
An Evaluation of the Effects of Filler Metal 
Composition on Cast Alloy 718 Simulated 

Repair Welds 

Variations in carbon, silicon and sulfur contents of standard 
718 filler metal showed no improvement to microcracking resistance 

BY T. J. KELLY, W. H. CREMISIO AND W. H. SIMON 

ABSTRACT. The solution to the problem 
of microcracking in the HAZ of cast Alloy 
718 weldments has eluded industry for 
many years. One concept frequently 
considered to reduce the microcracking 
tendency is to improve the cleanliness of 
the welding filler metal with respect to 
tramp elements, such as sulfur and phos
phorus, and to reduce silicon content. 
This work demonstrates the effect of a 
modified filler metal chemistry on weld
ment quality, including mechanical prop
erties. 

Three different compositional levels of 
718 welding filler metals were used to 
make simulated repair welds on actual 
investment cast 718 hardware. These 
welds were then examined for micro-
structure, chemistry and mechanical 
properties. A comparison of the mechan
ical properties of the weldments was 
made against the cut-from-casting prop
erties and the resulting weldment quality 
was compared. Finally, a ranking of the 
three welding filler metals is provided. 
The ranking shows that the nominal 
chemistry 718 welding filler metal is the 
most cost-effective and has the best 
chemistry to use for casting repair. 

Introduction 

The manufacturers of jet engines and 
jet engine components are utilizing higher 
proportions of cast parts. In fact, one 
engine under development is composed 
almost entirely of castings (Ref. 1). In 
addition, there is also a growing trend 
towards larger and more highly complex 
castings to optimize weight, service life, 
performance and cost. One of the most 
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important design criteria for these appli
cations is uniform low-cycle fatigue (LCF) 
life. The LCF life is already at a high level 
due to alloy selection, sophisticated cast
ing practices, design and the current 
practice of hot isostatic pressing (HIP) all 
high-performance castings (Refs. 2-4). 
Two important casting requirements for 
the achievement of these goals are fine 
grain size and thorough cleanliness. 

Because of section complexities in 
these comparatively large castings (thick-
to-thick, thin-to-thin, thick-to-thin) and 
the need for more numerous feed paths, 
there is a good chance of developing 
surface defects that require repair. Repair 
welding of surface-connected porosity or 
ground-out ceramic inclusions can result 
in heat-affected zone (HAZ) cracks. Many 
of these cracks occur at grain boundaries 
that have been backfilled by fusion zone 
metal, which solidifies to a terminal Laves 
phase eutectic along the centerline, and 
frequently fails during the final stages of 
solidification producing a microcrack. 
Other mechanisms for grain boundary 
HAZ cracking exist, such as constitutional 
liquation of CbC and Laves phase eutec
tic melting (Ref. 5), but these mechanisms 
are not affected by filler metal composi
tion or quality. 

The occurrence of this cracking mech
anism along liquid penetrated grain 
boundaries was one of the reasons for 
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examining the effects of various chemis
try-controlled Alloy 718 filler metals. Both 
silicon and iron are known to promote 
the formation of Laves phase in Alloy 
718. Iron is a required alloying element, 
but silicon is a tramp element which can 
be controlled. If the level of silicon could 
affect the amount of Laves phase formed 
during final solidification of the fusion 
zone material, then it would be possible 
to reduce the incidence of HAZ cracking 
in cast Alloy 718 by chemistry control on 
the filler metal (Ref. 6). 

Three additional mechanisms are fre
quently cited for the formation of micro-
cracks in the HAZ of Alloy 718 castings. 
They are sulfur segregation, constitutional 
liquation of NbC and Laves phase eutec
tic liquation. However, Laves phase is an 
unavoidable terminal solidification phase 
in Alloy 718 and cannot be eliminated 
within the 718 chemistry. Therefore, low
ering the carbon, silicon and sulfur in filler 
metals would appear to remove all possi
ble controllable causes of microcrack for
mation provided by the filler metal. In 
order to study this theory, three filler 
metal chemistries were evaluated for 
their effects on HAZ microcracking and 
fusion zone mechanical properties. 

Experimental Procedure 

Materials and Test Plans 

Initial testing was performed on cast 
cylinders which had hollows ground into 
their centers to simulate repair-type 
welds. These simulated repair welds pro
vided a simple means of evaluating the 
proposed theory on filler metal composi
tional control affecting weld HAZ perfor
mance. The resulting welds were then 
examined metallographically. 

