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Study strongly suggests that the yield strength of a 
single phase weld metal is a function of dendrite arm 
spacing rather than grain diameter 
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Dimensions in mm 

Fig. 1 — Edge preparation for the Inconel plates. Root opening varied from 0 to 3 mm 
depending on heat input. No root opening was used for submerged arc welds 

Table 1 — Details of Welding, Weld Ductilities and Weld Grain Sizes 

Reduc-
Vol- Cur- Heat Grain Elonga- tion in Charpy 
tage, rent, Speed, input, diam, tion, % area, energy, 

V A mm/sec kj /mm jim on 51 mm % J Method 

17 
23 
27 
28 
26 
38 
35 

(a) Short c 

130 11.2 
134 8.3 
235 6.7 
210 4.9 
135 1.8 
320 4.4 
350 3.0 

ircuiting mode 
(b) Spray transfer mode 
(c) Pulsed arc mode 

0.20 
0.37 
0.95 
1.23 
1.95 
3.00 
4.10 

140 
185 
140 
200 
185 
220 
230 

21 
37 
41 
39 
41 
38 
40 

22 
53 
47 
53 
43 
29 
43 

160 
160 
140 
130 
230 

— 
100 

GMAW ( a ) 

GMAW ( a ) 

GMAW ( b ) 

GMAW ( b ) 

QMAWW 
SAW 
SAW 

Introduction 
The effect of heat input variations 

upon the mechanical properties of 
weld metals has been investigated 
previously (Refs. 1, 2, 3). Although 
large variations in mechanical prop
erties and microstructure (particular
ly grain size) have been observed, 
almost all of the reported work con
cerned with room temperature me
chanical properties has been on mild 
steel. The austenite-ferrite allotropic 
transformation and the cooling rate 
th rough the t ransformat ion range 
have complicated the interpretation of 
these experiments, so that it is not 
possible to separate solidification rate 
(heat input) effects from cooling rate 
effects. Similarly, work upon the rela
tionship between the rate of sol id
ification of ingots and their mechan
ical properties has been on two phase 
alloys (Refs. 4, 5, 6) where the sol id
ification rate alters the relative vol
ume fractions of the phases. 

In c o n t r a s t , m a n y i m p o r t a n t 
welding alloys are single phase and 
do not go through an allotropic trans
formation, and results on steels and 
two phase alloys do not help to pre
dict the probable effects on their me
chanical properties of varying the 
heat input. Therefore, it was decided 
to determine the relationship be
tween the mechanical properties of a 
single phase filler metal and the 
welding heat input used to deposit it. 
The filler chosen was Inconel* filler 
metal 82 (Ref. 7); it satisfies the re
quirements of being single phase and 
not having an allotropic modif ication; 
it is also technologically important 
and can be readily deposited in a 

'Inconel is a trademark of the Interna
tional Nickel Co., Inc. 
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crack-free condition using a wide 
range of welding heat inputs. 

Experimental Procedure 

Welding heat input was varied by 
changing the welding process. Short 
circuiting gas metal-arc welding was 
used for the lowest heat input and 
submerged arc welding with Inco-
flux* 4 was used for the highest. All 
welds were made in the flat position in 
25 mm thick Inconel alloy 600 plate. 
The welding details are given in Table 
1 and the preparation is shown in Fig. 
1. All-weld-metal tensile specimens 
and 1 0 X 1 0 mm Charpy impact spec
imens, which were transverse to the 
weld and had notches parallel with the 
weld axis, were made from the center 
of each weld. The tensile specimens 
had 33 mm gage lengths and were 6.4 
mm diam. The welds were also ex
amined metallographically and when
ever possible statistical techniques 
were used to examine relationships 
between various parameters. 

Results 

Both tensile strength and the 0.2% 
yield stress of each weld were deter
mined. The results are presented in 
Fig. 2. Each of these parameters in
creased with decreasing heat input, 
but the yield stress was more sensi
tive to heat input variations than the 
tensile strength. As the heat input was 
reduced from 4.1 to 0.2 kJ /mm the 
tensile strength increased only by 
10%, whereas the yield stress in
creased by 35%. Ductility (measured 
as elongation or reduction in area) 
was not sensitive to heat input while 
impact toughness, always good, 
varied in a somewhat erratic manner. 
Defects, e.g. lack of fusion in some 

samples of GMA welds seemed to be 
more important than welding condi
tions in determining toughness 
(Table 1). 

