were cold swaged in two steps, with
two intermediate anneals of 1 hour each at 1200 °C and
1050 °C, to produce rods suitable for testing in a Gleeble
thermal simulator. The specimenswere given afinal solution
heat treatment at 1050 °C for 45 minutes, followed by two
cooling rates, viz., air cooling at 11°C/s and water quenching
at 284 °C/s. The solution treatment at 1050 °C eliminated
the complexity of having the delta phase in the microstruc-
ture, i.e., aclean microstructure was present apart from some
primary carbides and occasiona nitrides. Aging was not
carried out, since, normally, components are welded in the
solution-treated condition.

After normal metallographic preparation, the microstruc-
ture of the heat-treated specimens was characterized by a
JEOL* JSM-5900LV scanning electron microscope (SEM)

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

with Oxford energy-dispersive spectroscopy X-ray analysis
capability (SEM/EDS). Transmission electron microscope
(TEM) analysis of carbon extraction replicas was carried
out on a JEOL 2000FX microscope operating at 200 kV.
Grain-boundary segregation was examined by SIMS. An
O," primary ion beam was used to investigate the presence
of B as the molecular secondary ion beam °B*%0,, and a
Cs" primary ion beam was used for the investigation of C
present as the molecular secondary ion C,~. The same Cs*
primary ion beam was used for the investigation of P,

The hot ductility of the heat-treated specimens was meas-
ured by a Gleeble 1500 thermal-mechanical simulator.
Round test pieces 115-mm long and 6 mm in diameter, with
threaded ends, were held between Cu grips, the threaded
end being held in stainless steel holders. A heating rate of
150 °C/s and a strain-rate value of 0.4 s~* was used, and
testing was carried out in argon. During thetests, the samples
were thermally cycled up to a pesk temperature (T,) of
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1210 °C. This temperature had been shown by previous
experimentation to give a reasonable amount of liquated
phase at the grain boundaries. Test pieces were then held at
1210 °C for 5 seconds before cooling to the test temperature,
held for 5 seconds at the test temperature, and then tested,
with usually a25 °C interval between tests. The hot ductility
of the material at the test temperature was estimated on a
broken specimen by the measurement of the reduction of
area from three test samples.

Besides the thermal simulation carried out on the Gleeble
system, electron-beam welding was performed onaMark V11
Sciaky welder with beam parameters of 40 kV and 30 mA,
atravel speed of 77 cm/min, and asharp focus. The weldabil-
ity of alloyswas estimated by measuring the length of cracks
found in the HAZ and reported as the average total crack
length per section (Av. TCL). Cross sections of the welds
were cut, polished, and etched before performing the meas-
urement of crack length on the SEM using the | PP software
by NORAN.

[Il. RESULTS
A. Microstructural Analysis

Figure 1(a) shows a SEM micrograph of the base alloy
in the air-cooled (AC) condition. The aloy’s microstructure
was essentially single-phase austenite with a mean linear-
intercept grain size of about 90 um. Within the microstruc-
ture, there were randomly dispersed M C-type carbides, with
a round-to-blocky morphology. The EDS analysis of the
precipitates (Table 1) showed them to bemainly Nb-richMC
carbides containing some Ti; in addition, the EDS spectrum
showed a small amount of B in the carbide, as well as the
C peak. Due to the software limitations, it was not possible
to quantify the B and C concentrations. The TEM anaysis
of these particles extracted on carbon replicas (Figure 1(b))
revealed them to correspond to MC-type particles with an
fcc crystal structure and a lattice parameter of 0.45 nm.
The selected-area diffraction patterns (SADPs) wereindexed
from the [001], [110], and [111] zone axes, with the [001]
pattern being shownin Figure 1(c). Similarly, the microstruc-
ture of the base + C aloy after air cooling, as well as after
water quenching, was essentially the same as that of the
base alloy, except more carbides were observed; in addition,
afew TiN precipitates were also observed, some acting as
nuclei for the MC carbide.

