
Fracture Toughness of Thermally Aged 
Alloy 718 Weld Metal 

A modified heat treatment improved the fracture toughness 
of Alloy 718 weldments 

BY W. J. MILLS 

ABSTRACT. The effects of thermal aging 
on fracture toughness behavior for Alloy 
718 weldments were characterized using 
both linear elastic (K!c) and elastic-plastic 
(Jic) fracture mechanics techniques. Two 
postweld heat treatments were used in 
this study: a conventional heat treatment 
(CHT) per ASTM B637, and a modified 
heat treatment (MHT) that was specifical
ly designed to improve the fracture resis
tance of Alloy 718 weldments. Specimens 
were aged at 566°C (1051 °F) for up to 
20,000 h and subsequently tested at 
538°C (1000°F). For the MHT weld, aging 
resulted in a 25% reduction in J|c (100 vs. 
73 kj/m2), and a 50% degradation in 
tearing modulus (13 vs. 6), with saturation 
occurring prior to the 5000-h exposure. 
Fractographic examination revealed that 
the reduction in fracture resistance 
resulted from aging-induced 5-phase pre
cipitation which enhanced microvoid initi
ation. 

The aged CHT weld displayed large 
data scatter, with some specimens failing 
in the elastic-plastic regime, while others 
exhibited a brittle fracture at K|C levels as 
low as 48 MPa\ /m. This scatter corre
lated with specimen-to-specimen variabil
ity in 5-precipitate morphology. Colonies 
of coarse 6 needles, which were particu
larly susceptible to premature failure, 
formed during aging at the expense of 
the Laves phase. Precipitation kinetics, 
however, varied for each specimen, and 
those with high 5-phase concentrations 
exhibited low toughness values. The size 
and density of second-phase particles in 
both unaged and aged CHT welds were 
much larger than those in MHT welds, 
thereby accounting for the inferior CHT 
fracture resistance. 

W. j. MILLS is with the Hanford Engineering 
Development Laboratory, Westinghouse Han
ford Co., Richland, Wash. 

Introduction 

Alloy 718 is a high-strength nickel-base 
superalloy that exhibits good weldability 
and strain-age cracking resistance. Its 
excellent weldability properties are attrib
uted to the sluggish precipitation kinetics 
of the primary strengthening y" (body-
centered-tetragonal Ni3Nb) phase (Refs. 
1, 2), which permits relaxation of residual 
stresses during the initial aging treat
ments. For most structural applications 
below 650°C (1202°F), weldments are 
given the conventional heat treatment 
(CHT-Table 1) per ASTM B637 (Ref. 3). 
This heat treatment, however, has con
tributed to a series of premature failures 
by severely reducing the toughness of 
the weld fusion zone (Refs. 4-7). The 
poor fracture resistance resulted from 
the presence of Laves and 5 (orthorhom-
bic Ni3Nb) phases in the interdendritic 
regions of the weld metal. To improve 
toughness, Idaho National Engineering 
Laboratory (Refs. 7, 8) developed a mod
ified heat treatment (MHT-Table 1) that 
utilizes a 1093°C (1999°F) solution anneal 
followed by a slow cool of 55°C/h 
(99°F/h). The slow cooling rate reduced 
thermal stresses, while the high tempera
ture anneal completely dissolved the 5 
phase and significantly reduced the 
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amount of Laves phase. Compared to the 
CHT material, the MHT weld exhibited a 
seven-fold increase in ||C at 24°C (75°F) 
and a three-fold increase in toughness at 
427° and 538°C (800° and 1000°F), 
without sacrificing any strength (Ref. 9). In 
addition to increasing the fracture resis
tance of weldments, the MHT improved 
both the fatigue crack growth (Ref. 10) 
and fracture toughness (Ref. 11) 
responses for the base metal. 

