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Effect of Heat Treatment on the Tensile 
and Fracture Toughness Behavior 

of Alloy 718 Weldments 

A modified heat treatment restores considerable fracture 

resistance to age-hardened weld zones without sacrificing strength 

BY w . J. MILLS 

ABSTRACT. The effect of heat treatment 
on the tensile and fracture toughness 
properties of alloy 718 weldments was 
characterized at room and elevated tem
peratures. The two heat treatments 
employed during this investigation were 
the conventional heat treatment (CHT), 
per ASTM A637, and a modified heat 
treatment (MHT) designed to improve 
the toughness of alloy 718 welds. Weld
ments were also examined in the as-
welded condition. 

CHT and MHT weldments were found 
to exhibit very similar tensile properties, 
whereas the as-welded material dis
played considerably lower strengths and 
higher ductilities. Metallographic exami
nation of the tensile specimens revealed 
that the superior ductility response in the 
as-welded condition was attributed to 
the high fracture resistance of the unaged 
weld matrix. The fully hardened matrix of 
the heat-treated weldments suppressed 
plastic flow in the weld zone; this resulted 
in higher strengths and lower ductilities. 

The fracture toughness behavior of the 
alloy 718 welds was determined at 24, 
427 and 538°C (75, 800 and 1000°F) 
using linear-elastic (K|C) and elastic-plastic 
(Jic) fracture mechanics concepts. The 
as-welded material exhibited the highest 
fracture resistance, while the CHT weld 
yielded very low fracture toughness val
ues. The MHT restored considerable frac
ture resistance to the age-hardened weld 
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zone without sacrificing strength. Metal
lographic and electron fractographic 
examination of alloy 718 weld fracture 
surfaces revealed that differences in frac
ture toughness behavior were associated 
with variations in the weld microstruc
tures. 

Introduction 

Alloy 718 is a high-strength nickel-base 
superalloy that possesses excellent corro
sion and oxidation resistance coupled 
with good tensile and creep properties at 
elevated temperatures. In addition, alloy 
718 is unique in comparison to other 
nickel-base superalloys, because it exhib
its outstanding weldability and good resis
tance to strain-age cracking. The superior 
weldability characteristics are associated 
with the sluggish precipitation kinetics of 
the primary strengthening y" (body-cen-
tered-tetragonal Ni3Nb) phase (Refs. 1,2). 
This sluggish age-hardening response 
results in a relatively low-strength, high-
ductility heat-affected zone during the 
initial aging treatment, permitting relax
ation of residual stresses and improving 
the strain-age cracking resistance. 

Alloy 718 base metal and weldments 
are used in structural applications in the 
nuclear, aerospace and petrochemical 
industries where high strength, creep 
resistance and corrosion resistance at 
elevated temperatures are important 
design considerations. For structural 
components employed below 650°C 
(1202°F), this superalloy is generally given 
the conventional heat treatment (CHT), 
per ASTM A637-Table 1. This heat 

treatment, however, has contributed to a 
series of failures in welded components 
by severely reducing the impact tough
ness of the weld fusion zone (Refs. 3-6). 
The reduction in toughness has been 
attributed to the presence of Laves phase 
in the interdendritic regions of the weld 
metal. The CHT with a solution annealing 
temperature of 954°C (1750°F) does not 
dissolve the Laves phase in the weld 
zone, thereby resulting in the poor frac
ture resistance. 

To increase the impact toughness of 
alloy 718 weldments, the Idaho National 

Table 1—Precipitation Heat Treatments for 
Alloy 718 

Conventional heat treatment:^ 

*Annealed 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. 