The addition of B to the base + C aloy resulted in the
microstructure containing two types of precipitates, although
the general microstructure was similar to the base aloy.
One of the precipitate types was the fcc Nb-rich carbide
containing B (Figures 2(a) through (c)), as was observed in
the base aloy and the C-containing alloy. Figure 2(a) shows
the Nb-rich precipitate, with the associated X-ray maps of
boron and carbon shownin Figures 2(b) and (c), respectively.
The EDS spectrum revealing B and C in the precipitate is
shown in Figure 2(d). The second precipitate type was rich
in Nb, Mo, and CR, as shown in Table II. These latter
particles were al so extracted on carbon replicas, and arepre-
sentative TEM micrograph is shown in Figure 3(a). The
morphology of precipitates varied from approximately round
to oval (aspect ratio about 2:1), the round ones being from
about 200 to 500 nm in size. The analysis of SADPs from
these particles, an example of which in the [001] orientation

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 1—Micrographs of air-cooled base alloy: (a) SEM micrograph showing equiaxed microstructure and blocky MC carbides at both intra- and intergranular
locations; (b) TEM image of Nb-rich Ti containing MC carbide in the carbon extraction replica; (c) SAD pattern with [001] zone axis of MC carbide shown

in (b).
Tablell. TEM/EDX Analysis of Precipitates in Atomic Percent

Precipitate Nb Ti Ni Cr Mo Fe P
NbTiC(B) average 81 16 1 0.5 1 1 —
range 74/83 14/19 0/1 0/1 12 12 —

TiNbC average 6 92 05 0.5 1 0 —
range 2/10 88/97 0/2 0/1 12 0 —

NbMoCr boride average 38 1 2 24 30 5 —
range 33/40 0.5/1.0 1.5/2.5 23/25 26/36 4/6 —

Vincent*®l—Dboride range 37/44 13 2/11 22/27 10/35 3/5 —
NbTiCrC average 66 23 0.25 8 2 0.2 —
range 63/69 18/28 0.1/0.3 115 13 0/0.5 —

NbNiTiCrFeC average 57 8 17 7 4 7 —
NbNiCrFeC average 37 5 30 12 3 10 3

isshown in Figure 3(b), reveal ed them to be tetragonal M 3B,
particles with lattice parameters of a = 0.57 nm and ¢ =
0.22 nm. The crystal structure and lattice parameters of these
particles is similar to that observed by Vincent!*¥ in the
HAZ of INCONEL 718.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The alloy containing both C and B additions also had the
same general microstructure asthe previous alloys, with Nb-
rich carbide particles containing B, along with some Ti-rich
carbides; the Ti-rich carbides also contained Nb (Table I1).
The EDS spectra revealed the presence of both C and B in
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Fig. 2—(a) SEM micrograph of the base + B aloy showing Nb rich grain
boundary carbides, (b) associated X-ray map for C, (c) X-ray map of B,
and (d) EDS spectrum of carbide in (a) showing B and adjacent C peaks.

the precipitates, but the M 3B, Nb/Mo/Cr/Fetetragonal boride
was not observed in this alloy. Figure 4(a) shows an SEM
micrograph. The X-ray maps of B and C in an MC carbide,
plus a section of the spectrum indicating the presence of B
and C, are shown in Figures 4(b) through (d), respectively.
Again, the MC carbide was round to cuboidal in shape. The
absence of the boride phase was corroborated by the TEM
analysis, where only MC carbide (Figures 5(a) and (b)) with
a lattice parameter of 0.45 nm was observed.

