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The Relationship Between Grain Size 

and Microfissuring in Alloy 718 

Microfissuring is linearly dependent on grain size 

BY R. G. T H O M P S O N , J. J. CASSIMUS, D. E. M A Y O A N D J. R. DOBBS 

ABSTRACT. The weldabi l i ty of certain 
high temperature alloys is l imited b y 
microfissuring in the w e l d heat-af fected 
zone. Experience indicates that the micro
fissuring p rob lem is significantly increased 
in metals and large grain size. 

The study descr ibed in this paper 
examined the microfissuring susceptibil ity 
of w r o u g h t alloy 718 as a funct ion o f 
grain size. The spot varestraint test was 
used to microfissure a grain size range o f 
20 n (ASTM #8) t o 200 n (ASTM #1) at 
three di f ferent strain levels. 

It was f ound that microfissuring sus
ceptibi l i ty was linearly dependent o n 
grain size. Microf issuring increased w i t h 
increasing grain size at the same rate for 
three di f ferent strain levels. 

Introduction 

The weldabi l i ty of high tempera ture 
alloys is o f ten l imited either by strain age 
cracking or heat-af fected zone (HAZ) 
microfissuring. The microfissuring p rob 
lem in alloys such as 718 (composi t ion in 
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Table 1) is accentuated by alloy addit ions 
wh ich reduce the strain age cracking 
p rob lem. A n element such as n iob ium 
(co lumbium is synonymous w i th Nb), 
w h e n added to certain y' s t rengthened 
nickel alloys, produces y" strengthening 
wh ich is resistant to strain age cracking. 

Table 1 -

C 
Mn 
Fe 

s 
Si 
Cu 
Nb + TA 

-Alloy 718 Composition, % 

0.04 
0.10 

18.95 
0.003 
0.16 
0.08 
5.22 

Ni 
Cr 
Al 
Ti 
Co 
Mo 

52.42 
18.35 
0.60 
1.00 
0.10 
2.98 

Howeve r , the Nb addi t ion also results 
in the precipi tat ion o f n iob ium carbides. 
These carbides act as concent ra ted 
sources of Nb dur ing rapid heat ing; the 
result is the fo rmat ion of intergranular 
eutect ic- type liquid. This intergranular l iq
uid is a prerequisite fo r HAZ microfissur
ing (Ref. 1). Figure 1 illustrates the micro
fissure sequence descr ibed by Thompson 
and Genculu (Ref. 1). 

Many studies have looked at the possi
ble effects of impur i ty and alloy elements 
and precipitates on microfissuring (Ref. 
1). O f these, only one re fer red to the 
effect of grain size. This was that o f 
Mor r ison et al. (Ref. 2) w h o repor ted that 
metal w i t h a grain size greater than ASTM 
#2 showed a greater tendency to micro-

COOLING 

NbC in NbC feeds NbC replaced Microfissure 
grain Nb to matrix by liquids 8 spreads opens in 
boundary causing along grain liquid 

eutectic melting 

Fig. I — Microstructure — microfissure sequence 

Laves precipitate 
from liquid 
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Table 2 -

minutes 

Initial 
5 

15 
30 
60 
90 

180 
1440 
5760 
7200 

-Grain Growth 

1800 

15(a) 

-
20 
25 
40 
50 

-
-
-
— 

in Wrought Alloy 718 

1900 

15 

-
40 
50 
70 
90 

— 
— 
-
-

Temperature 

1950 

15 
35 
55 

-
80 

— 
— 

130 
150 

— 

, °F 

2000 

15 

— 
80 
90 

130 
150 

-
-
-
-

2100 

15 
50 
90 

110 
150 

-
180 

-
-
-

2150 

15 
60 

-
110 

-
-

180 
200 

— 
200 

(a) Average grain size in microns (10 6 m). 

Table 3—Grain Growth Schedule 

10 M grain size 
32 ix grain size 
60 ii grain size 

200 ii grain size 

As received'3' 
30 s at 2130°F in flowing argon; quenched in flowing argon 
5 min at 2130°F in flowing argon; quenched in flowing argon 
24 h at 2130°F in vacuum; quenched in water 

As-received structure had fine dispersion of Ni3Nb(5) used to pin a thermally unstable, recrystallized grain structure. 

fissure than smaller grain sizes. However, 
they found no correlation between grain 
size variance and microfissuring for grain 
sizes less than ASTM #2. 