(a) Fahrenheit temperature equivalents to degrees Celsius 
shown are as follows: ± 28=C/h-± 50°F; 55°C/h-100°F/ 
h; 621 ± 8°C-1150 ± 15=F; 718CC- 1325'F; 1093°C-
2000°F. 
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Table 2 -

Element 

C 
Mn 
Fe 
S 
Cu 
Ni 
Cr 
Si 

-Chemical Compositions, 

Filler 
metal 

0.04 
0.09 

17.97 
0.007 
0.10 

53.84 
18.04 
0.18 

Wt-% 

Base 
metal 

0.04 
0.19 

Bal. 
0.002 
0.01 

53.80 
17.65 
0.10 

Element 

Al 
Ti 
Co 
P 
Mo 
B 
Nb 
Ta 

Filler 
metal 

0.55 
1.01 
0.03 
0.010 
3.00 
0.004 
5.11 
0.01 

Base 
metal 

0.56 
1.00 
0.02 
0.003 
3.08 
0.005 
5.24 
0.02 

Fig. 1- Alloy 718 GTA weld 

Engineering Laboratory (Refs. 6,7) devel
oped the modified heat treatment (MHT 
in Table 1), which utilizes a 1093°C 
(2000°F) solution anneal, followed by a 
slow cool (55°C/hour or 100°F/h), rath
er than the conventional air cool. The 
slower cooling rates tend to reduce ther
mal stresses, while the higher tempera
ture anneal dissolves the Laves phase and 
restores adequate impact toughness in 
the fusion zone (Refs. 6,7). In addition to 
increasing the toughness of weldments, 
the MHT improves the fatigue (Ref. 8) 
and fracture toughness (Ref. 9) responses 
for the base metal, while sacrificing only 
about 10% of the CHT material's strength 
(Ref. 10). 

Alloy 718 weldments are usually 
employed in the CHT or MHT conditions 
for high strength applications, and in the 
as-welded condition for applications 
where high strength levels are not 
required. In this investigation, the tensile 
and fracture toughness responses of as-
welded, CHT and MHT welds were char
acterized at room and elevated 
temperatures. Fracture toughness tests 
were performed using linear-elastic (Kic) 
and elastic-plastic (J|C) 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 

Welds studied in the present investiga
tion were produced by an automatic gas 
tungsten-arc (GTA) welding process, 
using 1.6X4.1 X 28 cm (0.63 X 1.6 X 11 
in.) rectangular bar stock as the base 
metal. The compositions of the filler met
al and the base metal are given in Table 2. 
All welds were of the single U-groove 
geometry as illustrated in Fig. 1. A 1.5 cm 
(0.59 in.) deep "J"-groove with a 0.5 cm 
(0.20 in.) groove radius was machined 
into the base metal bar stock and filled 
with twelve weld passes. (Specific weld 
procedures are outlined in Reference 
10.) 

Tensile Testing 

Tensile tests were performed on minia
ture buttonhead tensile specimens with a 
2.86 cm (1.125 in.) gage length and 0.32 
cm (0.125 in.) gage diameter. The speci
men axis was parallel to the welding 
direction, and the entire gage section 
contained only weld metal. 

Tests were performed at a nominal 
strain rate of 3.0 X 10~5 s~1 at tempera
tures ranging from 24 to 649 °C (75 to 
1200°F). A conventional strain-gage load 
cell was used to determine load, and 
specimen extension was based on cross-
head displacement. Load and displace
ment values were recorded on a strip 
chart from which the tensile properties 
were determined. 

Fracture Toughness Testing 

Fracture toughness tests were per
formed on ASTM compact specimens 
(Ref. 11) with the notch centered in the 
weld deposit and oriented parallel to the 
welding direction. The width (W) and 
thickness (B) of the compact specimens 
were 29.3 and 12.7 mm (1.15 and 0.5 in.), 
respectively. All specimens were tested 
on an electrohydraulic closed loop 
machine in stroke control (stroke rate of 
4.2 Mm/second) at 24, 427 and 538°C 
(75, 800 and 1000°F). Displacements 
were measured on the load-line by a dual 
LVDT displacement monitoring technique 
(Ref. 12). During each test, the load-line 
displacement was recorded continuously 
on an X-Y recorder as a function of 
load. 

Linear-elastic K|C fracture toughness 
tests were performed on the CHT weld 
at room temperature in accordance with 
ASTM Specification E399-81 (Ref. 11). 
Specimens were precracked to a crack 
length-to-width (a/W) ratio of 0.52 at a 
maximum stress intensity factor of 18 
MPayfri7 and subsequently loaded to 
fracture. 