The B + P alloy showed similarities to the B-containing
alloy, with Nb-rich B containing carbide precipitates and
also borides. However, some P (up to 5 at. pct) was also
observed in afew Nb/Ni/Cr/Fe-containing carbide particles
that were presentin thisalloy (Table ). In addition, 15 to 20
pct of the precipitates examined were of M;B,-type borides,
having a composition similar to that observed in precipitates
in the base + B aloy. Figure 6(a) shows an SEM image of
a collection of round and irregularly shaped Nb/Mo/Cr/Fe
boride particles on a grain boundary, and the X-ray maps
for B and C from selected areas of the agglomerate are
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Fig. 3—(a) TEM micrograph of an extraction replica of base + B alloy
showing M3B, particle and (b) its SAD pattern in[001] zone axis.

shown in Figures 6(b) and (c), respectively. Figure 6(d)
shows the EDS spectrum from one of the precipitates. In
addition, some mainly round Ti-rich carbides, with less than
5 pct of the other elements in them, were also observed.
As with the microstructures of al the alloys, the two
remaining alloys (the base + C + Pand base + B + C +
P alloys) also exhibited the same general basic austenitic
microstructure. The primary precipitate in the base + C +
Palloy contained mainly Nb-rich carbide particles of varying
sizes, again similar to the base aloy. Some B was aso
observed in the EDS spectra of some precipitates, even
though the alloy bulk B concentration was below 0.001 wt
pct. In addition, minor amounts of a round/cuboidal Nb/Ni/
Ti/Cr/Fe-rich phase (Figure 7(a)) were also observed, with
the analysis shown in Table II. From the TEM micrograph
(Figure 7(b)) and the SADP analysis (Figure 7(c)), the pre-
cipitates were indexed to be fcc, with alattice parameter of
0.45 nm, i.e,, it was similar in structure to the MC phase.
This phase appears to be a variant of the minor-phase Nb/
Ni/Cr/Fe carbide phase seen in the base + B + P dloy.
Similarly, another variation on the M C carbide was observed

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 4—(a) SEM micrograph of MC carbide from base + B + C dloy,
(b) x-ray map of B, (c) x-ray map of C, and (d) portion of EDS spectrum
of MC carbide in (a) showing B and C peaks.

in the base + C + P aloy, being a Nb/Ti/Cr carbide (Table
[1) with the MC crystal structure.

Fine round/cuboid carbide particles (<1.0 um) were
observed in the base + B + C + P dloy, which were of
the same Nb-rich MC type as in the base alloy, again con-
taining Ti. These carbides were finer than those normally
observed in INCONEL 718 without the P addition. It may
be that the addition of P has modified the morphology of
the carbides, resulting in finer and fewer carbides. No B or
borides were observed in any of the EDS spectra from the
carbides (Figures 8(a) and (b)) of thebase + B + C + P
alloy; however, some Ti-rich carbides were observed.

B. Secondary lon Mass Spectroscopy

The SIMS analysis of the base and AC base + C aloy
showed the presence of carbon in the primary precipitates
(Figure 9(a)), corroborating the observations by the SEM

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 5—(a) TEM micrograph of an extraction replica of base + B + C
aloy showing MC type fcc carbide and (b) SAD pattern from MC carbide
shown in (&) with [112] zone axis.

and TEM. Theanalysisfor B indicated minor grain-boundary
segregation, but only in the AC alloy. Segregation of other
elements such as Nb, Cr, Ni, etc., was not observed.

The SIMS analysis of the AC base + B alloy revealed
the presence of B in particles, aswell ason grain boundaries
(Figure 9(b)). However, the degree of segregation of B at
grain boundaries was smaller in the water-quenched (WQ)
specimens, as compared to the AC specimens, as was aso
observed in a previous study.[”89 The base + B aloy also
showed some C present as precipitates in the AC condition,
similar to the SIMS image shown in Figure 9(a). Even in
the WQ condition, the alloy still had some B segregation to
grain boundaries as well as in precipitates (Figure 9(c));
again, a SIMS image for C in the base + B dloy in the
WQ condition showed the presence of the element, as seen
in Figure 9(a).

VOLUME 33A, JULY 2002—2009
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Fig. 6—(a) SEM micrograph showing grain boundary M3B, borides in
base + B + P aloy, (b) x-ray map of B, (c) X-ray map C, and (d) EDS
spectrum of a boride precipitate in ().

