
Introduction

In the 21st century, the world faces the
critical challenge of providing abundant,
cheap electricity to meet the needs of a
growing global population while at the
same time preserving the environment.
Worldwide research and development ef-
forts have been conducted in recent
decades to develop and qualify high-tem-
perature materials technology for ultrasu-
percritical boiler (USCB) for power
generation. The goal of the USCB pro-
grams is to increase boiler efficiencies and
achieve lower emission levels. In the
United States, a program funded by The
U.S. Department of Energy (DOE) and
the Ohio Coal Development Office
(OCDO) has the goal to develop material

technology capable of operating with
steam temperatures of up to 732°C
(1350°F), and pressures as high as 35 MPa
(5000 lb/in.2) (Ref. 1). These service con-
ditions translate into higher hot gas path
temperatures and the need for materials
possessing the required strength, heat, and
corrosion resistance for long-term, reliable
service at higher temperatures. Addition-
ally, the weldability of these base materials
or ability to produce crack-free joints with

acceptable mechanical properties is
equally important as it has implications on
original fabrication and repair.

A nickel-based alloy, Inconel® Alloy
740 (IN740) (Ref. 2), has been identified in
the U.S. as a potential candidate for the se-
vere operating conditions of USC boilers
based on its resistance to fireside corrosion
resistance, steamside oxidation, and good
stress-rupture properties (Refs. 3–5).  Alloy
IN740 was developed as part of a similar
program in Europe known as the THER-
MIE Program. Alloy IN740 is a precipita-
tion-hardenable nickel-chromium-cobalt
alloy with niobium, titanium, and aluminum
additions. It is primarily strengthened
through precipitation of gamma-prime
phase (γ ′) and secondarily through the pre-
cipitation of carbides. Alloy IN740 is a new
alloy with no fabrication history that was de-
rived from NIMONIC® Alloy 263. There-
fore, the weldability of this new
precipitation-hardenable alloy needed to be
evaluated as part of the material selection
criteria for application in USC boilers for
power generation.

In general, nickel-based precipitation-
hardenable alloys are susceptible to liqua-
tion cracking during welding and to
stress-relaxation cracking, also known as
postweld heat treatment (PWHT) crack-
ing, reheat cracking, or strain-age crack-
ing, in the heat-affected zone (HAZ).
Additionally, application of IN740 in the
USC boilers requires wall thicknesses of
up to three inches. The high level of re-
straint in thick joints not only increases the
susceptibility to liquation cracking and
stress-relaxation cracking, but also makes
the HAZ susceptible to ductility-dip crack-
ing (DDC) during welding. Finally, the
mechanical properties of Alloy IN740
welded joints are expected to depend on
the “as-received” condition of the base
metal, welding procedures, and pre- and
postweld heat treatments. 

The conducted evaluation of the weld-
ability of Alloy IN740 included: 1) HAZ li-
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ABSTRACT

The susceptibility to stress-relaxation cracking of Alloy IN740 was evaluated
using high-temperature tensile testing and Gleeble stress-relaxation testing in the
temperature range from 600°–900°C and compared to Alloys IN718 and Was-
paloy®. The test results indicate that the susceptibility to stress-relaxation crack-
ing of IN740 is lower than that of Waspaloy, and it is similar to that of Alloy IN718.
A ductility dip was observed in the alloys tested. IN740, IN718, and Waspalloy
showed a ductility (reduction of area) minimum of 11.3% at 850°C, 8.5% at 750°C,
and 4.0% at 900°C, respectively. The three alloys showed an increase of effective
stress or negative-creep behavior during stress relaxation at most testing temper-
atures, increasing the driving force for stress-relaxation cracking. Waspaloy pre-
sented a normal stress relaxation behavior at 850°, 900°, and 950°C. Phase
computational modeling predictions indicate that IN740 and Waspaloy are
strengthened mainly by γ ′ precipitates while IN718 is hardened by the precipita-
tion of both gamma prime and gamma double prime. The modeling predictions
show that alloys strengthened only by gamma prime (IN740 and Waspaloy) pres-
ent faster precipitation reaction kinetics and experience formation of eta phase
during the stress relaxation tests. The synergistic effect of stress relaxation be-
havior, characteristics and kinetics of precipitation reactions, and high-tempera-
ture or creep ductility may control the relative susceptibility to stress relaxation
cracking of these three alloys.
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quation cracking susceptibility and HAZ
DDC susceptibility (Ref. 6); and 2) stress-
relaxation cracking susceptibility of Alloy
IN740 and comparison with other common
nickel-based precipitation-hardenable al-
loys such as IN718 and Waspaloy® as re-
ported in this paper.

Stress-relaxation or PWHT cracking is
intergranular and typically occurs during the
heating or holding portion of the PWHT
cycle, or during service.  Precipitation of sec-
ond phases results in strengthening of the
base metal that hinders complete relaxation
of the residual stresses induced during weld-
ing. Additionally, the precipitation reaction
may increase the stresses due to volumetric
shrinkage. As a result, the stress level in the
HAZ is controlled by the competition be-

tween the kinetics of stress relaxation and
the kinetics of precipitation hardening. In
general, stress-relaxation cracking is a result
of stresses developed during welding and
PWHT, and relaxed preferentially along the
grain boundaries of the HAZ at a time
when this zone is being, or has been, em-
brittled by metallurgical reactions. If the
creep or high-temperature ductility of the
material is exceeded, cracking may result
during PWHT or during service.

