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Heat-Affected Zone Thermal Cycles 
in Inconel® 718 

Computerized data acquisition and regression analysis assist in tabulating the 
thermal cycles for gas tungsten arc welding in 1-cm Inconel 718 plate 

BY R. J. BOWERS AND E. F. NIPPES 

ABSTRACT. Thermal cycles adjacent to 
autogenous welds in 1-cm (0.39-in.) 
IN71 8 plate were obtained using a com
puter data-acquisition system. Data from 
gas tungsten arc welds (GTAW) of vari
ous energy inputs were regression ana
lyzed and tabulated for various times and 
distances from the centerline. The ob
servation of grain-boundary precipitates 
in simulated and actual weld mi
crostructures were used as a method of 
thermal-cycle verification. 

Application of the thermal-cycle data 
to the simulation of a fracture-toughness 
specimen was investigated. Thermal gra
dients across the specimen and high 
cooling rates were limiting factors in the 
microstructural simulation of a large 
cross-sectional-area specimen. 

Introduction 

The simulation of weld heat-affected 
zone (HAZ) microstructures by means of 
the Gleeble thermal/mechanical simu
lator (Refs. 1, 2) has become widely ac

cepted throughout the welding commu
nity. Indeed, the present understanding 
of the HAZ properties of alloys of steel, 
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titanium and zirconium has been greatly 
enhanced by the ability to produce the 
microstructures of these materials syn
thetically in test specimens (Refs. 3, 4). 
The current effort has extended the ma
terial database to include a nickel-based 
superalloy. 

Unlike the HAZ of steel, which can 
consist of well-defined microstructural 
regions and can exhibit steep hardness 
gradients, the HAZ of IN718 weldments 
is not so readily quantif iable. Verifica
tion of the simulated microstructures was 
accomplished through the observation 
of grain-boundary precipitates. 

The simulation of weld HAZ mi
crostructures in compact tension speci
mens for fracture-toughness testing was 
investigated. Major consideration was 
given to duplicating accurately within a 
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large cross-sectional-area test specimen 
the high heating and cooling rates asso
ciated with welding. 

Materials and Experimental 
Procedure 

IN71 8 plates, 30 X 1 5 X 1 cm thick 
(1 2 X 6 X 0.4 in.), were solution-treated 
and aged at 1900°-1925°F 
(1 038°-1 052°C) for 25 minutes — Fig. 
1. For thermocouple placement, 0.1 4-
cm (0.055-in.) diameter holes were 
dril led from the underside of the plates 
to within 0.1 3 cm (0.050-in.) of the top 
surface using No. 54 cobalt-steel drills. 

The distance from the weld center-
line to the thermocouple holes varied 
from 0.4 to 2.5 cm (0.16 to 1 in.). The 
hole positions themselves were stag
gered along the weld centerline at 2-cm 
(0.8-in.) intervals. Separated by this dis
tance, the holes did not disturb the heat 
f low pattern or the accuracy of the tem
perature measurement. Exact hole place
ment was measured by vernier calipers 
after welding. 

0.013-cm (0.005-in.) diameter 
chromel and alumel wires were cross-
wire welded to form the thermocouple 
hot junction, which was then percussion 
welded to the bottom of the hole. The 
thermocouple wires were electrically in
sulated within the plate by a two-holed 
alumina sheath. Outside the plate, the 

Inconel 718 Is a registered trademark of the 
Inco family of companies. 
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Fig. 1 — Base metal microstructure of solution treated and aged Inconel 718. A — HCI, hydro
gen peroxide etch; B — note the grain boundary precipitate revealed by Kalling's reagent. 

thermocouple wires were contained in 
Teflon insulators and connected to com
pensating leads. The signal then passed 
through thermocouple conditioners and 
into the data-acquisition system. Figure 
2 shows a schematic of the experimen
tal setup. 

Data were sampled from six thermo
couple conditioners as well as a 5-V mi-
croswitch. The microswitch was posi
tioned so as to trigger when the arc 
passed the first thermocouple, thus pro
viding an offset time reference for suc
cessive thermocouples. The data-acqui
sition system cycled through all seven 
inputs at a rate of 30.8 Hz. Mill ivolt sig
nal data from the thermocouple condi
tioners were converted into temperature 
values. 

Although previous work in steel has 
used the shielded metal arc process 
(SMAW) (Ref. 5), the IN718 work in
volved autogenous welds made by the 
GTAW process. Because IN718 is 
welded with matching fil ler metal, the 
use of autogenous welds acted to elimi
nate one variable from the investigation. 