Thebase + C + B alloy showed only faint grain-boundary
B images in the AC condition (Figure 9(d)), and no grain-
boundary segregation was observed in the WQ samples
(Figure 9(e)). It should be noted that the TEM studies did
not reveal the presence of boride particles, and, thus, the
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Fig. 7—(a) SEM micrograph of base + C + P aloy showing MC carbide,
(b) TEM micrograph of extraction replica of a typical MC carbide shown
in (a), and (c) SAD pattern of MC-type fcc carbide shown in (b) with [110]
zone axis.

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 8—(a) SEM micrograph of base + B + C + P aloy showing Nb-
rich MC carbide. (b) portion of EDS spectrum of MC carbidein (a) showing
C pesk and absence of B peak.

majority of the B-ion images in Figure 9(d) are likely to be
from Nb-rich carbide particles instead of boride particles.
The SIMS images of C from the AC base + C + B dloy
were similar to those of the base aloy (Figure 9(a)), with
the C images emanating from MC carbides.

The base + B + P aloy in the AC condition showed
segregation of B to the grain boundaries (Figure 9(f)), as
well as in the precipitate particles. The SIMS analysis for
P inthe base + B + P alloy did not reveal any segregation
of P, either to the grain boundaries or to the precipitate
particles, although some P was detected in a few particles
by SEM/EDS analysis. It is, therefore, possible that P was
generally present as a monolayer in the grain boundaries
but could not be detected by the SIMS used in this study.
Horton et al.'¥ detected segregation of B, C, and P to
grain boundaries by the atom probe, but only a few MsP
precipitates of <50 nm in size were observed.

In the AC base + C + P aloy, only C showed strong
images, as seen in Figure 9(a), again from MC carbide
precipitates, with no P segregation being observed. Even
though the B concentration in the aloy was less than 0.001
wt pct, some faint grain-boundary images were again
observed (Figure 9(g)). In addition, some B segregation was
observed to be associated with the carbide precipitates. This
is corroborated by the SEM/EDS observations of B and C
segregating to the precipitates.

In the AC base + B + C + P aloy, segregation of B
occurred at the grain boundaries (Figure 9(h)), but only

METALLURGICAL AND MATERIALS TRANSACTIONS A

minor amounts of B-containing particleswere observed. The
SIMS analysis for C again showed a distribution similar to
the one seen in Figure 9(a). In the WQ specimens, the
segregation of B to carbides was also limited. Thisis consis-
tent with the SEM/EDS observations, where only carbon
was observed to be present in the particles and B was not
observed.

C. Hot Ductility Testing

All seven alloyswere evaluated in a Gleeble 1500 thermal
simulator by the measurement of the ductility recovery tem-
perature (DRT), where 5 pct reduction in area was used as
acriterion for the ductility recovery. The effect of C, B, and
P, individually and in combination with each other, on the
weldability was analyzed by plotting the DRT valuesin four
different graphs, shown in Figures 10(a) through (d). For a
peak temperature of 1210 °C, the base aloy had the highest
DRT temperature of 1200 °C, i.e., itsweldability washighest.
On adding C, the DRT value was reduced by 20 °C to 40
°C, with the value of the AC specimens being slightly lower
than that of the WQ specimens.

Upon the addition of B to the base + C aloy, the DRT
values were reduced further by 60 °C to 80 °C. Again, the
DRT value of the AC specimens was lower than that of the
WQ specimens by a small, but noticeable, amount. The
addition of P to the aloy containing C and B raised the
DRT value of the AC specimens, but that of the WQ alloy
remained almost unchanged.

The addition of P to the C-containing alloy (Figure 10(b))
had no influence on the DRT value of the AC specimens,
but reduced the DRT of the WQ specimens from 1180 °C
to 1100 °C. The addition of B to this alloy had no effect,
even in the AC dloy.