Alloy 718 welds are used in structural 
applications in the nuclear, aerospace 
and petrochemical industries, where they 
are exposed to elevated temperatures 
for extended periods of time. Since this 
superalloy is metallurgically complex, pre
cipitation of several metastable phases is 
possible and mechanical properties can 
be altered significantly by long-term ther
mal aging. The objective of this study was 
to monitor potential fracture toughness 
degradation for both CHT and MHT 
welds due to thermal aging. Fracture tests 
were performed using linear-elastic (K|C) 

Table 1—Precipitation Heat Treatments for 
Alloy 718 

Conventional Heat Treatment 

Annealed 1 h at 954°C (±8°C), air 
cooled to room temperature 

Aged 8 h at 718°C (±8°C), furnace 
cooled to 621°C (±8°C) and held at 
621°C for a total aging time of 18 h 

Air cooled to room temperature 

Modified Heat Treatment (Developed by 
Idaho National Engineering Laboratory) 

Solution annealed 1 h at 1093°C (±8°C), 
cooled to 718°C (±8°C) at 55°C/h 
(±28°C/h) 

Aged 4 h at 718°C, cooled to 621 °C 
(±8°C) at 55°C/h (±28°C/h) 

Aged 16 h at 621 °C, air cooled to room 
temperature 
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Table 2—Chemical Composition (wt-%) 

Material C Mn Fe S 

Filler metal 0.04 0.09 17.97 0.007 
Base material 0.04 0.19 Bal. 0.002 

Si 

0.18 
0.10 

Cu 

0.10 
<0.10 

Ni 

53.84 
53.80 

Cr 

18.04 
17.65 

Al 

0.55 
0.56 

Ti 

1.01 
1.00 

Co 

0.03 
0.02 

P 

0.010 
0.003 

Mo 

3.00 
3.08 

B 

0.004 
0.005 

Nb 

5.11 
5.24 

Ta 

0.01 
0.02 

and elastic-plastic ()ic) fracture mechanics 
test techniques. In addition, the fracture 
surface micromorphology was examined 
to relate key microstructural features and 
operative fracture mechanisms to the 
macroscopic properties. 

Experimental Procedure 

Material 

Weldments studied in this investigation 
were produced by an automatic gas 
tungsten arc (CTA) weld process using 
1.6-X4.1-X 28-cm (0.63-X 1.6-X 11-
in.) rectangular bar stock as the base 
material. They had a single U-groove 
geometry, and were filled with 12 weld 
passes. Specific welding procedures are 
outlined in Ref. 12, and compositions for 
the filler metal wire and base material are 
given in Table 2. 

The CHT and MHT test specimens 
were aged at 566°C for 5000, 10,000 
and 20,000 h. Unaged'1' and aged micro-
structures are shown in Figs. 1 and 2. For 
the CHT weld, aging reduced the amount 
of Laves phase but significantly increased 
the size and density of the <5 platelets. The 
relative amounts of Laves and o phases 
varied significantly from specimen to 
specimen, especially for the 5000-h aged 
condition. After 10,000- and 20,000-h 
exposures, transformations were more 

(^Throughout this paper, the term "unaged" 
refers to material that has been precipitation-
hardened but not subjected to the long-term 
isothermal exposure. 

complete, but considerable microstruc
tural variability persisted. Aging of MHT 
welds induced precipitation of relatively 
fine 6 needles along grain boundaries. 
The overall precipitate morphology was 
unaffected by aging time. 

Figure 3 reveals that aging increased 
the yield and ultimate strength levels by 
approximately 5% for both heat-treated 
conditions, with saturation occurring 
prior to the 5000-h exposure. Saturation 
yield and ultimate strength levels were 
960 and 1140 MPa (139 and 165 ksi), 
respectively, for the CHT material, and 
940 and 1240 MPa (136 and 180 ksi), 
respectively, for the MHT material. Ther
mal aging reduced total elongation values 
for the CHT weld from 14 to 7%, where
as MHT elongation values were only 
reduced from 16 to 11%. 

Fracture Toughness Testing 

Fracture toughness tests were per
formed on compact specimens (Ref. 13) 
with the notch centered in the weld 
deposit and oriented parallel to the weld
ing direction. Specimens with a width (W) 
of 29.3 mm (1.2 in.) and a thickness (B) of 
12.7 mm (0.5 in.) were tested on an 
electrohydraulic closed loop machine in 
stroke control (stroke rate of 4.2 yum/s) at 
538°C. During each test, load-line dis
placement values, measured by a dual 
LVDT technique (Ref. 14), were recorded 
continuously on an X-Y recorder as a 
function of load. 