The nominal compositions of the cast
ings and the individual filler metals used in 
this study are shown in Table 1, along 
with certain industrial specifications for 
reference. The test plan called for select
ing two castings typical of contemporary, 
complex Alloy 718 castings. These cast-
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Table 1—Chemical Analysis of the Three Alloy 718 Filler Metals Evaluated 

Filler Metal 

A 
B<"> 
C(b> 

ASM 

C 

0.05 
0.007 
0.04 

Si 

0.11 
0.05 
0.25 

P 

0.007 
0.004 
0.005 

S 

0.002 
6 ppm 
0.0027 

B 

0.004 
0.005 
0.004 

Mn 

0.13 
0.05 

-

Cr 

18.06 
18.2 
19.2 

Cb 

5.1 
5.32 
5.5 

Mo Fe Ni Al 

3.02 18.32 53.28 0.59 
3.0 18.3 52.8 0.49 
3.1 18.7 52.3 0.49 

Ti 

0.98 
0.98 
0.90 

5832 0.08 max 0.35 max 0.015 max 0.015 max 0.006 max 0.35 max 17-21 4.75-5.5 2.8-3.3 Bal. 50-55 0.2-0.8 0.65-1.15 

(a) Ag 0.1 ppm, Bi 0.1 ppm, Ca 100 ppm, Ga 23 ppm, Mg 50 ppm, N2 52 ppm, Pb 0.3 ppm, Sb 7 ppm, Zn 1 ppm and Sn 7 ppm. 
(b) Off-the-shelf Alloy 718 filler metal. 

ings were then machined at nine points 
located between casting gates to allow 
the interlay of three different filler metals 
to obtain sufficient material for LCF test
ing of fully heat treated all-weld-metal 
specimens. Figure 1 is a schematic of the 
selected casting flange segment showing 
the inlay weld zone and the specimen 
locations in relation to the casting section 
details. 

Additionally, four castings of identical 
geometry were selected for simulated 
repair welding of various cross-sections 
(thick-to-thick, thin-to-thin, thin-to-thick) 
using each filler metal. The HAZ of each 
was examined using light microscopy. 

LCF Specimen Preparation and 
Testing Procedure 

Weld inlay pockets were machined 
into each of the selected castings. Each 
casting had nine simulated repair welds 
(inlay weld wire material), located at 
points between gates, and representing 
typically thick-to-thin cast configuration 
underneath each inlay. Each pocket (Fig. 
1) was then GTA welded using each of 
the three filler metals (labelled A, B and C) 
with triplicate tests of each filler metal in 
each casting. Identification of specific fill
er metal was withheld until tests were 
completed. Each LCF coupon area was 
then cut out of the casting, fitted with 
button-head extensions by inertia weld
ing, followed by full solution heat treat
ment at 1052°C (1925°F), aged at 760°C 
(1400°F)/5 h, cooled to 649°C (1200°F)/ 
1 h and finally machined into the LCF 
specimen configuration. In order to 
assure that all-weld metal was being test
ed, all coupons were etched in cross-
section. 

As shown in Table 2, all tests were run 
at 538°C (1000°F), under strain-con
trolled conditions at a pseudo stress of 
345 MPa (50 ksi), with an A ratio of 1, at 
0.33 Hz. In order to minimize the cost of 
testing, each specimen was run approxi
mately 24 h at 0.33 Hz, at which time the 
frequency was raised to 1.80 Hz under 
load control (extensometers cannot be 
used over 1-Hz testing frequency). Frac
ture locations and appearance were 
examined in each case by an outside 
testing service where all specimen prepa
ration and testing was conducted. The 
results of all tests are shown in Table 2. 

Table 2—Results of LCF Testing of All-Weld-Metal Speci 

Filler Metal 

A 
B 
CM 

Test Temp 
°F 

1000 
1000 
1000 

Pseudo 
Stress Frequency 

ksi Hz<a> 

50 0.33/1.80 
50 0.33/1.80 
50 0.33/1.80 

mens (Based 

A Ratio 

1.0 
1.0 
1.0 

on Average of 6 Tests) 

Cycles to 
Failure 

NF Std Dev NF 

85152 29605 
19269 16011 

101950 27407 

(a) Frequency increased to 1.80 Hz after first 24 h of testing. 
(b) Off-the-shelf Alloy 718 welding filler metal. 