Figure 10(c) shows the effect of B on the DRT value.
The addition of B had the greatest influence, reducing the
DRT value of the base alloy from 1200 °C to about 1090
°C in both the AC as well as WQ conditions. The addition
of C to the B-containing alloy improved the DRT values by
a small amount. The addition of P, however, to the B + C
aloy resulted in DRT values which were mainly unaffected
inthe WQ condition and wereimproved in the AC condition.

The addition of P to the B-containing aloy reduced the
DRT valuesto their lowest levels (Figure 10(d)). Theternary
addition of C to the alloy improved the DRT values in both
the WQ and AC specimens, with the improvement being
greater in the AC specimen (Figure 10(d)).

These results suggest that the adverse effect of B on the
DRT values and weldability is most severe. The addition of
P to higher-B-containing alloys reduces the weldability even
further. However, the addition of C to the B-containing alloy,
as well as to the B + P—containing alloy, is beneficial,
although when only C is present, the weldability of the B
+ P—free dloy is reduced to a small extent.

D. Total Crack-Length Measurements

The variation in the values of the Av. TCL by the addi-
tions of B, C, and P is shown in Figures 11(a) and (b).
Generally, the Av. TCL measurements followed the same
trend as observed in the DRT values (Figure 11(c)). The
base alloy showed the lowest Av. TCL values, with avalue
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Fig. 9—SIMS images of base and B, C, and P containing aloys: (a) base aloy, AC, showing C in MC carbides; (b) base + B dloy, AC, showing B at
GBs and in MC carbides; (c) base + B aloy, WQ, showing faint B image at GBs and in MC carbides; (d) base + B + C aloy, AC, showing faint B
images at grain boundaries and B in MC carbides; (€) base + B + C, alloy WQ, showing the presence of B only in MC carbides; (f) base + B + P
dloy, AC, showing B at grain boundaries and MC carbides, segregation of P was not observed by SIMS analysis; (g) base + C + P aloy, AC, showing
the presence of B at GBs and in MC carbides; and (h) base + B + C + P alloy, AC, showing B at GBs and in MC carbides.

of 24 um. The addition of C did not significantly affect
the Av. TCL value in either the AC or WQ condition. In
contrast, the addition of B increased the Av. TCL valuesto
105 and 72 uminthe AC and WQ conditions, respectively.

On the addition of B to the base + C dloy, the Av. TCL
values were increased in both the AC and WQ conditions,
while the effect of the addition of P was influenced by the
cooling rate (Figure 11). From this figure, it can be seen
that in the sequence (base, base + C, base + C + P, and
base + C + P + B) thereis an increase in the Av. TCL
up to the B + P alloy, then a decrease with additions of
C. Alternatively, considering the sequence of alloys (base,
base + B, base + B + P, and base + B + P + C), the
detrimental effect of Pis evident when C islow (Figures
11(a) and (b)), in both the AC and WQ conditions. When
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Cis present (Figures 11(a) and (b)), the detrimental effect
of P is mitigated, as also demonstrated by hot ductility
measurements.

V. DISCUSSION
A. Segregation Behavior

The segregation behavior of B, C, and P can be rational-
ized by considering the driving force for segregation, the
free energy for grain-boundary segregation (AGy), and the
potential competition between the segregating species. In
addition, the activity of segregating species such as C can
also influence segregation behavior, depending on the actual
concentration present.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 9—Continued. SIMS images of base and B, C, and P containing alloys: (a) base alloy, AC, showing C in MC carbides; (b) base + B dloy, AC,
showing B at GBs and in MC carbides; (c) base + B aloy, WQ, showing faint B image at GBs and in MC carbides; (d) base + B + C aloy, AC, showing
faint B images at grain boundaries and B in MC carbides; (€) base + B + C, alloy WQ, showing the presence of B only in MC carbides; (f) base +
B + P aloy, AC, showing B at grain boundaries and MC carbides, segregation of P was not observed by SIMS anadlysis; (g) base + C + P dloy, AC,
showing the presence of B at GBs and in MC carbides; and (h) base + B + C + P aloy, AC, showing B at GBs and in MC carbides.