Elastic-plastic J|C concepts were used to 
characterize the fracture behavior for 

aged welds, in accordance with the mul
tiple-specimen JR-curve procedures out
lined in ASTM Specification E813-81 (Ref. 
15). An accurate measure of crack exten
sion, Aa, for each specimen was obtained 
by averaging crack extension values mea
sured at 19 positions evenly spaced 
across the entire crack front. The value of 
) was determined from the load versus 
load-line displacement curve by the fol
lowing equation (Ref. 15): 

2A (1 + a) 

Bb (1 + a2) 

where: A = area under load versus load-
line displacement curve, b = unbroken 
ligament size, and a = [(2a/b)2 + 2(2a/b) 
+ 2]'/2 - (2a/b + 1). 

The JR curve was constructed by plot
ting values of J as a function of Aa; Jic was 
then taken to be the value of J where a 
least-squares regression line through the 
crack extension data points intersected 
the stretch zone line: 

J = 2 <rf (Aa) 

where: r/f = flow strength = [V2 (ay + 
°u)]/ Cy = yield strength, and au = ulti
mate strength. 

The ASTM specimen size criteria for 
valid )|c fracture toughness determination 
were met during this investigation. Values 
of the tearing modulus, T, were comput
ed from the following equation (Ref. 
16): 

T-4JL 
da af2 

? 
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Fig. 1 —Microstructure for CHTweld. A —Unaged, Laves phase surrounded by S particles. B-Aged for 10,000 h, colonies of coarse S precipitates that 
replaced the Laves phase 
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B — Aged for 10,000 h, a few needle-like 5 precipitates formed along grain boundaries 

where: dj /da = Jrrcurve slope and 
E = elastic modulus. 

Seven aged CHT specimens exhibited 
a brittle-type fracture and were therefore 
analyzed using linear-elastic K|C fracture 
mechanics procedures (Ref. 13). The 
ASTM test procedures and size require
ments for valid K|C determinations were 
satisfied except for the initial precrack 
length. Relative crack lengths were slight
ly longer than the recommended a /W 
values of 0.45 to 0.55, but this difference 
is not expected to significantly affect K|C 

results. 

Fractographic Procedures 

Fractographic examination of test 
specimens was performed on a scanning 
electron microscope. To relate fracture 
surface appearance to key microstructur
al features, selected areas of fracture 
surfaces were electropolished so that the 
fracture surface topography and underly
ing microstructure could be studied simul
taneously (Ref. 17). A protective lacquer 
was applied to those portions of the 
fracture surface that were to remain 
intact during electropolishing in a solution 
of 25-gr OO3, 7-ml water and 130-ml 
acetic acid. When electropolishing was 
complete, specimens were cleaned ultra
sonically in acetone to remove the pro
tective lacquer. Examination of the inter
facial region between the original frac
ture surface and the electropolished 
region revealed both the fracture surface 
topography and underlying microstruc
tural features. 

Results and Discussion 

Fracture toughness responses for the 
MHT weld aged to 5000, 10,000 and 
20,000 h (Fig. 4) were essentially the 
same, demonstrating that aging effects 
saturate prior to the 5000-h exposure. 

Accordingly, all aged data were com
bined into a single JR curve, yielding a J|C 

value of 73 ± 4 k j /m 2 and a tearing 
modulus of 6. Saturation J!c and T levels 
for the aged weld were approximately 25 
and 50% lower than their unaged coun
terparts. Equivalent plane strain fracture 
toughness Kjc values of 136 and 116 
MPa\/m for the unaged and aged welds, 
respectively, were computed from 
experimental J|C values by the following 
equation (Ref. 18): 

K =vs 
where v represents Poisson's ratio. 

The modest reduction in K|c after 
exposures up to 20,000 h indicates that 
the MHT weld retains good fracture resis-
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tance. At toughness levels above 116 
MPa \/m~, thicknesses greater than 40 mm 
(1.6 in.) are required to produce sufficient 
constraint for a plane strain fracture. 
Therefore, for most structural MHT Alloy 
718 weldments, where thicknesses are 
generally limited to approximately 10 mm 
(0.4 in.), brittle plane strain fracture condi
tions cannot develop. 