The critical load (PQ) (obtained by the 
5% secant offset procedure) and an aver
age crack length (obtained from the sur
face, 1/4 thickness and 1/2 thickness 
positions) were used to compute the K|C 

Fig. 2 — Typical fracture surfaces for the MHT, 
CHT and as-welded alloy 718 welds 

fracture toughness using the standard 
K-solution given in ASTM Specification 
E399-81. The specimen size requirement 
to assure a valid plane strain K|C fracture 
toughness: 

a, W-a, B 
» $ • 

(1) 

where o-y represents yield strength, was 
satisfied for the CHT weld at 24°C 
(75 °F). 

Nonlinear load-displacement records, 
which precluded the use of linear-elastic 
fracture mechanics techniques, were 
obtained for the CHT weld at elevated 
temperatures and the as-welded and 
MHT welds at all test temperatures. 
Under these conditions, fracture tough
ness tests were performed within an 
elastic-plastic J|C fracture mechanics 
framework, in accordance with the multi
ple-specimen JR-curve procedures out
lined in ASTM Specification E813-81 
(Ref. 13). 

A series of deeply cracked (fatigue 
precracked to a /W > 0.65 at a maximum 
stress intensity factor of 24 MPa\/m) 
compact specimens were loaded to vari
ous displacements producing different 
amounts of crack extension, Aa, and then 
unloaded. After unloading, each speci
men was heat tinted to discolor the crack 
growth region and subsequently broken 
open so that the amount of crack exten
sion could be measured. 

Typical fracture surfaces for the heat-
treated and as-welded welds, shown in 

238-s I AUGUST 1984 



m 2 5 jAm 

, - . ; - . ^ - --. - . V I J " •• .-> 

25 f<m 
. . . ; ' . ; • • > - ' • _ * • ! . • 

. ^"j*A^-<-

-. v-^ 

. : • , . " ~ ~ ~ ' . 

•..-H-̂ V 
- ^ ^ . ™ . . . * - - » • 

-'" ) "' "' * 

, J . • -- ' 

1 1 
• 25 /aim 

F/g. 3 — Microstructure of the weld: A —as-welded; B — CHT; C—MHT 

Fig. 2, reveal that the stable crack exten
sion region (center portion of fracture 
surface) was fairly uniform with maximum 
extension occurring in the center of the 
specimen. An accurate measure of Aa for 
each specimen was obtained by averag
ing crack extension values measured at 
nineteen positions evenly spaced across 
the entire crack front. The value of J was 
determined from the load vs. load-line 
displacement curve by the following 
equation (Ref. 13): 

2A (1 + a) 
Bb (1 + a2) (2) 

where A = area under load vs. load-line 
displacement curve, b = unbroken liga
ment size, and a = [(2a/b)2 4- 2(2a/ 
b) + 2]'A - (2a/b + 1). 

The jR-curve was constructed by plot
ting values of J as a function of Aa; J|C 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 af (Aa) (3) 

where: 
<Tf= f l o w 

strength = \}/i 
(cry + o-J] 
o-u = ultimate strength. 

The ASTM specimen size criteria for 
valid J|C fracture toughness determination 
(Ref. 13): 

B,b> 15 I 
"t 

and: 

B,b > 25 : 

"f 

(4) 

(5) 

were met during this investigation. 

Metallographic and Fractographic 
Procedures 

Light microscopy techniques were 
used to characterize the weld microstruc
tures. Specimens were prepared by stan
dard metallographic procedures and 
electrolytically etched in an oxalic acid 

solution to reveal the general microstruc
ture. 

Fracture surface micromorphologies 
were characterized by fractographic 
examination of test specimens on a scan
ning electron microscope. To relate frac
ture surface appearance to key micro-
structural features, selected areas of frac
ture surfaces were electropolished so 
that the fracture surface topography and 
underlying microstructure could be 
studied simultaneously (Ref. 14). A pro
tective lacquer was applied to portions of 
the fracture surface that were to remain 
intact during electropolishing. 

Exposed surfaces were electropolished 
in the following electrolyte: 25 g GO3, 7 
ml water and 130 ml acetic acid. When 
electropolishing was complete, speci
mens were cleaned ultrasonically in ace
tone to remove the protective lacquer. 
Examination of the interfacial region 
between the original fracture surface and 
the electropolished region revealed both 
the fracture surface topography and 
underlying microstructural features. 