Welding experience with alloy 718 has 
shown that material with large grain size 
(such as encountered in castings) is 
more prone to microfissure than material 

(such as used for wrought parts) with 
smaller grains. Such observations raise 
many questions about the relationship 
between grain size and microfissuring. Is 
there a true grain size effect or is the 
observed microfissuring susceptibility 
related to some other aspect of the 
processing technique? For example, 

might cast material (compared to the 
wrought material) be more microfissure-
prone due to the greater segregation 
attendant with that process? The micro
fissuring may be mistakenly associated 
with grain size, because it is a more 
prominent characteristic of the process 
than is segregation. 

Even in specimens taken from the 
same heat of material, it might be difficult 
to isolate a true grain size effect from 
other, simultaneous, changes in the mate
rial. It would be tempting to take a single 
heat of material and produce a grain size 
variation by heat treating over a temper
ature range. Low annealing temperatures 
could be used to produce small grains 
and higher temperatures for larger grains. 
This is practical since grain size is strongly 
dependent on temperature. However, 
intergranular segregation (Ref. 3) and car
bide morphology (Ref. 4) are also depen
dent on temperature in the range which 
would be used for grain growth. Valdez 
and Steinman (Ref. 5) have also shown 
that microfissuring susceptibility in alloy 
718 increases with increasing annealing 
temperature between 1750 and 1950°F 
(954 and 1066°C). 

It is evident that in order to establish 
the relationship between microfissuring 
and grain size, the experimental 
approach must be carefully planned. The 
results must also be interpreted with 
attention to metallurgical changes which 
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Fig. 2-Base metal grain size range: A -as received; B-30 s at 2130°F (1166°C); C-5 min at 2130°F; D-24 h at 2130°F 
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might be superimposed on the variation 
in grain size. 

This paper reports the results of a 
study whose experimental plan was sen
sitive to the above pitfalls and possible 
shortcomings. A single heat of alloy 718 
was used for all testing. Wrought material 
was used to minimize segregation, and 
grain growth was accomplished at a sin
gle temperature using different annealing 
times. Finally, all specimens were 
quenched from the annealing tempera
ture to prevent complication from the 
precipitation of secondary phases other 
than carbides. Results are presented 
which quantitatively establish a relation
ship between microfissuring and grain 
size in wrought alloy 718. 

Experimental Procedure and 
Results 

Grain Growth Methodology 

The method used to produce an 
acceptable grain size range, while at the 
same time minimizing secondary metal
lurgical effects, was a critical step in this 
investigation. The starting material was a 
single Va in. (3.2 mm) thick sheet of alloy 
718 whose composition is given in Table 
1. It was mill processed to an average 
grain size of 10 ^ (ASTM #9). The grain 
growth rates over a range of annealing 
temperatures were determined, and the 
data are presented in Table 2. 

A grain growth annealing temperature 
of 2130 ± 10°F (1166 ± 6°C) was cho
sen for the following reasons: 

1. The high temperature would maxi
mize grain growth. 

2. Although the temperature was 
high, it was well below the carbide-
liquation temperature of approximately 
2150°F(1176° C). 

3. This annealing temperature was 
well above the solutioning temperature 
for precipitates such as y', y", and 
Ni3Nb(<5). (The solutioning behavior for 
Laves phase* was not known, although it 
was known that Nb and Ti carbides 
would resist solutioning.) 

4. The high temperature would mini
mize intergranular segregation. 

5. The high temperature would maxi
mize homogenization. 

The grain growth schedule is given in 
Table 3, and the results are shown in Fig. 
2. The short time grain growth cycles of 
30 seconds(s) and 5 minutes (min) were 
made with an induction furnace to mini
mize heat-up and cool-down time. Flow
ing argon was used both as a protective 

*Laves phase —a "size factor compound" 
where one atom is 20 to 30% smaller than the 
other, enabling them to pack together in 
crystal structures more efficiently than if they 
were the same size. 

environment and as a quenchant. The 
longer grain growth cycles were made by 
sealing the specimens in evacuated 
quartz tubing and heating in a box fur
nace. These specimens were quenched 
in water to prevent precipitation of 
unwanted phases during cooling. 