The reduction in MHT fracture tough
ness resulted from formation of needle
like 5 precipitates during aging. In the 
unaged conditions, crack growth oc
curred by a microvoid coalescence 
mechanism initiated by Laves-phase rem
nants, as illustrated in Fig. 5A. After aging, 
however, both Laves and 5 phases 
served as microvoid nucleation sites (Fig. 
5B), accounting for the reduction in J!c 
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Fig. 3 —Effect of long-term thermal aging on 
tensile properties 

Fig. 4-Jft curves for unaged and aged MHT 
weld 
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fig. 5 — Metallographic-fractographic pro file for MHT welds. A — Unaged, dimples initiated exclusively by decohesion of the Laves phase remnants from 
the matrix. B — Aged, microvoids nucleated by both Laves and S phases 

and T. Indeed, the fracture toughness 
response for the aged MHT weld agreed 
with that observed in CHT base metal 
(lie = 59-83 kj /m2 , T = 8-11), where 
microvoid nucleation at 5 platelets con
trolled the fracture process (Ref. 11). 

The JR curve for unaged CHT weld and 
individual J versus Aa data points for the 
aged material are represented in Fig. 6. 
While the unaged CHT weld exhibited 
slightly more relative scatter than its MHT 
counterpart, the aged weld displayed 
extensive scatter, which precluded con
struction of meaningful JR curves. After 
aging to 5000 h, half of the specimens 
showed a definite improvement in frac
ture resistance, whereas the other half 
demonstrated a degradation in tough
ness, relative to the unaged material. The 

ALLOY 7 1 8 GTA WELD CHT 

• UNAGED 
• AGED 5000 HOURS 
A AGED 10.000 HOURS 
v7 AGED 20.000 HOURS 

CRACK EXTENSION 

Fig. 6—Summary of fracture toughness 
response for unaged and aged CHT welds. 
Asterisks refer to specimens whose fracture 
surfaces are illustrated in Figs. 8, 9 

variability in fracture toughness response 
was readily apparent in the load-displace
ment curves. After longer exposures, 
approximately half of the specimens 
showed little or no net change in tough
ness, while the remaining ones exhibited 
a brittle, plane strain fracture response, 
with ASTM valid K|C values ranging from 
48 to 64 MPa\ / ra The K|c fracture tough
ness results are summarized in Table 3. 
Values of K|C were not reported for high 
toughness specimens because they did 
not meet ASTM E399 plasticity (Pmax/ 
PQ < 1.10) or plane strain [B,a,W-a > 2.5 
(Kic/o-ys)

2] criteria. Since the highly embrit
tled specimens failed by a rapid, stable 
tearing process, tests were interrupted 
prior to final separation so that J and Aa 
values could also be determined. These 
results are plotted in Fig. 6. 

The large scatter for the CHT welds 
was due to microstructural variability. In 

the unaged material, tearing occurred by 
a microvoid coalescence process initiated 
by Laves and 5 precipitates, with the 
larger particles being particularly prone to 
premature failure. During aging, the 
blocky Laves particles were partially dis
solved, whereas the size and density of 
the 5 platelets were increased. Nucleation 
and growth rates for the 5 phase, howev
er, varied significantly from specimen to 
specimen, as shown in Fig. 7. Those 
specimens with high <5 phase concentra
tions exhibited low toughness values. 

Direct comparison of fracture surface 
morphologies for high and low toughness 
specimens aged for 5000 and 10,000 h is 
made in Figs. 8 and 9. These four fracto
graphs correspond to the four data 
points denoted by asterisks on Fig. 6. For 
the high toughness specimen exposed for 
5000 h, the aging time was sufficient to 
reduce the size of the Laves particles, but 

Table 3—Summary of Kk and 

Specimen 
Number 

2130 
2133 
2135 
2137 
2142 
2126 
2128 
2132 
2136 
2144 
2149 
2127 
2131 
2138 
2139 

Aging 
Time 

(h) 

5000 
5000 
5000 
5000 
5000 

10,000 
10,000 
10,000 
10,000 
10,000 
10,000 
20,000 
20,000 
20,000 
20,000 

Thickness 
(mm) 

12.59 
12.57 
12.62 
12.63 
12.62 
12.59 
12.60 
12.61 
12.62 
12.60 
12.61 
12.55 
12.60 
12.60 
12.59 

KQ Fracture Toughness 

Width 
(mm) 