Results and Discussion 

Microstructure 

The microstructure of the "as-welded" 
material, shown in Fig. 3A, reveals the 
presence of a white phase in the inter
dendritic regions identified by its shape 
and color as Laves phase. Formation of 
this topologically-close-packed (TCP) 
phase occurs during solidification in 
microsegregated regions enriched in Nb 
content. The Laves phase is believed to 
be responsible for the inferior impact 
toughness properties exhibited by alloy 
718 weldments and castings (Refs. 
15,16). 

CHT welds exhibited a significant 
amount of blocky Laves phase in the 
interdendritic regions, as illustrated in Fig. 
3B. The inability of the CHT 954°C 
(1750°F) postweld solution anneal to 
homogenize the interdendritic structure 
in the fusion zone was expected; in 
previous investigations (Refs. 3,4,6,7), 
temperatures in excess of 1038°C 

(1900°F) were required to dissolve the 
Laves phase. The dark regions surround
ing the Nb-rich Laves phase consisted of 
needle-like 5 precipitates, an ordered 
orthorhombic Ni3Nb phase, which 
formed during the 954°C (1750°F) solu
tion anneal. 

The nucleation of 5 needles from Laves 
particles is also consistent with previous 
observations in alloy 718 castings, where
by the Nb-rich TCP phase acted as a 
source for 5 precipitation (Refs. 15-17). 
Unfortunately, the Laves phase and 5 
precipitates contribute little to the 
strength of alloy 718 weldments; more
over, they tend to act as localized crack 
initiation sites (as shown in the subse
quent discussion). 

The MHT with a 1093°C (2000°F) 
solution anneal drastically reduced the 
amount of Laves phase in the weld 
microstructure (Fig. 3C); this was consis
tent with observations made at the Idaho 
National Engineering Laboratory (Refs. 
6,7). The higher temperature anneal 
apparently resulted in partial dissolution 
of the Laves phase, since only traces 
remained within the weld zone following 
the modified treatment. 

Tensile Properties 

Tensile properties for as-welded and 
heat-treated welds are summarized in 
Figs. 4 through 6; the average tensile 
properties for three heats of alloy 718 
base metal in both the CHT and MHT 
conditions are also represented (see bro
ken lines) for comparison purposes. In 
general, tensile properties reported here
in were in agreement with those report
ed previously for alloy 718 welds (Refs. 
7,18-21). The overall trends in tensile 
behavior are discussed below. 

The 0.2% offset yield strength values 
for the CHT and MHT welds (Fig. 4) are 
relatively insensitive to heat treatment 
and temperature; they decrease from 
approximately 1050 MPa (152 ksi) at 
room temperature to 930 MPa (135 ksi) 
at 649°C (1200°F). Yield strength levels 
for the age-hardened welds were found 
to be equal to or greater than the aver-
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age yield strength for the MHT base 
metal, but somewhat lower than that for 
the CHT base metal. As expected, the 
strength of the as-welded GTA weld was 
approximately half that for the aged 
material. In contrast to the tensile 
response of the heat-treated welds, how
ever, the yield strength of the as-welded 

50 -

material increased slightly at the higher 
temperatures after reaching a minimum 
at 316°C (600°F). 

Ultimate strength levels for the age-
hardened welds are illustrated in Fig. 5. 
These were found to be in relatively 
good agreement with those for the base 
metal. The ultimate strength of the welds, 
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Fig. 6 — Effect of temperature on the uniform elongation 

600 

like that of the base metal, was found to 
decrease markedly at elevated tempera
ture. Contrasting the base metal tensile 
response, however, the ultimate strength 
for the CHT weld was generally lower 
than that for the MHT weld. The as-
welded ultimate strength was insensitive 
to temperature, and was considerably 
lower than that for the aged material. 