Materials and Experimental 
Procedures

Base Materials

The Alloy IN740 bar stock used for the

weldability evaluation was initially melted
using vacuum induction and subsequently
electroslag remelted. The cylindrical cast
(about 21 in. in diameter) was then forged
to 11.65 in. in diameter at 1180°C. The re-
sulting 11.65-in.-diameter billet stock was
then extruded at 1180°C to 3- ×  6-in. bar.
Finally, the bar was annealed at 1121°C
(2050°F) and water quenched. A rean-
nealing treatment of the bar at 1121°C for
3 h prior to water quenching was necessary
due to high hardness in the as-produced
bar. The provided material was identified
as Heat BLT2819. The chemical composi-
tion of this heat of material is listed in
Table 1. Figure 1 shows the general mi-
crostructure of the evaluated IN740 heat.

In order to compare the stress relax-
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Fig. 1 — General microstructure of the evaluated IN740 heat.

Fig. 3 — Schematic representation of thermomechanical cycles during
Gleeble stress-relaxation testing.

Fig. 2 — Samples with reduced gauge diameter for high-temperature ten-
sile testing and stress-relaxation testing.

Fig. 4 — Ultimate strength of Alloy IN740 as a  function of gauge geome-
try and testing temperature.

Table 1 — Chemical Composition of Alloy IN740 (Heat BLT2819) Used in This Testing Program

Element C Ni Cr Co Nb Ti Al

wt-% 0.029 Balance 24.4 20.0 2.0 1.8 1.0
Element Si Mn P S Ag B Bi

wt-% 0.53 0.26 <0.005 <0.001 <0.1 0.0045 <0.1
Element Cu Fe Mo Pb V Zn Zr

wt-% 0.02 0.45 0.50 0.6 ppm <0.01 1 ppm 0.225

Ramirez 4-13_Layout 1  3/14/13  10:22 AM  Page 90



ation cracking susceptibility of Alloy
IN740 to that of more common nickel-
based alloys, stress-relaxation testing of
commercially available IN718 and Was-
paloy alloys was conducted as well. Both
IN718 and Waspaloy materials were in the
annealed condition.

Evaluation of Stress-Relaxation Cracking
Susceptibility

The susceptibility to stress-relaxation
cracking was evaluated using Gleeble
high-temperature tensile testing and Glee-
ble stress-relaxation testing. These testing
methods have been used to evaluate the
susceptibility of stress-relaxation cracking
(strain age cracking, PWHT cracking, re-
heat cracking) of low-alloy steels, stainless
steels, and nickel-based alloys by many re-
searchers (Refs. 7–29). The high-tempera-
ture tensile test serves as a screening test
based on the characteristic (temperature
range and minimum ductility) of potential
ductility-dip experience by materials. The

lower the ductility or
ability to accommodate
plastic deformation at
the high-temperature
of a material, the
higher the susceptibil-
ity of a material to
stress-relaxation crack-
ing. The stress-relax-
ation test reproduces
more closely the condi-
tions experienced by
welded joints during
PWHT or service in-
cluding the presence of
residual stresses, stress
relaxation, precipitation reactions, tem-
perature, and time. The temperature ex-
perienced by the samples during testing
was measured using fine-wire K-type ther-
mocouples. These thermocouples were
percussion welded to the samples. The ap-
plied load and displacement was moni-
tored using a load cell and a linear variable
differential transformer (LVDT), respec-

tively, embedded in the Gleeble machine
system. The data were  acquired at a rate
of about 1000 Hz.

Gleeble High-Temperature Tensile Testing

Since stress-relaxation cracking is most 
prevalent in the coarse-grained HAZ
(CGHAZ), the microstructure of this re-
gion was reproduced using a simulated
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Fig. 5 — High-temperature tensile properties of the HAZ of Alloy IN740 and base metal as a function of temperature and holding time. A —UTS; B — reduc-
tion of area.

Fig. 6 — General characteristics of the fracture surface of HAZ of IN740
tested at 850°C (ductility minimum) after 2 h holding time. A — Intergran-
ular (1000×); B — intergranular (2000×); C — transgranular (1000×).

A B

A B

C
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welding thermal cycle. The conditions for
the welding thermal cycle simulation are
listed in Table 2. The nil-strength tempera-
tures (NST) obtained for Alloy IN740,
IN718, and Waspaloy are shown in Table 3.
The NST of these alloys were determined
using the Gleeble hot-ductility testing de-
scribed elsewhere (Ref. 6). After reproduc-
ing the CGHAZ, the high-temperature
tensile samples were heated to the test tem-

perature and held for 30 s
to allow for thermal stabi-
lization without any ap-
plied stresses. The IN740
samples were then pulled
to rupture after an addi-
tional holding time of 0 s,
1 h, and 2 h at test tem-
perature. The IN718 and
Waspaloy samples were
not held for additional
time at the testing temper-
ature before the stress was
applied during the high-
temperature tensile test-

ing. The conditions for tensile testing are
summarized in Table 4. Additionally, a set
of samples from the IN740 alloy was tested
in the as-received condition.