Direct current, electrode negative 

(DCEN) welds were performed utilizing 
a Westinghouse constant-current weld
ing machine, which had a capacity of 
300 A and 32 V. Welding grade argon 
was used as the inert gas shield at a f low 
rate of 19 L/min (40 ft3/h). Tungsten 2%-
thoria electrodes were used. 

Arc current was calculated using the 
reading across a 300-A, 50-mV shunt 
positioned in the welding circuit . Arc 
voltage was determined between leads 
from the welding torch and plate-clamp
ing assembly. High-pass filters were em
ployed to shield the multimeters from 
the high-frequency arc initiator. 

Results and Discussion 

Previous work (Refs. 5, 6) has shown 
that the temperature data obtained from 
welds made with different energy inputs 
can be converted to a funct ion, F(s,d), 
that is independent of the energy input 
by the equation: 

T - T0 = F(s.d) • (Energy Input) • (P.F.) 

T is the instantaneous temperature in °C 
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at a point of distance, d, from the weld 
centerline at a time, s, after the passage 
of the welding arc. T0 is the initial plate 
temperature in °C. Energy input, ex
pressed in the units kj/cm, is equal to 
the product of the arc current and the 
arc voltage divided by the arc travel 
speed. P. F. is the preheat factor, and is 
equal to one for an initial plate temper
ature of 20°C (68°F). 

Values of the function F(s,d) are cal
culated from actual welding thermal cy
cles. Data obtained from a thermocou
ple positioned a given distance, d, from 
the weld centerline are analyzed by the 
above equation to yield the F(s,d) val
ues for that particular thermal cycle. Be
cause the data are experimental, F(s,d) 
incorporates such variables as process 
efficiency and fluid flow in the weld pool 
as wel l as the temperature-dependent 
thermal properties of the material. Any 
attempt at a predictive model of the HAZ 
temperature distribution in arc welding 
is severely hampered by these variables. 

The F(s,d) function acts to normalize 
data from welding passes of different en
ergy inputs. F(s,d) values for a given ma
terial and welding process are tabulated 
for both the distance from the weld cen-
terline, d (cm), and t ime, s (seconds), 
after the welding arc passes the thermo
couple. By this method, a complete ther
mal cycle or an instantaneous tempera
ture in the weld HAZ can be calculated 
for a given energy input and centerline 
distance. 

Thermal cycles adjacent to autoge
nous GTA welds in IN718 plate were 
measured for several energy inputs be
tween 7 and 20 kj/cm (1 7 and 50 kj/in.) 
— Table 1. For this investigation, all 
welds were made with a travel speed of 
10 cm (4 in.) per minute. The welds were 
sectioned and examined metallographi-
cally. 

It was noted that the heat-flow pat
tern was switching from three-dimen
sional to two-dimensional f low at en-

Table 1—GTAW Parameters on 1-cm IN718 
Plate 

Arc 
Voltage 

(V) 

8.70 
8.85 
9.07 
9.62 
9.90 

11.00 
11.00 
8.98a 

Arc 
Current 

(A) 

133.2 
133.8 
168.0 
195.6 
200.0 
282.0 
294.0 
133.2a 

Energy 
Input 

(kj/cm) 

6.8 
7.0 
9.0 

11.1 
11.7 
18.3 
19.1 
7.1a 

Energy 
Input 
(kj/in) 

17.4 
17.8 
22.9 
28.2 
29.7 
46.5 
48.5 
17.9a 

Note: Travel speed = 10.2 cm/min {4 ipm),8 • 95° 

Fig. 2 — Schematic of experimental setup. Note that the timing block is positioned to trigger 
the microswitch when the torch passes the first thermocouple. 
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ergy inputs greater than approximately 
18 kj/cm (45 kj/in.). This was noted by 
a region of extra penetration that ex
tended from the bottom of the otherwise 
semicircular weld pool as was revealed 
in cross-section. Data from these higher 
energy-input welds were not used, and 
the calculated F(s,d) values from this in
vestigation represent only three-dimen
sional heat f low. These F(s,d) data are 
not applicable for the welding of thin 
plate, which involves two-dimensional 
heat f low, but can be extended for use 
wi th welds that exhibit three-dimen
sional heat flow. 