Figure 6 reveals that uniform elonga
tion values for the heat-treated welds 
and base metal were very similar. (Total 
elongation values (Ref. 10) were only 1 to 
3 percentage points higher than uniform 
elongation values reported in Fig. 6 for 
both the as-welded and heat-treated 
conditions.) The ductility for the as-
welded material is seen to be consider
ably greater than that for the heat-
treated superalloy at temperatures up to 
538°C (1000°F). At 649°C (1200°F), 
however, ductility values for the as-
welded material rapidly approached the 
CHT and MHT values, suggesting that 
considerable age hardening occurred 
prior to and during the 649°C (1200°F) 
tensile test. To verify this hypothesis, the 
hardness of as-welded GTA welds aged 
at 316, 427, 538 and 649°C (600, 800, 
1000 and 1200°F) for various periods of 
time were determined. 

Table 3 reveals that essentially no pre
cipitation hardening resulted from ther
mal aging at temperatures of 538 °C 
(1000°F) and lower. However, the hard
ness of the as-welded material aged at 
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F/g. 7 — Typical metallographic fracture profiles of weld tensile specimens: A — as-welded; B — CHT; C — MHT 

649°C (1200°F) rapidly approached the 
CHT and MHT hardness levels (Rc 41 and 
40, respectively). This indicates that the 
drop in the as-welded tensile ductility at 
649°C (1200°F) did, in fact, result from 
precipitation hardening during the tensile 
test. Furthermore, the increase in strength 
that resulted from the age hardening 
apparently offset the reduction in 
strength normally observed at the higher 
temperatures; this accounts for the 
strength of the as-welded alloy 718 
remaining relatively insensitive to temper
ature over the entire test temperature 
range. 

To characterize the effect of Laves 
phase on the tensile response of alloy 
718 welds, metallographic fracture pro
files were examined (see Fig. 7). In the 
as-welded material (Fig. 7A), the Laves 
phase fractured throughout the gage 
length; however, the resulting small 
cracks were arrested in the surrounding 
metal due to the high fracture resistance 
of the unaged nickel matrix. Hence, the 
ductile matrix of the unaged weld accom
modates cracking of the Laves phase, 
which accounts for the high ductility lev
els. At 649 °C (1200°F), the decrease in 
ductility was caused by a reduction in the 
fracture resistance of the matrix due to 
the substantial precipitation strengthen
ing. 

In contrast to the as-welded behavior, 
failure of the "britt le" Laves phase in the 
CHT weld was confined to the primary 
fracture region, as shown in Fig. 7B. 
Because the fracture resistance of the 
matrix was relatively low, due to precipi
tation strengthening, cracks that initiated 
in both the Laves and & phases immedi
ately grew into the low fracture resistant 
matrix. This explains the absence of frac
tured Laves particles outside the primary 
fracture region and the low ductility lev
els observed in the CHT weldment. 

The MHT solution anneal significantly 
reduced the amount and size of the 
Laves phase present in the weld fusion 
zone. However, remnants of the original 
interdentritic structure were still present, 
as indicated by the series of dark and light 
regions in Fig 7C. Note that in some 

Table 3—Effect of Aging on the Room Temperature Hardness of As-Welded Alloy 718 GTA 
Weldments, Rockwell C(a) 

Aging 
temperature, 

°C 

316 
427 
538 
649 

24 
24 
24 
24 30 

Aging 

3 

24 
25 
24 
35 

time, hours 

KJ 

23 
22 
26 
37 

30 

24 
24 
28 
40 

10C 

— 
-
28 
42 

(a) Hardness of CHT weldment - R c 4 1 ; hardness of MHT w e l d m e n t - R c 40. 

regions (indicated by arrows) the crack 
propagated along this prior interdendritic 
structure; this was because the remaining 
small Laves particles still acted as micro-
void nucleation sites and thereby pro
vided a preferential crack path. 

Fracture Toughness Behavior 

The CHT weld exhibited a brittle 
response at 24°C (75°F) as indicated by 
the load vs. displacement curve shown in 
Fig. 8. Values of K|c ranged from 62 to 73 
MPa y /rn —Table 4. These values were 
slightly higher than the fracture toughness 
(55 MPa^rn) determined by Pettit, et al. 
(Ref. 22) and Lorenz (Ref. 24) during 
fracture testing of alloy 718 GTA weld 
specimens containing surface flaws. 