The ultimate tensile strengths (UTS) of
the materials were determined at different
temperatures and holding times to estab-
lish a reference or baseline for the stress
levels to be applied during stress-relax-

ation testing. The UTS values were deter-
mined by dividing the maximum load ob-
tained with each tensile test condition
(temperature and holding time) by the ini-
tial area of the gauge section. Additionally,
the material ductility, in terms of reduc-
tion in area, was subsequently measured
to determine the effect of holding time
and test temperature. 

Standard specimens 6.35-mm diameter
and 100-mm in length (0.25 × 4 in.) with
¼-in. 20 UNC × 0.600-in.-long threads in
both ends were used. However, at some
test temperatures, IN740 specimens with
a reduced gauge diameter of 4.6 mm
(0.180 in.) machined with a 6.35-mm tran-
sition radius, as shown in Fig. 2, were used
instead because standard samples broke at
the threaded ends. Reduced-gauge speci-
mens were used with all Waspaloy samples
to avoid the specimen breaking at the
threaded ends. The same specimen geom-
etry was used for high-temperature tensile
testing and stress relaxation testing at a
given temperature.

Gleeble Stress Relaxation Testing

Stress relaxation tests of IN740 were
run at seven different testing temperatures
within the range of 600°–900°C. For IN718
and Waspaloy, stress-relaxation tests were
run at five different testing temperatures
within the 700°–950°C range. The stress-
relaxation tests were run at the same tem-
peratures used for high-temperature
tensile tests.  

For stress-relaxation testing, after the
CGHAZ welding thermal cycle simulation,
the samples were heated to test tempera-
ture and held for 30 s to allow for thermal
stabilization without any applied stresses.
Displacement was then applied to induce
tensile stresses simulating the residual weld-
ing stresses in actual welded components.
One level of residual stresses corresponding
to about 70% of the ultimate tensile stress
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Fig. 7 — General characteristics of the fracture surface of IN740 base
material tested at 850°C (ductility minimum). A — 350×; B  — 1000×;
C — 3000×.

Table 2 — Condition for HAZ Simulation in IN740, IN718, and Waspaloy Alloys

Parameter Description
Peak temperature (°C) IN740: 1250 [NST – (0 to 50°C)]

IN718: 1260 [NST – (0 to 50°C)]
Waspaloy: 1270 [NST – (0 to 50°C)]

Heating rate to peak temperature 111°C/s (200°F/s)
Holding time at peak temperature 0.03 s
Cooling rate to room temperature 40°C/s (72°F/s)
Atmosphere argon

Table 3 — Nil-Strength Temperature (NST) Obtained from Different IN740, IN718, and 
Waspaloy Specimens

NST (°C)
Specimen IN740 IN718 Waspaloy

1 1281 1261 1301
2 1282 1254 1312
3 1271 1273 1313
4 1284 – –

Average 1279.5 1262.6 1308.7

A B

C
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of each alloy at the testing temperatures was
imposed on the specimens. The correspon-
ding displacement to achieve the targeted
stress level at a given temperature was de-
termined from the load-displacement data
obtained from the high-temperature tensile
test at the same testing temperature. 

The predetermined displacement was
then included in the computer program run-
ning the stress-relaxation test under dis-
placement control mode in the Gleeble
machine. Sometimes, minor manual adjust-
ment of the displacement in the Gleeble
machine was necessary at the end of the
loading cycle to achieve the targeted load or
stress level. After the required load or stress
level was achieved, the stress-relaxation
samples were held at constant displacement
at test temperature to allow both stress re-
laxation and precipitation hardening to take
place. The stress relaxation test was termi-
nated if cracking did not occur after 3 h of
holding time. Figure 3 shows a schematic

representation of the thermal and stress cy-
cles imposed in the sample during the
Gleele stress relaxation testing. The condi-
tions for stress relaxation testing are sum-
marized in Table 5.

Most of the IN740 specimens for testing
were obtained from the mid-thickness re-
gion of the available bar. However, to ac-
count for the nonuniform properties
expected in thick plates, a set of stress re-
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Fig. 8 — High-temperature tensile properties of the HAZ of Alloy IN718 and Waspaloy as a function of temperature (alloys tested in the annealed condition).
A — UTS; B — reduction of area.

Table 4 — Conditions for High-Temperature Tensile Testing of Alloy IN740, IN718, 
and Waspaloy 

Parameter Description

Test Temperature (°C) IN740 600, 650, 700, 750, 800, 850, 900 
IN718 700, 750, 800, 850, 900

Waspaloy 750, 800, 850, 900, 950
Heating rate to test temperature 50°C/s (90°F/s)
Time allowed for thermal stabilization 30 s
Holding time at testing temperature 0 s (duplicate)  

1 h, 2 h (1 sample) IN740 only
Applied load To fracture
Stroke rate 0.00127 cm/s (0.0005 in./s)
Sample free span (jaw spacing) 19 mm (0.75 in.)
Atmosphere argon

Table 5 — Condition for Stress-Relaxation Cracking Testing of IN740, IN718, and Waspaloy Alloys

Parameter Description

IN740 600, 650, (a) Samples from a random location 
700, 750, in the stock bar, duplicates
800, 850, (b) Samples from near the surface of

900 the stock bar, duplicates

Test Temperature (°C) Waspaloy 750, 800, (a) Samples from a random location 
850, 900, in the stock bar, duplicates

950

IN718 700, 750, (a) Samples from a random location 
800, 850, in the stock bar, duplicates

900
Heating rate to test temperature 50°C/s (90°F/s)
Time allowed for thermal stabilization 30 s
Holding time at testing temperature 0 
Applied load About 70% of fracture stress at test temperature 
Strain rate to imposed amount of displacement 0.00127 cm/s (0.0005 in./s)
Sample free span (jaw spacing) 19 mm (0.5 in.)
Atmosphere argon

A B
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Fig. 9 — Stress-relaxation behavior of Alloys IN740, IN718, and Waspaloy. Fig. 10 — Schematic illustration of C-curve as an index of stress-relaxation
cracking susceptibility. Material A is more susceptible to stress-relaxation
cracking than material B.