Time-temperature data obtained 
from the welds were reduced to F(s,d) 
values and plotted vs. weld centerline 
distance, d, for a given time, s. The zero 
time value is defined when both the arc 
and a thermocouple are located on a 
line perpendicular to the weld center-
line. Similar plots were made for t ime 
values, s, between -5 and 180 s. Thus, 
temperature profiles both ahead of the 
arc and after its passage could be deter
mined. 

A logarithmic regression line was fit 
to the data as a first step in smoothing 
out experimental F(s,d) values. The mod
ern advances in computer data acquisi
tion and regression analysis were not 
available for even the most recent for
mal determination of F(s,d) values. Pre
vious investigations recorded thermal 
cycles by either strip chart or recording 
oscilloscopes. Data were plotted by 
hand at that t ime, with smooth curves 
drawn graphically to fit the data. 

Preliminary F(s,d) values for distances 
of 0.4 to 1.2 cm from the weld center-
line were calculated from the regression 
equations. Replotting these values vs. 
time for various distances yielded slight 
corrections to the preliminary F(s,d) val
ues. This process of regression analysis, 
followed by replotting, yielded a smooth 
F(s,d) surface for both time and center-
line distance. The final tabular values of 
F(s,d) are presented in Table 2. Figures 
3 and 4 depict the data graphically. 

The locus of the maxima from the 
F(s,d) curves is shown in Fig. 5. The nu
merical values and their corresponding 
times are given at the end of Table 2. 
The maximum value of F(s,d) for a given 
distance from the centerline is used to 
calculate the peak temperature experi
enced at that position. This information 
is particularly useful in determining the 
temperatures associated with metallur
gical phenomena that are noted to occur 
at certain distances from the weld cen
terline. 

Effect of Preheat 

Preheat decreases the temperature 
gradient between the weld pool and the 

10 20 30 

Arc t ime , sec 
40 

Fig. 3 — F(s,d)-vs.-distance curves plotted in 0.1-cm intervals for weld centerline distances of 
0.4 to 1.2 cm. 
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Fig. 4 — F(s,d)-vs.-distance curves plotted for various times. Raw data are plotted with the log
arithmic regression curves. 
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Fig. 5— The locus of maximum F(s,d) values vs. weld centerline distance. 

Table 2—F(s,d) Values for GTAW in 1-cm IN718 Plate 

d = 0.4 0.5 0.6 0.7 0.9 I.O 1.1 

Max F (s, d) 
Value 149.1 
s 1.25 

119.6 
1.60 

97.4 
2.25 

80.7 
3.00 

67.9 
3.85 

58.3 
5.25 

51.6 
7.60 

46.8 
9.70 

1.2 

-5 
-4 
-3 
-2 
-1 
0 
1 
2 
3 
4 
5 
6 
7.5 
10 
15 
20 
30 
40 
60 
80 
100 
120 
150 
180 

12.4 
25.9 
49.6 
83.6 
111.6 
138.2 
148.6 
146.2 
138,7 
129.3 
119.3 
109.5 
97.8 
86.5 
72.6 
63.3 
53.1 
46.6 
38.5 
32.7 
29.1 
26.2 
22.8 
20.3 

9.8 
19.5 
36.7 
61.5 
84.1 
106.3 
118.0 
119.2 
115.8 
110.1 
103.4 
96.5 
87.9 
79.2 
67.9 
60.0 
51.0 
45.1 
37.5 
32.0 
28.5 
25.7 
22.5 
20.0 

7.8 
14.8 
27.2 
45.3 
63.3 
81.8 
93.6 
97.2 
96.7 
93.7 
89.6 
85.0 
79.0 
72.5 
63.5 
56.9 
49.0 
43.6 
36.5 
31.3 
27.9 
25.2 
22.2 
19.8 

6.2 
11.1 
20.1 
33.3 
47.7 
63.0 
74.3 
79.2 
80.7 
79.7 
77.6 
74.9 
71.0 
66.4 
59.4 
53.9 
47.1 
42.2 
35.6 
30.7 
27.4 
24.8 
21.8 
19.6 

4.9 
8.4 
14.9 
24.5 
36.0 
48.5 
59.0 
64.6 
67.4 
67.9 
67.3 
66.0 
63.8 
60.8 
55.6 
51.1 
45.3 
40.8 
34.6 
30.0 
26.8 
24.3 
21.5 
19.4 