The room temperature Jlc fracture 
toughness responses for as-welded and 
MHT welds are summarized in Fig. 9 and 
Table 4. The as-welded material exhibited 
the higher fracture toughness, 160 k j /m 2 

(914 in.-lb/in.2), while the Jic value for the 
MHT weld was 140 k j /m 2 (799 in.-lb/ 
in.2). Equivalent plane strain fracture 
toughness (Kjc) values were computed 
from these experimental Jic values by the 
following equation (Ref. 25): 

toughness exhibited by the CHT weld. 
At room temperature, the CHT weld 

failed in an unstable mode, whereas the 
as-welded and MHT welds exhibited sta
ble tearing at J levels well above J|C. To 
characterize the material's resistance to 
tearing, the tearing modulus (T) was 
determined using the following equation 
(Ref. 26): 

T = 
dJ_J_ 
da Of 

(7) 

K*-VS (IV) 
(6) 

where E = Young's modulus and 
v = Poisson's ratio. 

The room temperature Kjc values for 
as-welded and MHT welds (187 and 176 
MPa-a/rrT, respectively — see Table 4) 
were much higher than the K|C fracture 

The value of T depends on the slope 
of the JR curve (d)/da) as well as the 
material's flow strength and Young's 
modulus (E). The as-welded material 
exhibited a very high tearing modulus 
(T = 101 - s e e Table 4) as a result of its 
steep slope (d)/da = 221 MPaiym) cou
pled with a relatively low flow strength 
(ff( = 660 MPa \/m). The value of T for 
the MHT weld (T = 9) was an order of 
magnitude lower than that of the as-
welded material, while the CHT weld
ment possessed essentially no resistance 
to tearing (T as O). 

The elevated temperature )ic fracture 
toughness responses are given in Table 4 
and Figs. 10 and 11. At both 427 and 
538°C (800 and 1000°F), the as-welded 
material yielded the highest J|C values, i.e., 
183 and 228 k j /m 2 (1045 and 1302 i n -
ib/in.2), respectively. The CHT consis
tently resulted in the lowest fracture 
toughness (32 k j /m 2 or 183 in.-lb/in.2 at 
both elevated test temperatures), while 
MHT yielded intermediate Jic values of 
117 k j /m 2 at 427°C (668 in.-lb/in.2 at 
800°F) and 100 k j /m 2 at 538°C (571 
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Table 4—Summary of Fracture Toughness Response of Alloy 718 GTA Weldments 

Condition 

Conventional 

Modified 
As-welded 
Conventional 
Modified 
As-welded 
Conventional 
Modified 
As-welded 

Temperat 
°C 

24 

24 
24 

427 
427 
427 
538 
538 
538 

ure, 
(°F) 

(75) 

(75) 
(75) 

(800) 
(800) 
(800) 

(1000) 
(1000) 
(1000) 

lie. kjV 

21 

141 
160 
32 

117 
183 
32 

100 
228 

Kic or K)C, MPa \ / m 

62 
67 
70 
73 

176<a> 

1 8 7 ( a ) 

78<a> 

150<a> 

187<a> 

76<a> 

136<a> 

205 ( a> 

d) 
da , 
MPa 

62 
221 
21 
69 
283 
28 
82 
221 

\ da <r,y 

9 
101 
4 
10 
112 
4 
13 
94 

(a) Calculated based on equation (5); KJC = 

in . - lb / in . 2 at 1000°F). Equivalent K,c f rac
ture toughness levels are repor ted in 
Table 4. 

In addi t ion t o exhibit ing the highest 
fracture toughness values, the as-welded 
material also possessed superior tearing 
resistance under e levated tempera ture 
condit ions as ev idenced by its steep JR 
curves. At 427 and 538°C (800 and 
1000°F), values of T fo r the as-welded 
GTA w e l d (112 and 94, respectively) 
w e r e an order o f magni tude greater than 
tearing modul i for M H T we lds (Refs. 

10,13). The CHT resulted in the lowest 
tearing modulus (T = 4). 