Table 6 — Results of High Temperature Tensile Testing of Alloy IN740 as Function of Holding Time and Test Temperature

Test Temperature UTS [ksi] Reduction of Area (%)
(°C) t = 0 1 h 2 h 0 s 1 h 2 h

897(a) 43.8 54.1
900(a) 49.1 42.6
852(a) 63.4 11.1
853(a) 65.9 13.6
850 78.1 9.1

803(a) 74.6 19.7
800(a) 76.0 18.1
802(a) 74.1 18.0
800 92.7 23.6

750(a) 76.0 20.0
751 101.8 37.4
754 101.4 45.1
702 92.3 57.5
702 102.2 56.3
652 94.2 50.6
651 94.4 58.9
601 93.8 60.5
601 98.9 59.4

900(a) 46.6 59.4
849 96.3 12.0
801 99.6 18.1
751 93.8 15.9
702 99.6 50.5
651 92.7 54.7
602 98.2 59.2

900(a) 46.3 60.6
850 94.4 17.1
800 107.5 18.1
752 98.0 18.0
701 99.9 50.3
652 96.7 54.5
600 90.8 59.2

IN740 Base Metal

900(a) 61.7 36.6
852(a) 69.1 13.7
803(a) 78.7 19.1
754(a) 101.7 44.8

(a) Full-size specimen

Ramirez 4-13_Layout 1  3/14/13  10:22 AM  Page 94



laxation tests was run at a residual stress
level corresponding to 70% of the ultimate
fracture stress of the material at the testing
temperature using samples obtained from
near the surface of the IN740 bar. Standard
specimens 6.35 mm in diameter or speci-
mens with a reduced-gauge diameter and
100 mm long were used. Normally, two to
three samples were tested per temperature
to confirm repeatability.

Phase Computational Modeling of 
Precipitation Reactions

Insight of the characteristics and kinet-
ics of precipitation reactions in IN740,
IN718, and Waspaloy, as predicted by phase
computational modeling, was obtained by
using JMatPro 5.1 Material Property Simula-
tion package. For the simulation of isother-
mal phase transformation kinetics, this
simulation package assumes that each phase
precipitates independently from the super-
saturated solid solution. As such, precipita-
tion competition of different phases is not
considered.

Experimental Results

High-Temperature Tensile Behavior of
Alloy IN740

The results of the high-temperature
tensile tests of Alloy IN740 are listed in
Table 6 and shown in Figs. 4 and 5. Figure
4 shows that the UTS of the samples with
a reduced-gauge section is higher than the
UTS obtained from samples with the full-
or standard-gauge section. This indicates
that the reduced-gauge specimens have a
notch-strength ratio (strength of notched
specimen divided by strength of smooth
specimen) larger than unity. Therefore,
Alloy IN740 is not notch sensitive, or the
notch effect induced by the reduced-gauge
configuration is not so severe as to affect
the inherent ductility of the alloy at the
testing temperatures.

Figure 5A shows the UTS of the HAZ
induced in Alloy IN740 as a function of tem-
perature and holding time. There is no evi-
dent hardening effect in the alloy specimens
exposed for up to 2 h at temperatures equal

or lower than 750°C.  Some strengthening
effect was observed in the HAZ after being
held at 800° and 850°C for 1 to 2 h. The re-
duction of area as a function of temperature
and holding time is shown in Fig. 5B. There
is no significant effect from the holding time
on the ductility of the HAZ of IN740 at the
temperature range from 600° to 900°C. A
ductility-dip is observed in the HAZ of
Alloy IN740 at temperatures around 850°C.
The average minimum reduction of area
observed at 850°C is about 11.3%.  Figure 6
shows general characteristics of the fracture
surface of the HAZ tested at 850°C (ductil-
ity minimum) after 2 h holding time.

Results of high-temperature testing of
IN740 base metal in the as-received (an-
nealed) condition listed in Table 6 and in-
cluded in Fig. 5A and B indicate that Alloy
IN740 in the annealed condition shows
similar behavior to that of the HAZ.  This
ductility dip may indicate a low ductility
creep behavior of this material at 850°C.
Figure 7 shows general characteristics of
the fracture surface of the IN740 base ma-
terial tested at 850°C (ductility minimum).
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Fig. 11 — Evolution of effective load as function of temperature and time
during stress-relaxation testing. 

Fig. 13 — Evolution of effective load as function of temperature and time
during stress-relaxation testing. 

Fig. 12 — Evolution of effective load as function of temperature and time
during stress-relaxation testing.