29.28 
29.26 
29.28 
29.31 
29.28 
29.30 
29.31 
29.30 
29.29 
29.26 
29.29 
29.28 
29.29 
29.32 
29.30 

Crack 
Length 
(mm) 

16.96 
19.00 
18.96 
19.16 
19.05 
18.79 
19.15 
18.93 
18.65 
18.83 
19.10 
19.44 
19.70 
16.64 
16.41 

PQ 
kN 

13.8 
7.5 

10.5 
9.7 
8.1 
8.3 
6.4 
6.2 

10.2 
8.1 
7.8 
7.4 
5.7 

13.2 
11.6 

Results for 

Kq'a» 

MPa\ /m 

81 
58 
81 
77 
64 
63 
50 
48 
75 
62 
61 
62 
50 
74 
63 

Aged 

rmax 

•m in 

1.17 
1.09 
1.17 
1.13 
1.08 
1.17 
1.06 
1.07 
1.09 
1.09 
1.17 
1.09 
1.05 
1.12 
1.04 

CHT Welds 

2 5 ( r ^ °ys 
(mm) 

17.6 
9.1 

17.6 
15.8 
10.8 
10.6 
7.8 
6.2 

15.2 
10.2 
10.1 
10.1 
6.6 

14.7 
10.7 

Kic 

MPa\ /m 

— 
58 

-
-
-
-
50 
48 

-
62 

-
-
50 

-
63 

'"'Critical load (Po) values determined by the 5% secant offset method were used to determine KQ. in accordance wi th ASTM 
E399-81. K 0 was equal to K,c when the ASTM plasticity and plane strain size requirements (Sections 9.1.2 and 9.1.3 of ASTM E399-81) 
were met. 
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10 /um 
Fig. 7—Electropolished metallographic profiles for two CHT welds aged for 10,000 h. Note the variability in second phase morphology. A-In high 
toughness specimens, the blocky Laves phase was partially dissolved, but there was no significant increase in the density of S precipitates. B — ln 
specimens exhibiting inferior fracture resistance, colonies of coarse 6 needles replaced the Laves phase 

•Of *. 

10 .um 
Fig. 8—Metallographic-fractographic interface for 5000-h aged CHT specimens, illustrating typical dimple rupture mechanism. A —High toughness 
specimen, where aging partially dissolved the Laves particles, making them more fracture resistant. The 5 platelet morphology was essentially unaltered 
by aging. B — Low toughness specimen. Note the significantly higher density of S needles, which provided additional microvoid nucleation sites 

Fig. 9 — Metallographic-fractographic profile for CHT specimens aged for 10,000 h, showing microvoid initiation sites. A—In intermediate toughness 
specimens, Laves particles were partially dissolved and the density of S platelets remained relatively low. B — Low toughness specimens exhibited 
colonies of coarse 5 platelets. Entire colonies served as microvoid nucleation sites, as shown on the left side of this fractograph 
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it was not long enough to increase the 5 
platelet density. Hence, its fracture resis
tance was superior to that for the unaged 
material. For its low toughness counter
part, the 5000-h exposure induced signif
icant r5-phase precipitation, thereby 
degrading the fracture toughness relative 
to the unaged weld. 

Similarly, the extent of 8 phase precipi
tation dictated the fracture toughness 
response for CHT welds after 10,000-
and 20,000-h agings. At the longer expo
sures, some specimens exhibited only a 
modest increase in 8 platelet density. This 
caused a slight degradation in fracture 
resistance, which was offset by the partial 
dissolution of Laves particles. The net 
result was essentially no change in tough
ness relative to the unaged material. By 
contrast, low toughness specimens 
exhibited large 5 platelet colonies (Fig. 7B) 
that were susceptible to premature fail
ure. Figure 9B reveals that an entire 8 
colony often initiated a single, large 
microvoid. Subsequent coalescence of 
these large voids caused a premature 
advance of the crack and resulted in an 
overall brittle fracture mode. 

Most welded components contain 
crack-like flaws because it is not practical 
to fabricate completely defect-free struc
tures. Through effective quality control 
and NDE inspection, defect size can be 
minimized, but complete elimination is 
unrealistic. Classical design analyses pro
vide protection against premature failure 
of defect-free components, but do not 
generally address the integrity of flawed 
structures. To verify protection against 
brittle fractures, a fracture mechanics 
assessment is required, based on the 
supposition of a readily detectable flaw in 
the most severely challenged location 
and orientation. 