Spot Varestraint Machine 

A spot varestraint machine (Tigamajig), 
designed after the one reported by Sav
age, Nippes, and Goodwin (Ref. 6) was 
used in the present study to produce 
HAZ microfissures. Since HAZ microfis
sures are thought to occur due to thermal 
stress during cooling, the spot varestraint 
test was programmed to stimulate this 
behavior. 

The experimental setup is shown in Fig. 
3. In order to simulate the thermal-stress 
cycle of microfissuring, the dynamics of 
the welding power source and the pneu
matic piston were carefully orchestrated. 
Figure 4 shows the effects of possible 
combinations of welding machine-pneu
matic piston dynamics on microfissuring. 

If the action of the pneumatic piston 
lags the cut-off of the welding machine, 
fissures appear only in the solidifying 
weld pool —Fig. 4A. When the welding 
machine cut-off is delayed, stress is 
applied by the piston as the HAZ cools 
such that microfissures form in the HAZ 
and propagate slightly into the solidifying 
weld pool — Fig. 4B. However, if the cut
off of the welding machine is delayed too 
long, microfissures form only in the HAZ, 
because they are unable to propagate 
into the fully molten weld pool which 
has not yet begun to cool — Fig. 4C. 

The dynamic relationship between 
welding machine and piston was con
trolled by the amount of resistance in a 

resistance-capacitance (RC) discharge cir
cuit. The time lag of this circuit deter
mined the welding machine cut-off rela
tive to the actuation of the pneumatic 
piston of the spot varestraint machine. 
This set-up allowed the microfissuring 
pattern of Fig. 4B to be reproducibly 
made and, thus, simulate a typical HAZ 
microfissuring event. 

The geometry of the spot varestraint 
specimens is given in Fig. 5. Test material 
was conserved by welding extension tabs 
onto the central test specimen as shown 
in Fig. 5. A welding jig was designed for 
attaching the extension tabs. This jig had 
copper hold-down strips to minimize the 
HAZ of the fabrication welds. It also 
prevented the heat generated by this 
welding operation from changing the 
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Fig. 3 — Spot varestraint test stand 

Fig. 4 Effect of test stand coordination on 
microfissure location: A — application of strain 
too slow; B — application of strain at correct 
time; C — application of strain too fast 
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GTAW Spot 
HAZ Width 

GTAW Stainless Steel 
Extension Tab 

Fixturing 
Hole 

Fig. 5 — Spot varestraint test specimen 

carefully prepared properties of the 
specimens. 

The spot varestraint test parameters 
are given in Table 4. Three strain levels 
were used by varying both the bending 
radius and the length of travel of the 

piston. The tangential strains (« = T~ ) as 

determined from the radius of the bend
ing die, were 1, 3, and 5%. (Figure 6 
illustrates the relative magnitudes of strain 
applied in these tests.) 

Following the spot varestraint test, the 
specimens were polished and electrolyti-
cally etched in oxalic acid. A typical 
microfissure pattern, as revealed by this 
process, is shown in Fig. 7. The total 
length of microfissures was measured 
using a micrometer eyepiece with a 
moveable crosshair at X100 magnifica
tion. The results of this analysis are given 
in Table 5. 

Discussion 

Grain Size 

The base metal grain size, as shown in 
Fig. 2, should not be correlated directly 
with spot varestraint microfissuring data. 
Heat-affected zone grain growth occurs 
during the weld cycle and thus alters the 
grain size prior to microfissuring. Figure 8 
shows the HAZ grain size gradient for the 
most exaggerated case in our experi
ments. Since microfissures are initiated 
and grow in the HAZ, it is important that 
the HAZ grain size be correlated with 
microfissuring. A problem with determin
ing a HAZ grain size is that a grain size 
gradient exists. It was decided to average 
the grain sizes in the HAZ over which the 

Table 4—Varestraint Test Parameters 

Welding current, A 
Welding voltage, V 
Arc on time, s 
Argon shielding, cfh 
Electrode'3' to work 

distance, mm (in.) 