Fig. 14 — Predicted evolution of precipitation reactions in Alloy IN740
at 850°C.
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Stress-Relaxation Behavior of Alloy IN740

The results of the stress relaxation test-
ing are listed in Table 7. None of the sam-
ples broke during the 3-h test. These
results indicate that Alloy IN740 has a very
low susceptibility to stress-relaxation or
PWHT cracking. 

High-Temperature Tensile Behavior of 
Alloys IN718 and Waspaloy

The results of the high-temperature ten-

sile testing of Alloy IN718 and Waspaloy are
listed in Table 8 and shown in Fig. 8. The re-
duction of area as a function of temperature
is shown in Fig. 8B. Both Alloy IN718 and
Waspalloy show the presence of a ductility
dip around 750° and 900°C, respectively.
The average minimum reduction of area
observed in Alloy IN718 is 8.5% and in
Waspaloy is 4.0%.  This ductility dip may in-
dicate a susceptibility to cracking of the
HAZ of Alloy IN718 and Waspaloy during
reheating induced by subsequent and adja-
cent welding thermal cycles.

Stress-Relaxation Behavior of Alloy 
IN718 and Waspaloy

The results of the stress relaxation tests of
Alloy IN718 and Waspaloy are listed in
Table 9 and shown in Fig. 6. The results
obtained from stress-relaxation testing of
Alloy IN740 are also included in Fig. 9 for
comparison.

Discussion

The time at which cracking occurs dur-
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Fig. 15 — Predicted evolution of precipitation reactions in Alloy IN718 at
750°C.

Fig. 16 — Predicted evolution of precipitation reactions in Waspaloy at
850°C.

Table 7 — Results of Stress-Relaxation Testing Alloy IN740

Temperature
(°C) Sample Gauge Applied % of UTS Time to 

Peak Test Location Diameter (in.) Stress (ksi) Failure (s)(a)

1250 600 Random 0.172 70.1 71.1 No fracture
1250 602 Random 0.180 70.1 71.1 No fracture
1251 601 Surface 0.185 70.7 71.7 No fracture
1255 653 Random 0.182 65.3 69.4 No fracture
1251 651 Random 0.181 66.6 70.8 No fracture
1251 651 Surface 0.183 67.2 71.4 No fracture
1251 699 Random 0.183 72.6 71.2 No fracture
1252 702 Random 0.182 72.4 71.1 No fracture
1249 698 Surface 0.183 72.6 71.2 No fracture
1252 751 Random 0.179 72.6 71.5 No fracture
1252 753 Random 0.183 72.6 71.5 No fracture
1250 750 Surface 0.183 72.6 71.5 No fracture
1254 802 Random 0.249 54.0 71.1 No fracture
1252 802 Random 0.249 54.3 71.5 No fracture
1251 803 Surface 0.249 47.8 63.0 No fracture
1250 802 Surface 0.249 53.6 70.6 No fracture
1251 851 Random 0.249 55.2 83.7 No fracture
1252 851 Random 0.249 46.4 70.4 No fracture
1251 851 Surface 0.249 47.0 71.2 No fracture
1251 898 Random 0.249 35.7 72.6 No fracture
1252 900 Random 0.249 35.2 71.7 No fracture
1252 900 Surface 0.249 35.2 71.5 No fracture

(a) Test was stopped after 3 h (10,800 s).
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ing the stress-relaxation test is used to plot
a C-curve on a temperature-time diagram.
The C-curve developed is used as a weld-
ability index to evaluate the susceptibility
to stress-relaxation cracking as shown

schematically in Fig. 10. As the C-curve is
displaced to the left, a shorter time expo-
sure of the material in that temperature
range during welding or PWHT is re-
quired to induce cracking. Therefore, ma-

terial B would less susceptible to stress-re-
laxation cracking than material A.  

The results presented in Fig. 9 indicate
that the susceptibility to stress relaxation
cracking of IN740 is lower than that of
Waspaloy, and it is similar to that of Alloy
IN718. These observations are in agree-
ment with previous reports indicating that
IN718 has a lower susceptibility to stress-
relaxation cracking than Waspaloy (Ref.
30). However, based on the experimental
results, it is impossible to conclude if the
susceptibility of Alloy IN740 to stress-re-
laxation cracking is lower or higher as
compared to that of IN718 because the
stress-relation tests were run for only 3 h. 

As indicated in the introduction sec-
tion, stress-relaxation cracking is consid-
ered to be a result of stresses developed
during welding and PWHT or service, and
relaxed preferentially along the grain
boundaries of the HAZ at a time when
this zone is being, or has been, embrittled
by metallurgical reactions. If the creep or
high-temperature ductility of the material
is exceeded, cracking may result during
PWHT or during service. Therefore, in
order to gain a better understanding of the
observed stress-relaxation cracking sus-
ceptibility of IN740 as compared to that of
Alloys IN718 and Waspaloy, the potential
effect of the evolution of effective stresses
or stresses experienced by the samples
during stress-relaxation testing, the char-
acteristic and kinetics of precipitation re-
actions as predicted by phase
computational modeling, and the charac-
teristics of the ductility dip present in
these three alloys were considered. 