The r o o m and e levated tempera tu re Jic 

f racture toughness responses for base 
metal (Ref. 9) and welds (represented by 
solid and b roken lines, respectively) are 
summarized in Fig. 12. The inferior frac
ture resistance o f the CHT base metal 
relative t o the M H T material was attr i
bu ted to the presence of coarse 5 prec ip
itates wh i ch initiated premature micro-
vo id coalescence (Ref. 9). The higher 
solut ion annealing temperature e m 

p loyed dur ing the M H T dissolved the <5 
phase, resulting in higher Jic values. The 
M H T w e l d exhib i ted J!c values 15 t o 25% 
lower than its base metal counterpar t , 
but 65 to 80% higher than the CHT base 
metal . 

Fracture toughness values for the CHT 
we ld w e r e much lower than base metal 
Jic levels. There fore , we ldments should 
be used in the M H T cond i t ion for high 
strength applications w h e r e f racture 
toughness is a pr imary design consider
at ion. The as-welded material exhib i ted 

ALLOY 7 1 8 G T A W E L D M E N T 
C O N V E N T I O N A L H E A T T R E A T M E N T 
T E S T E D A T R O O M T E M P E R A T U R E 

600 — 

500 

400 

300 

200 

1—r 

ALLOY 718 GTA WELDMENT 
TESTED AT ROOM TEMPERATURE 

J = 2a f (Aa) 

J ) c = 1 6 0 k j / r • A S - W E L D E D 

A M O D I F I E D J | C = 1 4 1 k J / m 2 

C O N V E N T I O N A L * J | C = 2 1 k j / m 2 

0.5 1.0 1.5 
0 .005 0 . 0 1 0 

LOAD-LINE D ISPLACEMENT (inch) 

Fig. 8 — Load vs. load-line displacement curve for a CHT weld at room 
temperature (1 Ibf = 4.448 N; 1 in. = 25.4 mm) 

CRACK EXTENSION ,mm 

Fig- 9-IR curves for welds tested at room temperature. The ) i c value for 
the CHT weld was calculated from an average Kk value based on 
equation (6) 
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-i—r -i—r 

ALLOY 718 GTA WELDMENT 
TESTED AT 427°C 

J|C= 183 kJ/m2 

J|C= 117 kJ/m2 

J| C = 32 kJ /m 2 , 

600 

500 

400 

300 

200 

100 

— i — i — | — i — i — i — i — | — i — i — i — i — r 

ALLOY 7 1 8 GTA WELDMENT 
TESTED AT 5 3 8 ° C 

• AS-WELDED 
^MODIFIED 
• CONVENTIONAL 

J | C = 228 kJ /m 2 

J | C = 1 0 0 k J / m 2 

J | C = 32 kJ /m 2 

CRACK EXTENSION, mm 

Fig. 10-k curves for welds tested at 427°C (800°F) 

the highest fracture resistance, particular
ly at 427 and 538°C (800 and 1000°F). 
However, it sacrifices significant strength 
for this increased fracture toughness 
behavior. 

Optical and electron microscopic 
examination of weld fracture surfaces 
was performed to characterize the effect 
of microstructure on the fracture tough
ness response. Metallographic fracture 
profiles of toughness specimens were 
found to be very similar to the tensile 
profiles shown in Fig. 7; hence, they are 
not reported herein. In the as-welded 
condition, small cracks emanating from 

CRACK EXTENSION,mm 

Fig. 11 -lR curves for welds tested at 538°C (1000°F). Open data point 
denotes stretch zone formation 

the broken Laves particles were arrested 
in the ductile unaged matrix; this accounts 
for the very high fracture toughness val
ues. 

Electron fractographic examination of 
as-welded Jic specimens revealed a dim
ple rupture network initiated by fractured 
Laves particles (Fig. 13A) at all test tem
peratures. The well-defined rows of dim
ples evident in Fig. 13 were attributed to 
the alignment of Laves phase in the 
interdendritic regions. Selected area elec
tropolishing (Fig. 13B) demonstrated that 
the rows of dimples shown in the left side 
of the metallographic-fractographic inter

face were, in fact, aligned with the under
lying interdendritic Laves particles. 