Metallographic Examination 

Light microscopy was used to evaluate 
the frequency of HAZ microcracks in 
simulated repair welds of cast Alloy 718. 
Two types of simulated repair welds 
were used in this evaluation. Initial studies 
were performed using 12.5-mm (0.5-in.) 
high by 63.3-mm (2.5-in.) diameter cast 
cylinders, which had hollows ground out 
for GTA repair welds. The final evaluation 
was made using actual structural castings 
that were ground out in locations resem
bling repair welds (the same welder made 
all of the repair welds) of various cross-
sections. In both cases, identical sections 
were taken for metallography for each 

welding filler metal. 
In addition, the electron microscopy 

was performed using a Cam Scan Series 4 
SEM with a Tracor Northern 5500 EDS/IA 
System to examine the fracture surfaces 
of the failed low-cycle fatigue speci
mens. 

Chemical Analysis 

Filler metal analysis was performed 
using plasma spectroscopy for major 
alloying elements and Leco combustion 
and inert-gas fusion techniques for C, B 
and tramp elements. The filler metal 
deposits were analyzed using the same 
Leco equipment and techniques. 

2..I87S 
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3.0 

Fig. 1 — Schematic of 
flange cross-section 
used for repair weld 
simulation 
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Table 3—Weld Deposit Chemistry Produced by Each Filler Metal Evaluated 

Filler Metal C Si Mg S Cb 
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Wire A 
Deposit A 
Wire B 
Deposit B 
W i r e C 
Deposit C 

0.05 
0.059 
0.007 
0.011 
0.04 
0.027 

0.11 
0.104 
0.05 
0.08 
0.25 
0.13 

N/A 
7 ppm 

50 ppm 
11 ppm 

.002 
7 ppm 

0.002 
0.0001 
6 ppm 
0.0000 
0.003 
0.0016 

5.11 

5.32 

5.5 

B 

0.004 

0.005 

0.004 

Table 4—Summary of the Number of Microcracks Found in the HAZ of GTA Welds of Cast 
Alloy 718 Using Each of the Three Filler Metals Being Evaluated 

Number of Cracks in HAZ of 12 Welded Cylinders 

Filler Metal 
A 
B 
C 

Filler Metal 

A 
B 
C 

Crack Count 

17.75 
14.00 
24.50 

Number of Cracks in HAZ in Repair Welds of 4 Castings 

Location 1 
0 
0 
0 

Location 2 Location 3 Location 4 
0 4 2 
2 4 3 
1 1 1 

Total 
6 
9 
3 

Based on the Metallographic Evaluation of 48 Repair Welds and 12 Cylinders 

Fig. 2- Typical microcrack in the HAZ of a GTA weld of cast Alloy 718 
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Results 

Weld Deposit Chemistry 

Table 3 contains the al l -weld metal 
chemical analysis fo r all three filler metal 
deposits. No te that filler metal A is high in 
carbon , but l o w in sulfur and silicon. Filler 
metal B is l o w in carbon , silicon and sulfur, 
wh i le filler metal C is a nominal Al loy 718 
chemistry. 

Metallographic Examination of Weldments 

Table 4 is a summary of the metal lo
graphic examinat ion for microcracks in 
the H A Z (typical microcrack s h o w n in Fig. 
2) o f b o t h cyl inder welds and actual 
casting we ldments . The cylinder results 
indicated that the low-si l icon filler metal 
did indeed reduce the number o f HAZ 
microcracks. Howeve r , since this was 
considered only a screening exper iment 
using 12 simulated repair welds on 0.5-in. 
(12-mm) thick castings, it was necessary 
t o ver i fy these results o n actual c o m p o 
nent castings of vary ing cross-sections 
using 48 repair welds and LCF testing of 
we ldments . The results o f the actual cast
ings appear t o be reversed, w i t h the 
nominal chemistry filler metal C p roduc 
ing f e w e r microcracks, and the lowest 
residual e lement filler metal B produc ing 
the largest number of cracks. Thus, the 
comb ined results d id no t con f i rm that the 
l o w silicon was bet ter than standard filler 
metal chemistry in reducing HAZ micro
cracking. 