97-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Table 8 — Results of High-Temperature Tensile Testing of Alloy IN718 and Waspaloy

Specimen ID Temperature (°C) Reduction of Area (%) UTS (ksi)
Peak Test

Alloy IN718
T700-1 1255 698 16.9 77.4
T700-2 1257 698 0.7 82.9

T750-1 1261 751 8.2 83.5
T750-2 1260 751 8.8 92.7

T800-1 1257 799 21.3 64.8
T800-2 1262 800 22.2 74.2

T850-1 1262 851 39.8 50.1
T850-2 1263 852 36.6 48.3

T900-1 1259 900 34.5 31.5
T900-2 1260 900 41.5 34.5

Waspaloy
WT750-2 1276 754 21.5 112.4
WT750-3 1274 753 21.7 103.1

WT800-1 1273 800 19.5 95.2
WT800-2 1273 800 20.4 97.8

WT850-1 1272 849 13.2 82.8
WT850-2 1272 849 9.7 97.2

WT900-1 1271 899 2.7 90.1
WT900-2 1271 900 5.3 84.5

WT950-1 1271 950 6.5 69.9
WT950-2 1267 950 9.2 70.5

Table 9 — Results of Stress-Relaxation Testing of Alloy IN718 and Waspaloy

Temperature (°C) Sample Gauge Diameter (in.) Applied Strength (ksi) % UTS Time to Failure (s)(a)

Peak Test Location
Alloy IN718

1261 702 Random 0.250 58.7 70.8 No fracture
1261 701 Random 0.250 58.3 70.3 No fracture
1263 753 Random 0.250 65.4 70.5 No fracture
1260 750 Random 0.250 65.5 70.6 No fracture
1261 802 Random 0.250 52.6 70.9 No fracture
1257 801 Random 0.250 52.6 71.9 No fracture
1262 853 Random 0.250 36.1 72.1 No fracture
1262 853 Random 0.250 36.4 72.5 No fracture
1260 902 Random 0.250 25.0 79.2 No fracture
1262 903 Random 0.250 25.2 79.9 No fracture

Waspaloy
1274 752 Random 0.177 83.4 74.1 4869
1274 752 Random 0.179 80.0 71.1 No fracture
1273 802 Random 0.178 78.3 80.0 569
1274 801 Random 0.178 69.5 71.0 4756
1276 853 Random 0.180 69.2 71.3 1482
1276 851 Random 0.180 73.4 78.6 273
1276 900 Random 0.180 64.2 71.3 3198
1273 900 Random 0.182 63.4 70.0 3464
1272 950 Random 0.185 50.1 71.0 No fracture
1273 950 Random 0.186 49.7 70.4 No fracture

(a) Test was stopped after 3 h (10,800 s).
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The stress-relaxation behaviors of
IN740, IN718, and Waspaloy during test-
ing at different temperatures are shown in
Figs. 11, 12, and 13, respectively. It is evi-
dent from Figs. 11–13 that Alloys IN740,
IN718, and Waspaloy do not follow an ex-
pected stress relaxation behavior under
constant strain in the testing temperature
range used. In general, normal stress re-
laxation behavior is characterized by a
continuous decay of the effective stress on
the material. The stress relaxation results
as the elastic strain in the material is trans-
formed into a time-dependent plastic de-
formation by a creep process. The stress
relaxation rate is dependent, among other
things, on the initial stress, temperature,
and material properties. However, as
shown in Figs. 11–13, in most of the cases,
the effective load or stresses on the IN740,
IN718, and Waspaloy specimens during
the stress-relaxation testing increases or
presents only a minor decrease. Table 10
shows a summary of the initial applied
stress and the remaining stress at the time
of failure or at the end of the test at dif-
ferent temperatures for each of the three
alloys tested.

During stress-relaxation testing of alloy
IN740, the effective load or stresses on the
material decreased during the early part of
the test, up to about 1000 s, at all testing
temperatures, as shown in Fig. 11. After this
initial period, the effective stresses increases
as a function of time at testing temperatures
of 600°, 650°, 700°, and 750°C. At the higher
testing temperatures (800°, 850°, and
900°C), the effective stress remains mainly
constant or shows a very moderate de-
crease. As shown in Fig. 12, Alloy IN718 has
a very similar stress-relaxation behavior to

that of Alloy IN740. After the initial stress
relaxation during the early stage of the test-
ing, the effective stresses increase as a func-
tion of time at the lower testing temperature
range (700°, 750°, and 800°C), and remain
mainly constant or experience a moderate
stress decrease until the end of the test at
850° and 900°C. Waspaloy shows a similar
stress-relaxation behavior in the lower test
temperature range (750° and 800°C) as that
of Alloys IN740 and IN718, experiencing a
stress increase as a function of time, as
shown in Fig. 13. However, in the higher
temperature range (850°, 900°, and 950°C),
Waspaloy experienced a continuous stress
relaxation behavior, which is different from
the behavior observed in both Alloys IN740
and IN718 in the high-temperature range.

The unusual stress-relaxation behavior
observed in these three alloys may result
from the contribution of two opposing
mechanisms to the effective stresses or
stresses experienced by the samples dur-
ing testing. One is the stress relaxation due
to gradual conversion of elastic strains into
plastic strain by a creep mechanism. The
other is the contraction of the specimen,
which induces a stress increase due to the
constrained or constant-strain condition of
the test. If the specimen contraction is the
dominant mechanism, then an increase in
stress will result, as was observed in most
of the stress-relaxation tests of Alloys
IN740, IN718, and Waspaloy. However, if
the stress-relaxation component is larger
in magnitude than the stress increase due
to material contraction, the net effect will
be a normal relaxation curve as was ob-
served with Waspaloy tested at 850°, 900°,
and 950°C.