In the CHT weldment, failure of the 
Laves phase was confined solely to the 
region immediately adjacent to the frac
ture surface. The low fracture-resistant 
matrix of the age-hardened weld could 
not arrest cracks initiated by the Laves 
phase. Consequently, these localized 
cracks coalesced into the primary crack 
front before other particles further 
removed from the crack could fail. 

The CHT weld fracture surfaces also 
exhibited rows of dimples (Fig. 14A) that 
nucleated at the interdendritic Laves and 
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Fig. 12-Effect of temperature on fracture 
toughness response 
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Fig. 13 — Electron fractographs of the as-welded fracture surfaces: A—rows of dimples; B-
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F/g. 74 — Electron fractographs of CHT fracture surfaces: A—rows of dimples; B - metallographic-fractographic interface; C — higher magnification of 
metallographic-fractographic interface revealing Laves and S particles 

8 particles, as shown in Figs. 14B and 14C. 
Compared to the well-defined dimple 
rupture network observed in the as-
welded condition, dimples displayed by 
the CHT material were rather shallow 
and poorly defined. The ill-defined dim
ples resulted from a combination of the 
high density of microvoid nucleation sites 
and the high strength matrix that sup
pressed plastic flow around the interden
dritic particles. Moreover, the presence 
of coarse Laves and 8 particles in the 
weld zone coupled with the low fracture-
resistant matrix resulted in the very low 
fracture toughness values exhibited by 
the CHT weldment. 
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F/g. 15-Electron fractographs of MHT frac
ture surfaces: A — equiaxed microvoid coales
cence; B — metallographic-fractographic inter
face 

Fracture surfaces for the MHT weld 
exhibited nonaligned dimples (Fig. 15A) 
that were initiated by Laves phase rem
nants in the fusion zone —Fig. 15B. The 
MHT homogenized the microstructure by 
dissolving most of the coarse second 
phase particles from the interdendritic 
regions, leaving only traces of Laves 
phase distributed uniformly throughout 
the matrix. Microvoids in the MHT weld 
nucleated by decohesion of the Laves 
particle-matrix interface, rather than by 
catastrophic failure of the Laves phase as 
observed in the as-welded and CHT con
ditions. Hence, the small Laves particles 
remaining after the MHT were apparently 
more resistant to fracture than the coarse 
particles in the other two conditions. By 
drastically reducing both the size and 
number of coarse second phase particles 
in the weld zone, the MHT significantly 
improved the fracture toughness re
sponse of the age-hardened weld. 

Conclusion 

The tensile and fracture toughness 
behavior of as-welded, CHT and MHT 
alloy 718 welds was characterized at 
room and elevated temperatures. The 
results of the current investigation may 
be summarized as follows: 

1. The strength and ductility responses 
for precipitation-strengthened welds 
were relatively insensitive to heat treat
ment and were comparable to base met
al strength and ductility values. Contrary 
to fracture toughness behavior, dissolu
tion of Laves and 8 phases from the weld 
zone during the MHT had little effect on 
the weld's tensile behavior. 

2. In the as-welded condition, welds 
exhibited lower strength levels and higher 
ductilities relative to those observed in 
the heat-treated welds. The fracture-
resistant matrix in the unaged weld arrest
ed microcracks initiated by broken Laves 
particles, thereby resulting in high ductility 
levels. 

3. The as-welded material exhibited 
the highest fracture toughness, while the 

CHT weld yielded the lowest toughness 
values. The MHT resulted in intermediate 
fracture toughness levels that were com
parable to base metal J|C values. 

4. In the as-welded condition, small 
cracks emanating from fractured Laves 
particles were arrested by the surround
ing ductile matrix. This behavior resulted 
in the superior fracture resistance exhib
ited by the as-welded material. 

5. The inferior fracture toughness for 
the CHT weld was attributed to the low 
fracture resistance of the aged weld 
matrix coupled with the presence of 
many coarse Laves and 8 particles that 
served as microvoid nucleation sites. 

6. The high temperature MHT anneal 
significantly reduced the size and density 
of coarse second phase particles from 
the weld zone which enhanced fracture 
resistance without sacrificing strength. 
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