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ABSTRACT. Long-term isothermal solu- 
tion heat treatments were conducted to 
simulate multiple weld repair/postweld 
heat treatment cycles in Alloy 718 
wrought plate. These heat treatments re- 
sulted in extensive precipitation of needle- 
and plate-shaped 8 phase in the y-nickel 
matrix. 8-phase accumulation represents 
the principal metallurgical damage from 
simulated multiple repair/postweld heat 
treatment cycles in Alloy 718. Grain size 
did not increase during this exposure due 
to the grain boundary pinning effect of the 
8 phase. Simulated weld heat-affected 
zone thermal cycles resulted in a variety of 
microstructural changes to the heat 
treated material, including 8-phase disso- 
lution-promoted liquation, boron carbide 
constitutional liquation, and segregation- 
induced grain boundary liquation. The ef- 
fect of these liquation phenomena on the 
weldability degradation of Alloy 718 is dis- 
cussed. 

Introduction 

Weld repair of aircraft gas turbine en- 
gine components has become increasingly 
prevalent as a means of extending engine 
life and reducing the costs associated with 
component replacement. As part of the 
repair welding process, the precipitation- 
hardened superalloys must undergo post- 
weld heat treatment (PWHT) to restore 
their mechanical properties. Because 
components are subject to multiple re- 
pairs over their lifetimes, they will also be 
exposed to multiple cycles of PWHT. It 
has been observed that the weldability of 
some superalloys degrades after an accu- 
mulation of repair/PWHT cycles (Refs. 
1-5), making further repair difficult. 
Heat-affected zone (HAZ) liquation 
cracking is the root cause of this difficulty, 
which occurs in the partially melted region 
of the HAZ. Such cracking has been 
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shown to be associated with local or par- 
tial melting of grain boundaries, causing a 
short time high temperature grain bound- 
ary (GB) weakening (Ref. 6). Preliminary 
investigations on the effect of multiple 
PWHT cycles on repair weldability have 
been conducted for Alloy 718 (Refs. 2-5, 
7). A direct result of the multiple PWHT 
is the accumulated, abundant 8-phase 
(Ni3Nb, orthorhombic) precipitation in 
the nickel matrix, constituting the metal- 
lurgical "damage" that degrades the weld- 
ability of Alloy 718. The &phase dissolu- 
tion during weld thermal cycles was 
reported to be a factor resulting in grain 
boundary liquation (Ref. 7) by promoting 
GB segregation of Nb, a melting point de- 
pressant (Ref. 1). The purpose of this 
paper is to elucidate the effect of liquation 
phenomena on the weldability degrada- 
tion in the Alloy 718 due to multiple re- 
pair/PWHT cycles. 

Experimental Procedure 

The material used in this study was 
Alloy 718 in the form of wrought plate. 
The composition of this material, based 
upon an independent analysis, is shown in 
Table 1. The plate microstructure in the 
as-received condition is shown in Fig. 1. 
There are fine deformed grains surround- 
ing the "normal" grains and some 8 phase 
is present in the y-nickel matrix. Simula- 
tion of multiple PWHT cycles was accom- 
plished through metallurgical-equivalent 
long-term isothermal heat treatments. 
This technique had previously been shown 
to yield microstructures and properties 
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similar to those achieved through multiple 
thermal cycles for equivalent times (Ref. 
6). A normal PWHT for Alloy 718 would 
be 954°C for 0.5-2 h. Two isothermal 
treatments were performed to simulate 
multiple PWHT cycles: 954°C/40 h and 
954°C/100 h. The isothermal treatments 
were conducted in air in a box furnace with 
air cooling. Subsequently, Gleeble hot 
ductility specimens were machined from 
the bulk materials after heat treatment. 

Gleeble hot ductility testing was con- 
ducted to evaluate and compare the sus- 
ceptibility of Alloy 718 to HAZ liquation 
cracking in three different conditions: 1) 
as-received, 2) 954°C/40 h, and 3) 
954°C/100 h. The specimens are 6.35 mm 
in diameter, 100 mm in length, taken lon- 
gitudinally along the rolling direction in 
the plate. The hot ductility testing follows 
conventional procedures as have been re- 
ported previously (Refs. 2-7). A heating 
rate of 111 °C/s, hold time at test tempera- 
ture of 0.5 s, cooling rate of 43°C/s (for on- 
cooling tests), and stroke rate of 25 mm/s 
were used. All testing was conducted 
under an argon atmosphere. Figure 2 
schematically shows the procedure for de- 
termining critical values of nil-strength 
temperature (NST), nil-ductility tempera- 
ture (NDT), and ductility-recovery tem- 
perature (DRT). Initially, the nil-strength 
temperature (NST) was determined by 
heating the specimen under a small static 
load (approximate 10 kg) until failure oc- 
curred. On-heating hot ductility tests were 
conducted by heating samples to various 
test temperatures, and pulling them to 
failure at the stroke rate reported, until 
NDT was achieved. On-cooling tests were 
performed after heating to a peak tem- 
perature (T~) between the NDT and NST. 
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and then cooling to a desired temperature, 
and pulling to failure to identify the DRT. 