P&jul® considered the segregation behavior of B, C, and
P in austenite. The AG, values for B, P, and C were —97,
—47 to —53, and —30 kJ/mol, respectively. In the presence
of B, however, the P free-energy value was reduced via a
site-competition effect from an original value of —50.5 kJ/
mol to —43.5 kJ/mol. Similarly, the P concentration in aus-
tenite was reduced by C additions via site competition,
although a less-strong effect was observed in the case of C
influencing P segregation than with B. Thus, B is the most
likely segregating species, as shown by the SIMS results,
with B being more potent in displacing P from grain bound-
aries than C. Similar behavior for C displacement of P in
austenite has been postulated by Glickman et al.?¥ and
observed by Erhart and Grabke.*®! The AG; value for C
reported by Erhart and Grabke was —76 kJmol, which is

METALLURGICAL AND MATERIALS TRANSACTIONS A

considerably higher than Paju’'s data, but would fit the trend
of C displacing P.

The effect of the additions of C, B, and P as individua
elemental additions and in combinations of elements on
weldability will be discussed in three groups, based on the
free-energy data given previoudy, i.e, as an individual
effect, the interaction of two elements, and, finaly, as the
influence of three elements.

B. Individual Effect

As shown in Figures 11(a) and (b), the effect of C can
be understood by evaluating the base aloy with that of the
base + Calloy. A carbon addition to the base all oy increased
thevolumefraction of carbides, although the overall increase
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Fig. 10—Variation in the value of DRT by the addition of (a) C, B, and P; (b) C, B, and B; (c) B, C, and P; and (d) B, P, and C.

in C from 0.008 to 0.03 wt pct had limited effect on the Av.
TCL values. It is likely that the extra amount of carbide
with the 0.03 wt pct addition would have little effect on the
Av. TCL values, since the volume fraction of carbideis still
only about 1.5 pct. These observations arein agreement with
Kelly’s researchl® on the cast alloy INCONEL 718, where
he showed that C additions of up to 0.1 wt pct had no effect
on the TCL values. Previous work by Thompson et al.,
on the other hand, found that the TCL values increased by
24 pct in cast INCONEL 718 on raising the C level from
0.02 to 0.06 wt pct.

An understanding of the influence of B can be obtained
from Figures 11(a) and (b), by comparing the base alloy to
thebase + B aloy, whereaconsiderableincreasein Av. TCL
values occurred. The addition of B led to the precipitation
of boride particles in the solution-treated condition and to
significant segregation of B to the grain boundaries, espe-
ciadly in the AC condition. This modification of the micro-
structure affected the ductility of the material. The base +
B alloy showed increased microfissures after electron-beam
welding (Figures 11(a) and (b) compared to the base aloy,
especialy in the AC specimen, and a low DRT vaue in
Gleeble testing (Figures 10(c) and (d)). The segregation of
B on grain boundaries|owered the solidification temperature
of the boundaries and led to the formation of microfissures
due to cooling stresses after welding.[”29

Therefore, it can be seen that B has a detrimental effect
on the weldability of INCONEL 718, as demonstrated
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through its adverse influence on the Gleeble hot-ductility
DRT parameter and the Av. TCL values.

C. Interaction of Two Elements

1. Carbon-boron

The effect of the C and B additions on weldability can
be evaluated by considering the DRT and Av. TCL values
of the base, base + B, and base + C + B dloys. Asshown
in Figures 10 and 11, the addition of B to the base + C
aloy resulted in a reduction in the value of DRT and a
general increase in the Av. TCL values, i.e., both values
were detrimentally affected. The addition of C to the B
aloy showed a slight improvement in the DRT value and
a moderate improvement in the Av. TCL values (i.e., an
improvement in weldability). The detrimental influence of
the addition of B on the weldability parameters of the base
+ 0.03 pct C aloy is related to boron’s well-known effect
in reducing weldability, as reported in earlier studies”89
and outlined in the previous section. Thus, B exacerbates
the effect of C additions from values as low as possible to
up to about 0.1 wt pct, via a combination of equilibrium
and nonequilibrium segregation.