65 
12.5 
10 
30 

6.2 (0.245) 

microfissures extend. This average HAZ 
grain size, which was susceptible to 
microfissuring, is given in Table 5. 

The correlation between microfissur
ing and HAZ grain size is shown in Fig. 9. 
Although the data are not sufficient in 
numbers for a statistical analysis, the 
straight lines drawn through the data 
seem to represent the general trend ade-

Fig. 7—An example of the microfissure pattern 
produced in the spot varestraint test. Speci
men 23 (3% strain, 170 fi grain size) 

quately. Notice that the curves maintain 
approximately the same slope for all 
strain levels. This indicates that the rela
tionship between grain size and microfis
suring is independent of the amount of 
strain applied to the HAZ. The slope of 

Table 5— 

Specimen 
Number 

20 
27 
26 
19 
28 

2 
31 

3 
4 
8 
7 
9 

22 
29 
23 
25 
24 
30 

^restraint Test Results 

Base metal 
grain size, n 

14 
9 
9 
5 
9 

30 
32 
33 
34 
45 
69 
71 

180 
197 
158 
220 
235 
196 

HAZ 
gram size, ju 

20 
20 
21 
16 
20 
37 
37 
37 
40 
55 
80 
74 

208 
250 
222 
193 
177 
194 

Augmented 
strain, % 

1 
I 
3 
5 
5 
I 
1 
3 
5 
I 
3 
5 
1 
I 
3 
3 
5 
5 

Total crack 
length, 10"6, m 

8005 
9410 

16963 
18834 
23269 
10559 
13454 
23152 
29204 
16047 
22137 
31915 
26415 
22776 
35730 
36096 
41344 
47716 

(a) 2"i thoria W electrode, %e in. (1.59 mm) diameter. 60 
deg included angle 

Fig. 6—Specimens showing typical plastic strain and the associated bending dies. Augmented 
strains from front to back are 1%, 3%, and 5°o 
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Fig. 8 — Gradient in HAZ grain size for most temperature sensitive 
condition 
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9 — Relationship between HAZ grain size and microfissuring (based on 
total microfissure length per specimen) 

the curve also reveals that alloy 718 
experienced a 0.4% increase in microfis
suring per micron increase in grain size. 

Microfissure Distribution 

The specimen is stressed in a combina
tion of bending and uniaxial tension due 
to the method of gripping the specimen 
in the test stand. The uniaxial tension 
portion of the stress has the usual tensile 
and shear components of the stress state. 
In order to determine the distribution of 
cracks relative to the tensile and shear 
components of stress, the specimen was 
divided into 90 deg quadrants as shown 
in Fig. 10. Each quadrant contains the 
same stress distribution, and hence the 
data from each quadrant can be summed 
and presented in a 0-90 deg format. 

Figure 11 presents the total crack 
length as a function of stress distribution 
for the 32 /x grain size specimen. The 
other grain sizes reacted in a similar 
manner to that shown in Fig. 11. 

The peak in microfissuring on the max
imum shear axis is prominent for all grain 
sizes at all strain levels. The data strongly 

suggest that a microfissuring mechanism 
is related to the shear component of the 
stress state. 

Microfissuring Mechanism 

Our research has identified three items 
which should be considered when devel
oping a microfissuring model for alloy 
718: 

1. Intergranular liquid is a prerequisite 
for microfissuring (Ref. 2). 

2. The magnitude of microfissuring is 
dependent on grain size. 

3. Microfissuring is sensitive to the 
shear component of the stress state. 

Item one calls to attention the need to 
consider the intergranular liquid distribu
tion in a microfissuring mechanism. Bor
land (Ref. 7) used Smith's (Ref. 8) inter
granular liquid distributions to develop a 
theory of super-solidus cracking in welds. 
The idea that grain boundary liquid 
produces crack susceptibility by reducing 
metal-to-metal contact area is widely 
accepted. Observations and results from 
the present study also support this idea. 
However, the liquid phase distribution 

theory does not explain the observation 
of a crack distribution dependence on 
shear stress. Nor does it sufficiently 
explain a microfissuring dependence on 
grain size. 