Metallographic samples were exam- 
ined using both an optical microscope and 
a Phillips XL-30 scanning electron micro- 
scope (SEM) equipped with an energy- 
dispersive spectrometer (EDS). Elec- 
trolytic etching with 10% aqueous 
chromic acid was generally used to reveal 
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Fig. 1 - -  Microstructure o f  as-receiw, d Alloy 718 base metal." A - -  distribution of  fine deformed grains at grain boundaries; B - -  short bar-shaped intra- and 
intergranular ~ phase. 

Table 1 - -  Chemical Composition of Alloy 718 
Wrought Plate 

Element wt-% 

Cr 18.42 
Mn 0.09 
Co 0.2 
V O.O22 
AI 0.5 
C 0.033 
Ti 1.03 
B 0.0018 
Mo 3.03 
Si 0.1 
Nb 5.04 
S 0.0005 
Fe 17.58 
P 0.012 
W 0.029 
Mg 0.011 
Cu 0.15 
Ta 0.006 
Ni Balance 

Tp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

NDT [ ...... ilJ_iiiiill ...... - ' ~  Pull tO failure 

/® /® 
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] / / / 2. On-heating test 

V / / 
Time 

Fig. 2 - -  Schematic o f  Gleeble hot ductifity test procedure. 

Table 2 - -  The Effect of Heat Treatment on 
Grain Size of Alloy 718 

HT Condition Grain Size (df) 

As-received 79___40.6 lam 
954°C (1750°F)/40 h 83_-.27 ~tm 

954°C (1750°F)/100 h 83___31 ~tm 

microstructures of interest. Grain size was 
measured in Feret diameter (df), on digi- 
tally recorded optical images using Image-  
Tool  2.0 (Ref. 8). Fracture morphology 
was evaluated on selected hot ductility 
samples by using SEM. 

Results and Discussions 

The principal microstructural feature 
in long-term isothermally treated Alloy 

718 is the high fraction of precipi tated 
8 phase relative to that of the as-received 
material. The as-received base metal had 
relatively little 5 phase and the size of 
intra- and intergranular  bar-shaped 5 
phase is comparable - -  Fig. 1. In contrast, 
the fraction of both intra- and intergranu- 
lar (IG) ~5 phase in the long-term, isother- 
mally treated material increased dramati- 
cally, as shown in Fig. 3. The intergranular 
~5 phase becomes essentially continuous as 
a result of the long-term isothermal treat- 
ment, and some bar-shaped ~5 phase along 
twin boundaries also became continuous. 
The morphology of the intragranular  
5 phase appears as fine needles that inter- 
crossed compactly - -  Fig. 3B. There was 
no evidence of gamma double-prime (y') 
observed in this structure since the heat 
treatment temperature is above the pre- 
cipitation range for ~/' and none would be 

expected to form upon rapid cooling to 
room temperature. In addition, the rapid 
formation of the 8 phase depletes the ma- 
trix of niobium, further reducing the pos- 
sibility of y'. 

The grain size remained essentially 
constant after the long-term isothermal 
heat treatment at 954°C, as shown in Table 
2. This is due to the pinning effect of the 
~i phase on grain boundaries. The bulky 
angular phases in the nickel matrix (Fig. 
3B) are carbides that are distributed as 
stringers in the rolling direction of the 
wrought plate. 

Gleeble hot ductility testing revealed 
HAZ liquation cracking susceptibility in- 
creases with the increase in hold time at 
954°C, as de termined by the iiquation 
temperature range (LTR), which is the dif- 
ference between NST and DRT (Table 3). 
Noticeably, the increase of LTR is consis- 
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Fig. 3 - -  High fraction of  needle-shaped intragranular and bulky continuous, intergranular ~ phase from long-term isothermal treatment. A - -  954°C/40 h; 

B - -  954°C/100 h. 

Fig. 4 - -  k-phase dissolution during simulated HAZ thermal cycles in Alloy 718. A - -  &phase "thickening" at N D T  o f  the as-received material; B - -  dis- 
solving ~-phase network at N D T  of  954°C/40 h treated material; C - -  5 phase "rounding" at NST  of  the as-received material (liquated boron carbide is indi- 
cated); D - -  interconnected cluster o f  B- and Nb-rich eutectic constituents from dissolved k-phase along grain boundaries at NST  of  954°C/100 h-treated 

material. 

tent with the density increase of 8 phase as 
a function of hold time at 954°C. 