Since the C addition is not large enough to affect the
solidification path (with greater than about 0.1 wt pct being
needed, according to Dupont et al.[?1), from the free-energy
data, itislikely that C can compete with B for grain-boundary
sites and, thus, mitigate to some extent the deleterious effect

METALLURGICAL AND MATERIALS TRANSACTIONS A
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of B. Furthermore, with more carbides present, some B is
incorporated into the carbides and, consequently, reduces the
concentration of B on the grain boundaries, thus reducing its
deleterious effect on the weldability of the aloy. There was
no indication of the presence of any boridesin the microstruc-
tures of any of the aloys that contained 0.03 wt pct C.

2. Carbon-phosphorous
The weldability data from the base + C and base + C +
P aloys showed the effect of the C and P additions. The
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DRT values were variably affected depending on cooling
rate (Figure 10(b)), whereas the TCL value was adversely
affected by the P addition (Figures 11(a) and (b)). The micro-
structure of the base + C + P alloy contained the usual Nb-
rich MC carbide with some Ti, but no new precipitates such
as phosphide were observed; furthermore, P was not detected
on the grain boundaries by SIMS analysis. It may be that P
segregated to the boundaries as a monolayer, which would
be difficult to detect by SIMS. As shown earlier from free-
energy-of-segregation data, Pajul**'51€ observed that C
affected the segregation of P in austenite by mutua displace-
ment, with both elements segregating to grain boundaries.
Similar resultswere obtained by Erhart and Grabke,[*® where
it was also proposed that a sufficient activity of C could
displace P from grain boundaries, even in a high-P material.
Consequently, in an alloy containing a sufficient level of C,
asin the base + C + P aloy, the effect of Pislikely to be
mitigated by the presence of 0.03 wt pct C.

3. Boron-phosporous

A comparison of the base + B and base + B + P aloys
illustrates the effect of the addition of P to a B-containing
aloy in the presence of low C. The P addition to the high-
B alloy dramatically increased the Av. TCL vaues by factors
of 3 and 6 in the AC and WQ alloys, respectively, and
reduced the DRT values by 40 °C to 50 °C, to the lowest
values observed during the whole investigation. The base
+ B + P alloy, which contained B and P coupled with a
low C level, a'so contained the Nb/Mo/Cr boride, which was
observed to be detrimental to the microfissuring resistance of
the aloy (Figures 10(d) and 11 (a) and (b)). As is to be
expected, if nonequilibrium segregation was occurring, the
SIMS image for B would be stronger in the AC than in the
WQ condition, as was the case; however, the SIMS analysis
did not show any segregation of P. Again, the P may be
segregating by equilibrium segregation or the B may be
influencing its grain-boundary segregation. This has been
also observed by Paju et al.l**15% where B additions were
found to reduce the segregation of P to grain boundaries in
accordance with the higher AG value for B with respect to
P. In the present study, however, the combination of P and
B in alow-C aloy was observed to be detrimental to welda-
bility, showing the worst combination of DRT values and
the highest Av. TCL values for the entire experimental set.

D. Interaction of Three Elements

The combination of the effect of the three minor-element
additions of C, B, and P on the DRT and Av. TCL values
is seen by comparing the behavior of thebase + B + C +
P alloy to that of the base + B + P alloy. The most dramatic
effect of the three-element combination is seen in Figures
11(a) and (b), where the addition of 0.03 wt pct C in the
base + B + P aloy reduced the Av. TCL values from the
B + P aloy by afactor of about 0.8 in both the AC and
WQ conditions. Similarly, the DRT values improved by 50
°C to 110 °C for the AC and WQ conditions (Figure 10(d)).
The microstructure of the base + B + C + P aloy showed
only fine carbides, in contrast to the base + B + P aloy,
where borides were observed. Thelocation of the borides on
the grain boundariesin the base + B + P aloy considerably
influenced both of the weldability parameters. The addition
of C, however, in the base + B + P + C alloy eliminated
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the presence of the borides and considerably improved the
weldability of the alloy.