A closer examinat ion of the resultant 
microstructure revealed a d i f ference in 
the coarseness o f the interdendri t ic 
phase in the various filler metal deposits, 
as s h o w n in Fig. 3. Using the Cam Scan 
Series 4 SEM, this interdendri t ic phase 
was ident i f ied as Laves, wh ich is expect 
ed in cast Al loy 718 structures. Filler 
metals A and C had abou t the same 
amount of interdendri t ic Laves phase, 
w i t h A having more N b C , as w o u l d be 
expec ted w i t h tw i ce as much carbon. 
Filler metal B had a much coarser inter
dendri t ic Laves phase ne two rk , indicating 
that the reduced silicon content o f the 
filler metal was not sufficient to reduce 
Laves phase fo rmat ion at l ow-ca rbon 
levels. In fact, filler meta l B, w i t h its 
reduced carbon level, has a marked 
increase in Laves phase, wh ich is p roba
bly due t o its l owe r ca rbon conten t be ing 
insufficient to tie up enough n iob ium to 
limit the Laves phase fo rmat ion . An 
increase in Laves phase fo rmat ion w i t h 
decreased C / C b ratio has been observed 
be fo re in evaluations o f Fe-Ni-Cr-Cb sys
tems by Nakao (Ref. 7). 

Low-Cycle Fatigue Life 

Table 2 contains the results o f LCF 
testing o n al l -weld-metal specimens f r o m 
the three filler metals. In general, the 
d i f ference in the data f r o m the w e l d 
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metal deposits on the two castings was 
not unlike the normal spread in the LCF 
data seen from casting to casting. Though 
there is some crossover between filler 
metals A and C, it is obvious that neither 
A nor B is better than C, and in fact, C 
would be considered best overall on 
average and standard deviation for LCF 
life. 

Figure 4 is a graphical display of the 
results showing the average 538°C/345 
MPa (1000°F/50 ksi) LCF life for the 
casting used in this study, compared to 
the filler metals evaluated. Filler metal C, 
which is the nominal chemistry Alloy 718, 
has the best LCF life and is equal to the 
LCF life of the actual castings. While filler 
metal A is also acceptable, it is not as 
good as filler metal C. However, from the 
LCF properties, it is clear that filler metal B 
with the extra-low residuals and low 
carbon is the least desirable of the three 
for repair welding of LCF critical cast
ings. 

Discussion 

Weldments of cast Alloy 718 typically 
exhibit recurring HAZ microcracking. 
Microcracking (fissuring) is always associ
ated with grain boundaries in the HAZ of 
both cast and wrought Alloy 718. Such 
microcracking is different in the two 
forms of the alloy. Figure 5 compares the 
microstructural differences of cast and 
wrought Alloy 718. Cast Alloy 718 is 
extremely segregated with interdendritic 
concentrations of Nb reaching 25 wt-%, 
which are impractical to homogenize by 
thermal processing alone (Ref. 8). There
fore, weldments of cast Alloy 718 will 
always encounter a HAZ structure con
taining larger grains with high concentra-
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tions of Cb forming both CbC and Laves 
phase, which is a more severe metallurgi
cal structure than wrought weldments 
experience. 

Cast grain boundary areas will liquate 
at lower temperatures and solidify at 
lower temperatures than the dendrite 
cores or matrix material, generally 
because of colonies of Laves and/or 
carbide that forms as a terminal solidifica
tion phase on the grain boundaries. Most 
microcracks are found at grain bound
aries in contact with the fusion zone, but 
some have no apparent contact with 
fusion zone metal. This may be a simple 
problem in solid geometry in that we 
cannot see the third dimension, which is 

likely connected to the fusion zone, or it 
may be that some of these cracks have a 
separate source of liquid material Laves 
phase, carbides, etc. 

The prominent theories for cast Alloy 
718 weldment HAZ microcracking 
include: 1) failure due to Laves phase 
solidification along backfilled grain 
boundaries after the bulk of the weld
ment has solidified and begins to shrink, 
requiring the still molten Laves eutectic to 
accommodate strain, which results in fail
ure along grain boundaries (Ref. 5); 2) 
liquation of HAZ NbC, which then wets 
the grain boundaries causing decohesion 
(Refs. 5, 9-13); and 3) sulfur segregation 
to grain boundaries, which either lowers 
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Fig. 5 — Comparison of the microstructure of cast 718 (A) and wrought 718 (B). (100X) 
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the solidus temperature of the grain 
boundary material or lowers the surface 
energy for wetting of the grain boundary 
with liquid Laves or carbide phase (Refs. 
14, 15). An additional theory, not 
addressed here, is that boron reduces the 
grain boundary surface energy in cast 
Alloy 718, causing wetting by liquid Laves 
phase eutectic, thereby providing for 
easy penetration of Laves phase down 
grain boundaries, and resulting in failure 
by the first mechanism cited (Ref. 16). 