Microstructural evaluation revealed 
that 5-phase dissolution-promoted liqua- 
tion occurs during the on-heating thermal 
cycle and persists to the NST. 8 phase has 
an orthorhombic structure with composi- 

tion of Ni3Nb. In Alloy 718, its precipita- 
tion temperature range is from 650 to 
1050°C (Refs. 9, 10). ~5 phase will dissolve 
above the upper temperature limit. Upon 
dissolution, the surrounding 7-nickel ma- 
trix is enriched in Nb, both intra- and in- 
tergranularly depending on the 8-phase 

distribution. Since Nb forms two eutectics 
with Ni as (Ni+Ni3Nb) at 1282°C (23 wt- 
% Nb) and (Ni3Nb+Ni6Nb7) at 1175°C 
(52 wt-% Nb), Nb acts as a melting point 
depressant element in Ni (Refs. 11, 12). 
With regard to Alloy 718, it is expected 
that the dissolution of 5 phase will result 
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Fig. 5 - -  ~-phase dissohttion gradient in DR T specimens. A - -  As-receit'ed; B - -  954°C/100 h treated condition 

in the cores of  original 5 phase). 
arrows indicate eutectic constituents formed 

Fig. 6 - -  Fractography o f  N D T  samples o f  as-received Alloy 718. A - -  lntergranular fracture; B - -  detail o f  Fig. 6A showing evidence o f  liquid films and f i-  
quated boron carbides. 

Table 3 - -  Results of  Gleeble Hot Ductility Testing for Alloy 718 

HT Condition NDT NST DRT Peak temp (Tp) LTR Tp-DRT 

As-received 1199°C  1274°C 1171°C 1240°C 103°C 69°C 
954°C/40 h 1 1 9 1 ° C  1272°C 1158°C 1240°C 114°C 82°C 
954°C/100 h 1190°C 1276°C 1149°C 1240°C 127°C 91°C 

in formation of Nb-rich eutectic con- 
stituents, as has been observed in the cur- 
rent research. 

Figure 4 shows microstructural  evi- 
dence of S-phase dissolution and associ- 
ated liquation. The dissolution of the S 
phase results in Nb enrichment at the 
grain boundary that gives rise to the dif- 
ferent etching characteristic of the bound- 
ary. The Nb-enriched boundary varied as 
a function of the peak temperature  
reached during the hot ductility test and is 
manifested microstructurally by different 
morphologies.  At the NDT, the mi- 

crostructure appears as S-phase needle 
"thickening," as shown in the as-received 
material - -  Fig. 4A. Note that the "holes" 
along the GBs are sites of eutectic, S- 
phase dissolution products that have 
etched out of the structure. Fracture sur- 
face analysis in the SEM revealed addi- 
tional details of the liquation process, in- 
cluding apparent constitutional liquation 
of boron carbides. 

Typical intergranular  features are 
shown in Fig. 6, where liquated particles 
and evidence of liquid films on the frac- 
ture surface can be seen. Note the angular 

but slightly rounded particles and holes 
where particles have dropped out of the 
fracture surface - -  Fig. 6A and B. EDS 
analysis revealed that the particles are 
complex boron carbides containing Cr, Ti, 
and some Nb. The presence of round 
holes accommodating the rounded boron 
carbides suggests that boron carbide- 
related constitutional liquation has oc- 
curred along the GBs. Heat ing of the 
densely distributed 5 phase in 954°C - 
t reated samples to the NDT produced 
more extensive, dissolving S phase net- 
works - -  Fig. 4B. As the test temperature 
was raised to the NST, S-phase dissolution 
became more pronounced.  The once- 
thickened, intragranular S-phase needles 
began "rounding" (Fig. 4C and D), indi- 
cating a more accelerated Nb dissolution 
rate. Some adjacent dissolved S phase 
near or along GBs interconnected to form 
B- and Nb-rich eutectic constituents - -  
Fig. 4D. These low-melting eutectic liq- 
uids along GBs will result in GB weaken- 
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Fig. 7 - -  Fractography of  954°C/40 h-treated specimens. A - -  IG feature at NDT, B - -  detail o f  Fig. 7A showing terraced ripple pattern with particles dis- 

persed at NDT; C - -  detail o f  the liquated boron carbide; D - -  terraced ripple pattern o f  liquid flow trace at DRT. 

ing and potential failure (cracking) during 
the weld thermal cycle. 