A study by Williams and Singer (Ref. 9) 
considered the effect of grain boundary 
sliding on cracking in the presence of an 
intergranular liquid. They hypothesized 
that grain boundary sliding produced 
stress concentrations that aided crack 
propagation. They also theorized that 
grain boundary sliding and the associated 
stress concentration were maximum on 
the maximum shear axis. This is interest
ing in light of the present finding that 
microfissuring also experiences a maxi
mum on the maximum shear axis. 

Grain boundary sliding is usually associ
ated with elevated temperature and slow 
strain rates. However, Williams and Sing
er (Ref. 9) reviewed several studies, 
which showed that grain boundary sliding 
is a primary deformation mode when 
intergranular liquid is present. Work has 
also been presented that shows grain 
boundary sliding would be an effective 
mechanism for initiation of microfissures 

45° (Maximum Shear Axis) 

Quadrant 3 

Quadrant I ( Typical) 

0 —~°l (Tensile Axis) 

Quadrant 2 

Fig. 10-Specimen orientation relative to the applied stress during the 
spot varestraint test 

Fig. 7 7 (right) — Distribution of microfissuring relative to the orientation 
of applied stresses 
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at grain boundary triple points (Ref. 10). 
Once these microfissures initiate, they 
could easily propagate through the inter
granular liquid. 

The effect of grain size on microfissur
ing could be related to both the liquid 
distribution and grain boundary sliding. A 
large grain size would lead to a thicker 
liquid layer than a small grain size if the 
same volume of liquid is present in both 
cases. A large volume fraction of inter
granular liquid could increase the temper
ature range and time duration during 
which liquid wets the grain boundary 
faces under nonequilibrium freezing con
ditions. This would lead to increased 
microfissuring susceptibility. A large grain 
size would also cause a longer interface 
sliding length, which would lead to larger 
stress concentrations, larger strains at 
grain boundary triple points, and 
increased crack initiation due to grain 
boundary sliding. Thus, a large grain size 
would be detrimental to both aspects of 
microfissuring. 

Summary 

Based on the foregoing results, it is 
postulated that grain boundary sliding 
opens a triple point crack which propa
gates a microfissure through the liquid 
distributed on the crack face. An inter
granular liquid distribution, which covers 
the grain boundary faces, is required for 
both significant grain boundary sliding 
and microfissure propagation from the 
grain boundary triple point. Both the 
detrimental liquid distribution on the grain 
boundary faces and the stress concentra
tions due to grain boundary sliding are 
accentuated by a large grain size. 

The key to the microfissure process is 
the intergranular liquid distribution. 
Microfissuring could probably be elimi
nated, if the liquid phase were prevented 
from wetting the grain boundary faces. 
The control of this liquid wetting could be 

accomplished through the intentional 
segregation of some beneficial element 
to the grain boundaries prior to welding. 
It could also be controlled by preweld 
processing which prevents NbC precipi
tation at grain boundaries. 

Conclusion 

Increasing grain size gradually increases 
microfissuring susceptibility at the rate of 
0.4% per micron increase in grain size. 
The increases in microfissuring suscepti
bility with increasing ASTM grain size 
number are as follows: 

ASTM 
no. 

9 
7 
5 
3 
1 

00 

Microfissure 
increase, % 

Baseline 
5% 

12% 
38% 
82% 

175% 
The relatively large increase in microfis

suring between ASTM numbers 3 and 1 
roughly corresponds to industry experi
ence with microfissuring in this grain size 
range. 

Increased microfissuring susceptibility 
due to grain growth in the heat-affected 
zone will only be a problem in base metal 
with a small grain size (less than 50 
microns (ASTM no. 5)). Larger base metal 
grain sizes show little or no tendency 
toward HAZ grain growth. 

The shear component of stress 
appears to accentuate microfissuring. 
This observation may be attributed to a 
grain boundary sliding mechanism of 
microfissure initiation. The reason that 
large grain size accentuates microfissuring 
could partially be explained by its promo
tion of grain boundary sliding stress. 
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