3.9 
6.4 
11.0 
18.0 
27.1 
37.3 
46.8 
52.6 
56.3 
57.8 
58.3 
58.1 
57.4 
55.7 
52.0 
48.5 
43.5 
39.5 
33.8 
29.3 
26.3 
23.9 
21.2 
19.1 

3.1 
4.8 
8.2 
13.3 
20.4 
28.7 
37.2 
42.9 
47.0 
49.1 
50.5 
51.2 
51.6 
51.0 
48.6 
45.9 
41.8 
38.2 
32.9 
28.7 
25.7 
23.4 
20.9 
18.9 

2.4 
3.6 
6.0 
9.8 
15.4 
22.1 
29.5 
35.0 
39.2 
41.8 
43.8 
45.1 
46.3 
46.7 
45.5 
43.6 
40.2 
37.0 
32.0 
28.1 
25.2 
23.0 
20.6 
18.7 

1.9 
2.7 
4.5 
7.2 
11.6 
17.0 
23.4 
28.5 
32.7 
35.6 
37.9 
39.7 
41.7 
42.8 
42.5 
41.3 
38.6 
35.8 
31.2 
27.5 
24.7 
22.6 
20.3 
18.5 

43.0 
12.0 

Note: Temperature in = C. energy input in k l / c m . distance (d) in cm. 20QC initial temperature. 

plate and thus slows the rate of heat 
transfer. IN718 plate is generally not pre
heated before welding; however, the in
terpass temperature on a multipass weld 
can be considered as a preheat. For a 
point heat source, the tabular F(s,d) val
ues would be applicable for any preheat 
temperature. However, the weld pool 
acts as a source of delayed heat and af
fects the temperature distribution. 

A l imited number of thermal cycles 
were recorded from a 7.1 kj/cm (17.9 
kj/in.) weld, preheated to 95°C (203°F). 
The resulting F(s,d) values were com
pared to room temperature values ob
tained on the cool ing part of the ther
mal cycle. Comparisons were made on 
cooling at F(s,d) values between 50 and 
75% of the peak value. 

The ratio of the room-temperature 
and preheat F(s,d) values is referred to 
as the preheat factor (P. F.). For a 95°C 
preheat this factor ranged from 0.875 to 
0.937; the average value was 0.905. Pre
vious work (Ref. 6) has shown the P. F. 
to be a linear function of the preheat 
temperature for up to a few hundred °C. 
As such, the P. F. for IN71 8 could be ex
trapolated, given that it equals 1.0 at 
20°C and 0.905 at 95°C. 

Thermal Cycle Verification 

Adjacent to the weld was a coarse
grained region that exhibited grain-
boundary-precipitate dissolution. M i 
crohardness measurements of the grain-
growth region were in the range HV 
200-210, compared to a value of HV 
240 for the base metal. This translates 
to a difference of only 5 points HRC and 
cannot be used as a means of mi 
crostructural verification. Steels, by con
trast, can exhibit HRC variations of 25 
points or more within the HAZ. 

Farther from the weld centerline, the 
grain boundaries were dotted with a pre
cipitate. This precipitate was found to 
be niobium-rich and was clearly delin
eated by Kalling's reagent. Four welds 
were made with energy inputs from 8 to 
14 kj/cm (20.3 to 35.6 kj/in.) in order to 
map the centerline distances for the ap
pearance of grain-boundary precipitate. 

Figure 6 shows that the transition 
from precipitate-free grain boundaries 
to fully precipitated grain boundaries oc
curs wi th in a narrow zone approxi
mately 0.5 mm (0.02 in.) wide. Such a 
distinctive microstructural feature, 
which occurs over a small distance, was 
considered suitable to verify the HAZ 
thermal cycles. 

Thermal cycles, corresponding to the 
measured distances for the precipitate-
free and fully precipitated grain bound
aries, were simulated on a Gleeble 1 500 
for energy inputs of 10 and 12 kj/cm. 
Metallographic examination confirmed 
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Fig. 6 — HAZ microstructure of IN7I8. Distances from the weld centerline are labeled: A — 0.65 cm; B — 0.70 cm; C — 0.75 cm. The coarse
grained region (left) exhibits grain boundary precipitate dissolution. Precipitates cover the grain boundaries at a centerline distance of 0.75 cm. 
Kalling's reagent. 

that the thermal cycles computed wi th 
F(s,d) values produced microstructures 
consistent with the observations of grain 
boundary precipitates in actual welds 
— Fig. 7A and B. 