At the DRT, the microstructures of as- 
received 718 (Fig. 5A) did not change 
much compared with that of the NDT 
sample (Fig. 4A). However, the Nb disso- 
lution is more extensive (Fig. 5B) than that 
at the NDT since this sample has been 
heated through the peak temperature  
(Tp) during the on-cooling test. It can also 
be observed that tiny but distinguishable 
eutectic constituents form in the center of 
the original 8 phase - -  Fig. 5B. This is due 
to the Nb enrichment associated with the 
dissolved 8 phase. The center has a higher 
concentration of Nb, while the periphery 
has a lower concentration of Nb. As the 
high concentration of Nb corresponds to 
the eutectic with a lower melting point 
(1175°C), liquation started preferentially 
at the center when temperatures became 
favorable. 

Figure 7 shows intergranular fracture 
of the 954°C-treated samples, but with 
more liquid present than seen in Fig. 6 for 
the as-received material. There are more 
particles on these fracture surfaces and 
the flow pattern of the liquid films is much 

more evident, appearing as terraced rip- 
ple patterns. At the center of concentric 
ripples, a liquated particle in a hole was 
identified as a Nb-rich boron carbide, as 
shown in Fig. 7B and C. Similar but 
smaller particles can also be differentiated 
in the same micrograph. The angular par- 
ticle at the upper right has not liquated 
and was identified as TiC. More GB li- 
quation associated with ripple patterns 
can be seen in Fig. 7D. 

Figure 8 presents secondary electron 
(SE) and back-scattered-electron (BSE) 
micrographs that clearly show the mor- 
phology of boron carbides (lighter bulky 
phase) and MC carbides (dark phases), 
where boron carbide has apparently de- 
composed from its periphery. A similar 
case can be seen in Fig. 4C (arrow) and is 
probably due to constitutional liquation. 

Based on the above results, it can be 
concluded that 8-phase dissolution- 
promoted liquation plays a major role in 
influencing the susceptibility to liquation 
cracking in Alloy 718 subjected to long- 
term heat treatments at 954°C. Segrega- 
tion of B and Nb as well as other melting- 
point depressants also contribute to the 

localized melting of the GB. 
Interstit ial elements,  such as boron, 

are well known to have the propensity to 
segregate to GBs. Nb from the dissolution 
of 8 phases could preferentially segregate 
to GB through either diffusion (Refs. 13, 
14) or a segregation mechanism (Ref. 7), 
by which Nb could be swept by mobile GBs 
once the pinning effect of 8 phase was re- 
duced by dissolution. 

Nb-containing boron carbide liquation 
also contributed to the Nb segregation to 
GBs, though this is expected to account 
for only a small fraction of the liquid pre- 
sent, since the fraction of boron carbides 
is much less than the 8 phase. In addition, 
boron carbide liquation produces a low- 
melting eutectic, an extra low melting 
point constituent that further aggravates 
the liquation. 

In summary, the effect of liquation 
phenomena on the susceptibility to liqua- 
tion cracking of Alloy 718 that has been 
exposed to multiple PWHT cycles that re- 
sult in a high fraction of 8 phase can be ex- 
plained as follows. As the number of weld 
repair cycles accumulates, 8-phase precip- 
itation becomes more extensive. Upon re- 

WELDING JOURNAL liE[~E.:'] 



• ~ . ~  . i i  ' I ~  .~. 

Fig. 8 - -  Morphology of boron carbides and MC carbides in a DRT spechnen. A - -  SEA! showing rounded ~ phase and associated fiquation; B - -  BSE image 
differentiating phases in the "Fnickel matrix. 

heating in the weld HAZ,  rapid ~5-phase 
dissolution occurs. 6-phase dissolution- 
p romoted  l iquat ion,  possibly combined  
with boron carbide consti tut ional  liqua- 
tion, results in extensive grain boundary li- 
quation that then leads to cracking if re- 
straint levels are sufficient. This explains 
why the buildup of 5 phase in Alloy 718 in- 
creases the susceptibility to H A Z  liqua- 
tion as the number  of repair /PWHT cycles 
increases. 

Conclusions 

1) Simulated mult iple  P W H T  cycles 
using equiva lent  long- term isothermal  
heat  t r ea tments  (954°C/40-100 h) re- 
suited in extensive precipitation of needle- 
and plate-shaped ~5 phase in the T-nickel 
matrix, which is the major metallurgical 
change relative to the starting plate mate- 
rial. Grain size did not change appreciably 
during these heat t reatments due to grain 
boundary pinning by the 6 phase. 

2) Gleeble hot ductility testing showed 
weldability (resistance to H A Z  liquation 
cracking) of Alloy 718 degraded as a con- 
sequence  of the s imula ted  mult iple  
PWHT cycles. 

3) The degradation of weldability re- 
suits from grain boundary  l iquat ion re- 
sulting primarily from the fi-phase dissolu- 
tion and associated Nb enrichment of the 
grain boundary. Constitutional liquation 
of boron-rich carbides was also observed 
and may contribute to the grain boundary 
liquation. 
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