Some foundries that routinely weld 
cast Alloy 718 have reported reduced 
numbers of microcracks with low-silicon 
Alloy 718 welding filler metal. However, 
the results of this study are not consistent 
with these reports. It must be pointed out 
that microcracks generally cannot be 
located by x-ray or ultrasonic inspection, 
because microcracks tend to be too small 
and too tight for current inspection capa
bilities. Therefore, it is unusual for micro
cracks to be discovered at all during 
foundry operations, especially if the 
foundry is in the practice of HIP process
ing after welding. 

The results of the metallographic 
examination of simulated weld repairs on 
actual castings show no benefit to either 
high-carbon low-residual or low-carbon 
low-residual filler metal compared to the 
specification chemistry. In fact, both from 
the microcracking examination and the 
all-weld deposit LCF testing, this study has 
shown that there is no benefit to using 
extra-low-residual sulfur and silicon filler 
metal. In addition, very low carbon levels 
in Alloy 718 seem specifically detrimental 
to LCF properties. 

Excessive interdendritic Laves phase 
formation was found in the low-carbon 
low-residual Alloy 718 filler metal as 
deposited during repair weld procedures. 
This was probably due to insufficient 
carbon to tie up the Nb in Alloy 718, thus 
leaving the Nb available to form Laves 
phase, which is a known brittle topologi-
cally close packed (TCP) phase. Even 
though the silicon was reduced in the 
filler metal, there was enough dilution 
from the base metal to provide almost as 
much silicon in the weld deposit as was 
available in the nominal chemistry weld
ment. Moreover, even if no silicon were 
provided to the deposit by dilution, the 
standard iron content of the Alloy 718 
chemistry is enough to promote Laves 
phase formation. Therefore, there 
appears to be no reason to control silicon 
to extra-low levels in Alloy 718 filler 
metals. 

With respect to the theories on car
bide constitutional liquation in Alloy 718 
causing HAZ microcracking, it might have 
been expected that excessive amounts of 
carbon in the filler metal would exacer
bate the HAZ microcracking problem. In 
fact, a review of metallographic data 
from the high-carbon filler metal weld 

deposits shows that the number of 
microcracks counted increased directly 
with the increase in carbon content 
above the nominal. This might be expect
ed since it is known that carbon 
depresses solidus of Alloy 718 and would 
be expected to react something like 
Laves phase on final solidification to form 
NbC along backfilled grain boundaries. 

Sulfur has long been viewed as a 
detrimental element in nickel-based alloys 
and in welding, the lower the better 
seemed like a good idea. The results of 
this study, which show the lowest num
ber of HAZ microcracks and the best LCF 
life with the highest sulfur level, should 
not be construed as a reason to add 
sulfur to Alloy 718 filler metals, but rather 
as a confirmation that the current specifi
cations for tramp elements are sufficient 
to provide an adequate measure of met
allurgical performance in Alloy 718. 
Moreover, these results indicate that sul
fur content, at the levels found in this 
study, is apparently not significant, at 
least in the filler metal, and does not 
cause increased HAZ microcracking. 

This study has shown that the HAZ 
microcracking and the weld deposit LCF 
life are influenced by filler metal chemis
try. However, the root cause of micro
cracking has not been discovered. Filler 
metal has a definite influence on HAZ 
microcracking, but the initial cause of 
grain boundary failure is still within the 
base metal chemistry and is not improved 
by filler metal chemistry modifications in 
the Alloy 718 compositional range 
because the terminal solidification phase 
of the 718 composition is the Laves 
phase, as long as the filler metal meets 
the AMS 5832 specification. From other 
work, it appears as long as the Laves 
eutectic liquid is in contact with boron-
containing grain boundaries, then Laves 
phase eutectic will be the major contrib
utor to grain boundary failure during 
welding (Ref. 15). But since most of the 
grain boundary failures in this study are 
backfilled from the fusion zone, it is likely 
the incidence of microcracking can be 
controlled while maintaining the current 
filler metal chemistry specification. 

Conclusion 

1) The nominal chemistry of Alloy 718 
welding filler metal produces the best LCF 
538°C (1000°F) life in cast Alloy 718 weld 
repairs. 

2) The HAZ microcracking tendency 
of cast Alloy 718 was not improved by 
the changes in the carbon, silicon or 
sulfur levels of the current nominal Alloy 
718 welding filler metal specification AMS 
5832, investigated in this study. 

3) Excessively low carbon in Alloy 718 
welding filler metal produces a coarse 
interdendritic Laves phase network, 
which results in unacceptable LCF life in 

repair weldments of structural castings 
compared to Alloy 718 repair welds using 
filler metal meeting AMS 5832. 
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