Simulation of Compact-Tension Specimens 

Figure 8 shows the design of a com
pact tension specimen for use with a 
Gleeble 1500. The specimen size, based 
on the Gleeble jaw size, is consistent 
with ASTM E399 (Ref. 7). The extra 
length allowed the specimen to be held 
in place in the Gleeble. The specimen 
is prenotched in order to reduce the 
cross-sectional area. It was expected that 
final machining would occur after mi
crostructural simulation. 

Attempts to simulate welding ther
mal cycles in this specimen were made 
without the use of auxiliary heating or 
cool ing fixtures. The specimen was 
loaded into the Gleeble with the notch 
pointing upward, and the temperature 
was monitored along its centerline. The 
centerline of the specimen is coplanar 
with the notch and extends 3.8 cm (1.5 
in.) from the root of the notch to the back 

of the specimen. 
For accurate simulation, temperature 

should be uniform along the length of 
the centerline; however, a 1 50°C tem
perature gradient was measured during 
the simulation of a 1200°C peak-tem
perature thermal cycle. The bottom of 
the specimen, as it was loaded into the 
Gleeble, experienced the highest tem
perature. For thermal cycles with peak 
temperatures near the solidus, this gra
dient resulted in localized melting. The 
source of the gradient was a nonuniform 
current distribution across the specimen, 
which most probably resulted from mag
netic field effects. 

Initial approaches to solving this tem
perature gradient problem include hori
zontal loading of the specimen and dis
ruption of the magnetic field. A horizon
tally loaded specimen would entail po
sitioning the specimen in the Gleeble 
with the notch pointing to the side. This 
would replace the 3.8-cm height of the 
specimen, along which the gradient oc
curred, wi th the 1-cm thickness of the 
specimen. The placement of carbon 
steel sheets below the specimen as it is 
loaded into the Gleeble can disrupt the 
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magnetic field and effect a more uniform 
current distribution. 

A recent study (Ref. 8) involved the 
fracture toughness testing of a chevron-
notch, four-point-bend-geometry speci
men. The dimensions of this small, 
square cross-sectional test specimen 
were 0.5 X 0.5 X 2.0 in. (1.3 X 1.3 X 5 
cm). The fracture toughness values ob
tained in this investigation were seen to 
agree with values obtained according to 
ASTM E399. A specimen of this size 
would not be subject to temperature gra
dients and could be considered as an al
ternative to the large compact-tension 
specimen. 

The high cooling rates associated 
wi th welding presented another di f f i 
culty in the microstructural simulation 
of large cross-sectional area specimens. 
Heating rates, however, were achieved 
for even the most severe thermal cycles. 
Cooling rates can be augmented by a 
quenching system that sprays water at 
the specimen-jaw interface, away from 
the simulated region of the test Sped-

ALL DIMENSIONS -IRE IN INCHES 

Fig. 7 — Simulated HAZ microstructure of a 12 kj/cm energy input weld used for verification 
of thermal cycles. Kalling's reagent. A — No grain boundary precipitate at 0.68 cm from the 
weld centerline, peak temperature 1193°C; B — Fully precipitated grain boundaries at 0.75 
cm from the weld centerline, peak temperature I055°C. 

Fig. 8 — Dimensions of compact tension 
specimen designed to test simulation accu
racy on a Cleeble. 
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men. Complete implementation of a sys
tem to address the challenges of HAZ 
simulation in large cross-sectional-area 
specimens was considered beyond the 
scope of the present research. 

Conclusions 

Computerized data acquisition cou
pled with logarithmic regression analy
sis is an efficient means of dealing with 
the large amounts of data involved in 
F(s,d) analysis of HAZ thermal cycle 
data. 

Hardness variations across the weld 
HAZ in IN718 are small and cannot be 
used as a means of thermal-cycle verifi
cation as they are in steel. Verification 
is accomplished through observations 
of niobium-rich, grain-boundary precip
itates. 

The simulation of HAZ microstruc
tures in a compact tensile specimen with 
a large cross-sectional area is limited by 
both temperature gradients along the 
specimen centerline and the cooling rate 
capabilities of the Gleeble. Auxil iary 

cooling mechanisms, such as spray-
quench fixtures, can mitigate the cool
ing rate limitation. Horizontal position
ing of the test specimen or placement of 
carbon steel sheets in the current loop 
of a Gleeble could alleviate the temper
ature gradient. Alternative sample ge
ometries should also be considered. 
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