The contraction or “negative creep be-

havior” under constant-displacement stress-
relaxation in nickel-based, metallic glasses,
and Ti-Al alloys has been associated with
contraction of the lattice parameter result-
ing from precipitation, short-range order-
ing, or long-range ordering reactions in the
material (Refs. 31–37). Similar phenomena
in Alloy IN740 in the temperature range
used for the stress-relaxation testing has not
been reported in the open literature or stud-
ied. However, an increase of tensile stresses
in Alloy IN718 and Waspaloy due to pre-
cipitation during PWHT has been previ-
ously observed and reported (Refs. 24, 26).

As the effective load or stresses acting on
the material represents the driving force for
stress-relaxation cracking, the stress-relax-
ation behavior observed during testing of
the three alloys may indicate a similar or
slightly higher tendency to induce cracking
in Alloys IN740 and IN718 as compared to
that of Waspaloy. Therefore, the evolution
of effective stresses as a function of time
during testing alone does not explain the
lower susceptibility to stress-relaxation
cracking observed in Alloys IN740 and
IN718 as compared to Waspaloy.

Figures 14–16 show the evolution of pre-
cipitation reactions, as predicted by phase
computational modeling, in Alloys IN740 at
850°C, IN718 at 750°C, and Waspaloy at
850°C, respectively. The selected tempera-
tures correspond to the ductility dip mini-
mum observed in Alloys IN740 and IN718
as shown in Figs. 5B and 8B, and to the tem-
perature of the nose of the stress-relaxation
C-curve observed in Waspaloy, as shown in
Fig. 9. The condition of low ductility or
short time to crack observed at these tem-
peratures represents a condition of high sus-
ceptibility to stress-relaxation cracking as
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Table 10 — Summary of Stress-Relaxation Behavior of alloys IN740, IN718, and Waspaloy at Different Testing Temperatures

Sample Test Temperature Initial Applied Stress Final Stress Stress Relaxation Time to Failure
Diameter (in.) (C) (ksi) (ksi) (ksi) or Test End (s)

Alloy IN740
0.180 602 70.1 72.0 + 1.9 10800
0.181 651 66.6 76.9 +10.3 10800
0.183 698 72.6 80.6 +8.0 10800
0.183 750 72.6 82.1 +9.5 10800
0.249 802 54.3 49.3 –5.0 10800
0.249 851 55.2 40.8 –14.4 10800
0.249 900 35.2 28.7 –6.5 10800

Alloy IN718
0.250 702 58.7 64.7 +8.0 10800
0.250 753 65.4 69.9 +4.5 10800
0.250 802 52.6 55.5 +2.9 10800
0.250 853 36.4 17.4 –19.0 10800
0.250 903 25.2 12.9 –12.3 10800

Waspaloy
0.177 752 83.4 80.0 –3.4 4869
0.178 801 69.5 71.8 +2.3 4756
0.180 853 69.2 55.9 –13.3 1478
0.180 900 64.2 36.8 –27.4 3198
0.186 950 49.7 25.5 –24.2 10800
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welded structures are heated to annealing
or stress-relaxation temperatures.

As indicated in Figs. 14–16, at the tem-
perature of interest, Alloy IN740 and Was-
paloy primarily derive their strength from
the precipitation of a high-volume fraction
of γ ′ precipitates. IN718 is hardened by the
precipitation of both gamma prime and
gamma double prime in the austenitic ma-
trix. The precipitation reaction kinetics is
faster in alloys strengthened by gamma
prime (IN740 and Waspaloy) as compared
to Alloy IN718 that is strengthened by the
precipitation of both gamma prime and
gamma double prime. The good weldability
or low susceptibility to stress-relaxation
cracking of Alloy IN718 has been associated
with the slower precipitation kinetics of
gamma double prime in this alloy system
(Ref. 38). 

Additionally, Alloy IN740 and Waspaloy
show the formation of eta phase resulting
from the decomposition of gamma prime,
which may affect the strength and ductility
of nickel-based alloys (Refs. 39–41). The
predictions from the phase computational
modeling do not show a decrease of gamma
prime with the start of formation of eta
phase through decomposition of gamma
prime, as expected. This observation may be
the result of the rate of formation of new
gamma prime being equal to the rate of its
decomposition and, therefore, formation of
eta phase, which would result in a plateau
in the amount of gamma prime as function
of time starting at the onset of the precipi-
tation of eta phase, as shown in Figs. 14–16.
Another potential explanation of this ob-
servation could be that the simulation pack-
age used assumes that each phase
precipitates independently from the super-
saturated solid solution. However, either ex-
planation regarding these predictions from
the phase computational modeling is ex-
peculative in nature. 

As shown in Figs. 14 and 16, formation
of eta phase starts around 1000 s or about
15 min at temperature. Therefore, eta phase
may precipitate during the duration of the
stress-relaxation testing of Alloy IN740 and
Waspaloy. The slower precipitation kinetics
and absence of formation of eta phase in
Alloy IN718 can help explain its lower sus-
ceptibility to stress-relaxation cracking as
compared to Waspaloy. However, the char-
acteristics  and kinetics of the precipitation
reactions, as predicted by phase computa-
tional modeling, of Alloy IN740 and Was-
paloy are similar and cannot explain the
observed difference of stress-relaxation be-
havior between these two alloys.