The overall flaw sensitivity for CHT 
Alloy 718 weldments can be addressed 
by establishing a unique relationship 
between fracture toughness, design 
allowable stress limit and critical flaw size. 
First, it is important to account for vari
ability in the weld's fracture behavior to 
determine minimum-expected toughness 
values for use in design and safety analy
ses. In this study, a lower-bound 
approach was adopted to establish the 
minimum-expected Kic value (48 MPa x/rrT 
for the 10,000- to 20,000-h aged CHT 
weld) because the excessive data scatter 
precluded a meaningful statistical analysis. 
For the unaged CHT weld, the fracture 
toughness was assumed to be 76 
MPa \ / rn (Ref. 9), which corresponds to 
the equivalent K|r value determined from 
the experimental J|c value of 32 k j /m2 . 

For CHT Alloy 718 components at 
538°C (1000°F), the ASME Code (Ref. 19) 
maximum allowable stress limit is approx
imately 365 MPa (53 ksi), which corre
sponds to one-third of the ultimate tensile 
strength. By assuming a maximum design 

stress of 365 MPa for a 10-mm (0.4-in.) 
thick weldment containing a surface 
crack with an a/c ratio of 0.33 (in keeping 
with the general approach of Appendix 
G, Section III, of the ASME Code-Ref . 
19), critical flaw sizes were found to 
range from 7 mm (0.3 in.) for the unaged 
weld to 4 mm (0.2 in.) after 10,000 and 
20,000 h exposures at 566°C (1051°F). 
These relatively small critical flaw sizes 
demonstrate that fracture mechanics 
analysis, coupled with effective NDE pro
cedures, should be an integral part of 
structural integrity evaluations for welded 
CHT components. 

The superior fracture resistance of the 
MHT weld results in substantially larger 
critical flaw sizes. Indeed, for a design 
stress of 365 MPa, through-thickness 
crack lengths (2c) in excess of 60 mm (2.4 
in.) would be required to initiate fracture. 
Brittle fracture is, therefore, not a primary 
concern for welded MHT components; 
however, fracture control based on frac
ture mechanics concepts should still be 
considered for critical engineering com
ponents to provide a safety margin 
beyond classical design. 

Conclusions 

The effects of thermal aging on the 
fracture toughness of conventional and 
modified heat-treated Alloy 718 weld
ments were characterized using both lin
ear-elastic K|C and elastic-plastic J|C frac
ture mechanics concepts. The results are 
summarized below: 

1. Aging at 566°C reduced the J!c and 
tearing modulus for the MHT weld by 
approximately 25 and 50%, respectively. 
Toughness degradation was found to 
saturate prior to the 5000-h exposure. 
For a stress limit design approach where 
the applied stress (365 MPa) is one-third 
the ultimate strength, critical flaw sizes 
are on the order of 60 mm, demonstrat
ing that MHT welds retain good fracture 
resistance after aging. 

2. The reduction in fracture toughness 
for the MHT weld resulted from aging-
induced 8 precipitates, which served as 
microvoid nucleation sites. 

3. Aging of the CHT weld greatly 
increased specimen-to-specimen variabil
ity in fracture toughness behavior. Under 
comparable aging conditions, some spec
imens failed under elastic-plastic condi
tions, whereas others exhibited a brittle, 
plane strain fracture response, with K|C 

levels as low as 48 MPa-ymT. 
4. This large data scatter was directly 

correlated with microstructural varia
tions. The high temperature exposure 
partially dissolved the blocky Laves parti
cles from the weld zone, and in their 
place a network of coarse, needle-like 8 
particles formed. The size and density of 
the 8 precipitates, however, varied signif
icantly from specimen to specimen, and 

those with high 8 phase concentrations 
were found to exhibit inferior tough
nesses. 

5. The present results demonstrate 
that aged CHT welds are susceptible to 
brittle fracture. For example, at an ASME 
Code allowable maximum stress level of 
365 MPa, critical flaw sizes are on the 
order of 4 mm. Therefore, total structural 
integrity assessments for welded con
struction of CHT Alloy 718 components 
necessitates the combined use of classical 
design and fracture mechanics analyses. 
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