The reason why the addition of C influences the behavior
of P can be understood from the observations of Paju et
al.[141538 and Erhart and Grabke,*¥ as mentioned earlier.
To this effect, one can assume that the 0.03 wt pct C addition
was sufficient to reduce segregation of P on grain boundaries
to a level where the precipitation of borides and/or phos-
phides was prevented. Segregation of P was not observed
in the SIMS analysis, but it is likely, however, that some P
segregation still exists in the aloy, although its effect is
likely to be severely mitigated by the C activity arising from
the 0.03 wt pct addition. As mentioned previously, Horton
et al.[*! have observed C, B, and P elemental segregation
to the grain boundaries of modified alloy 718, using the
atom probe. From the present Gleeble data (Figures 12(a)
and (b)), P is seen to have an effect on the hot-ductility
values of thebase + C + B and base + B + C + P aloys
in the AC condition, but not in the WQ state. This effect,
also shown in Figure 10(a), demonstrates that during air
cooling a likely P segregation effect occurs, since the DRT
values of the AC specimens, as compared against those of
the WQ specimens, are considerably at variance. In Figure
10(a), for example, the DRT values of the AC base + C +
B aloy and the base + B + C + P dloy differ by some
50 °C; in the WQ alloys, the difference is only 10 °C; and
also, as can be seen from Figure 10(a), the P addition is
beneficial to the DRT value in the AC condition only. This
segregation effect is likely to be a fine-scale segregation of
P, as shown by Horton et al.[*¥ In the base + C + B dloy,
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there may be sufficient C present to site compete with the
P and, thus, to displace the P, but, in the base + B + C +
P alloy, the P activity level may be sufficient to actively
compete with the C (and/or B) for grain-boundary sites.

In addition to the free-energy-based analysis presented
in this communication, Chen et al.l*? have considered the
Kinetics of segregation under similar cooling rates and found
significant B segregation during the thermal cycles experi-
enced by the alloys. The reader is referred to that article
for details.

Inconclusion, itissuggested that in INCONEL 718—based
alloys, segregation of B during preweld solution treatment
changes the local chemistry of GBs, which leads to HAZ
microfissuring. However, the segregation of B isinfluenced
by theinteraction among C, P, and B through grain-boundary
site competition, which affects the weldability of the alloy.

V. SUMMARY AND CONCLUSIONS

1. Additionsof C, B, and P, either individually or in combi-
nations, can strongly influence the weldability of
INCONEL 718.

2. The addition of 0.03 wt pct C to a base alloy containing
0.008 wt pct C showed little effect on the Av. TCL values,
but reduced the DRT value by up to 40 °C in the AC
condition.

3. On the other hand, the addition of B to the base alloy had
an adverse effect on both the Av. TCL and DRT values.

4. An addition of C to the B-containing aloy somewhat
mitigated the detrimental effects of B. This can be
explained by the GB site competition among the segregat-
ing species.

5. A B + P combination adversely influenced the Av. TCL
and DRT values significantly, through the formation of
borides; in addition, their location on grain boundaries
increased the effect on weldability.

6. Asin the case of the B-containing alloy, the addition of
C to a P-containing alloy reduced the adverse effect of
P, which could also be attributed to the site competition
among the minor elements.

7. Similarly,inaC + P + B aloy, C mitigated the detrimen-
tal effects of B and P through the elimination of borides
and some of the B being incorporated into the Nb-rich
carbides.

8. Borides were not observed in the microstructure when C
was present.
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