If the strain required to accommodate
the relaxation of residual stresses from
welding plus the strain required to accom-
modate the stresses induced by contrac-
tion of the material (inverse creep) during
the precipitation reaction at a given tem-
perature is larger than the creep ductility

of the material at that temperature, crack-
ing may occur. Therefore, the presence of
a ductility dip and its characteristics (tem-
perature range and ductility dip mini-
mum) greatly increase the susceptibility to
stress-relaxation cracking. Some re-
searchers have used the ductility dip min-
imum observed at high-temperature
tensile testing of an alloy as a criterion to
determine its susceptibility to stress-relax-
ation cracking. Testing stainless steels has
shown that a material is susceptible to
stress-relaxation cracking if the reduction
in area is below 20%, and highly suscepti-
ble if the reduction in area is below 10%
at a particular test temperature (Ref. 42).  

Therefore, the observed stress-relax-
ation cracking susceptibility behavior ob-
served in Alloys IN740, IN718, and
Waspaloy may result from the synergistic ef-
fect of the evolution of effective stresses as
function of time, the characteristics and ki-
netics of precipitation reactions, and pres-
ence and characteristics of a ductility dip at
a given temperature.

The high susceptibility of Waspaloy to
stress-relaxation cracking may result from
the fast kinetic precipitation reactions that
strengthen the austenitic matrix and forces
the strain needed to relax the effective
stresses acting on the material to be con-
centrated in the grain boundary areas.  Ad-
ditionally, the precipitation of eta phase
may further decrease the inherent low duc-
tility of this material (average low ductility
dip minimum of 4% reduction in area). The
lower susceptibility of Alloy IN718 to stress-
relaxation cracking as compared to Was-
paloy may result from a more sluggish
precipitation reaction, which allows a better
distribution of strain in the material, the ab-
sence of embrittlement phases like eta
phase, and a ductility dip minimum that is
higher than 4% reduction in area (about
8.5%). The better resistance of Alloy IN740
to stress-relaxation cracking as compared to
Waspaloy seems to be mainly due to a bet-
ter high-temperature or creep ductility of
the material. The ductility dip minimum ob-
served in the IN740 alloy was about 11.3%
reduction in area, which is much higher than
the ductility minimum of 4.0% observed for
Waspaloy nickel-based alloys. 

Conclusions

• High-temperature tensile testing and
Gleeble stress-relaxation testing indicated
that Alloy IN740 does not show a high sus-
ceptibility to stress-relaxation cracking. The
susceptibility of Alloy IN740 to stress-relax-
ation cracking is lower than that of Was-
paloy and similar to that of Alloy IN718.

• During high-temperature tensile test-
ing, the high-temperature HAZ of Alloy
IN740 did not show evidence of strengthen-
ing after exposure for up to 2 h at tempera-
tures equal or lower than 750°C. Some

strengthening of the high-temperature
HAZ resulted from exposure to tempera-
tures of 800° and 850°C for 1 and 2 h.

• Results of high-temperature tensile
testing indicated a ductility-dip in the HAZ
of Alloy IN740 with an average minimum of
11.3% reduction of area at 850°C. The base
material showed a similar trend of the duc-
tility as function of test temperature to that
observed in the HAZ, with a minimum of
13.7% reduction of area at 850°C. Exposure
of the high-temperature HAZ for up to 2 h
in the temperature range from 600° to
900°C did not affect the ductility of the
IN740 HAZ. The HAZ of Alloy IN718 and
Waspaloy also showed ductility dips with a
minimum of 8.5% reduction in area at
700°C, and 4.0% at 900°C, respectively.  

• The IN740, IN718, and Waspalloy al-
loys tested showed an increase of the effec-
tive stress or negative-creep behavior during
stress-relaxation testing at most of the test
temperatures. Waspalloy presented a nor-
mal stress-relaxation behavior at 850°, 900°,
and 950°C. Increase in the effective stresses
is expected to increase the driving force for
stress-relaxation cracking.

• Predictions based on phase computa-
tional modeling indicated that IN740 and
Waspaloy are strengthened mainly by γ ′
precipitates while IN718 is hardened by the
precipitation of both gamma prime and
gamma double prime. The precipitation re-
action kinetics are faster in alloys strength-
ened only by gamma prime (IN740 and
Waspaloy). Additionally, the predictions in-
dicated that Alloy IN740 and Waspaloy ex-
perience formation of eta phase within the
three hours used for the stress-relaxation
tests. 

• The high susceptibility of Waspaloy to
stress-relaxation cracking may result from
the synergy of fast kinetic precipitation re-
actions, the precipitation of eta phase, and
the inherent low ductility of the material
(ductility dip minimum of 4% reduction in
area). The lower susceptibility of Alloy
IN718 to stress-relaxation cracking as com-
pared to Waspaloy may result from a more
sluggish precipitation reaction, the absence
of embrittlement phases like eta phase, and
a higher ductility dip minimum (about 8.5%
reduction in area). The resistance of Alloy
IN740 to stress-relaxation cracking seems to
be mainly due to a higher creep-ductility
(ductility dip minimum of about 11.3% re-
duction in area).
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