Weld grain sizes were determined 
transverse to the joint and are there
fore columnar grain diameters. The 
finest grained weld was made with the 
lowest heat input and the coarsest 
grained weld was made with the high
est heat input, but apart from this 
observation the correlation between 
grain diameter and heat input was 
poor (Table 1). However, there was a 
good correlation between the den-
drite arm spacing and the heat input 
(Figs. 3 and 4). The relationship was a 
linear one; previously dendrite arm 
spacings have been seen either to be 
a function of the square root of heat 
input (Ref. 8) or, as here, to be a linear 
function of heat input (Ref. 9), de
pending on welding condit ions. 

Discussion 

In previous investigations of the 

"Incoftux is a trademark of the Interna
tional Nickel Company, Inc. 
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Fig. 2 — Dependence of tensile strength and 0.2% yield stress on nominal heat input for 
welds made with Inconel filler metal 82 

relationship among heat input, weld 
grain size and mechanical properties 
(Refs. 2, 3), weld yield strength and 
grain diameter have been shown to be 
related to each other by the Hall-
Petch (Refs. 10, 11) equation. 

<ry = ui + K y l - " ' 

where o-y is the yield stress, I is the 
grain diameter and c\ and Ky are con
stants; o-i generally being referred to 
as a friction stress. In the present case 
try (0.2% yield stress) could only be 
correlated with l-vs (where I is the col

umnar grain diameter) at a con
fidence level of 90-95% (Fig. 5). Since 
correlation at a confidence level of 
>95% is generally only accepted as 
satsifactory evidence that a correla
tion exists between two variables, this 
means that the Petch equation can
not be considered to hold between 
0.2% yield stress and columnar grain 
diameter. 

There was a good corre la t ion, 
however, between welding heat input, 
strength and dendrite arm spacing. 
The confidence level for the linear 
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/-"/̂ r. 3 — Relation of dendrite arm spacing to heat input, (a) Dendrites with a mean arm spacing of 4.5nm in a GMA (short circuiting) weld 
made with Inconel 82 filler metal at a nominal heat input of 0.2 KJ/mm. (b) Dendrites with a mean arm spacing of 13.3 ^m in a submerged 
arc weld made with Inconel 82 at a nominal heat input of 4.10 KJ/mm. Both X500, reduced 15% 
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Fig. 4 — Dependence of dendrite arm spacing on nominal heat input for Inconel 82 weids. 
Probability of the linear relationship shown being correct is more than 99.9% 

GRAIN D I A M E T E R 

Fig. 5 — A Petch plot of 0.2% yield stress 
against I -w where I is the weld columnar 
grain diameter. The probability of the 
linear relationship shown being correct is 
only 90-95% 

relationship between heat input and 
dendrite arm spacing was 99.9% 

Inclusions tend to be concentrated 
in the walls between the dendrite cells 
(Fig. 3), and Tiller (Ref. 12) has shown 
that dislocation densities in cell walls 
are 10' to 108 greater than cell dis
location densities. Both of these fac
tors will make the cell walls barriers to 
dislocation motion — as high angle 
grain boundaries are. This means that 
the effective weld grain size may be 
that of the arm spacing rather than the 
columnar grain diameter. According

ly, to test this hypothesis, the 0.2% 
yield strength was plotted against 
(arm spacing)' / 2 (Fig. 6). A correla
tion between these variables was 
shown to exist at a confidence level 
>97.5% which strongly suggests that 
the yield strength of a single phase 
weld metal is a function of dendrite 
arm spacing rather than grain d iam
eter. 

The dendrite arm spacing of a 
small volume of an alloy depends 
upon the time it takes for the small 
volume in question to solidify. The 

time taken to freeze, or the rate of 
freezing, depends upon heat input: in
creasing the rate of heat input in
creases the arm spacing which in turn 
reduces the yield strength. It may be 
possible on occasion to overcome 
this disadvantage of using the more 
efficient, higher heat input processes, 
by increasing the rate of heat extrac
tion, say by spraying water on the 
back of a joint while it is being filled. 
However, this is only likely to be of 
limited value and the adoption of high 
efficiency, high heat input processes, 
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Fig. 6 — A Petch plot of 0.2% yield stress against /, "2 where I is the dendrite arm spacing 
and not the grain diameter. The probability for the relationship shown being correct is over 
97.5% 

is likely to carry a penalty in a reduc
tion of weld deposit yield strength. 
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A review of the published li terature on the mechanisms responsible for the gen
eration of residual stress is presented, along with an up-to-date state-of-the-art 
summary of the methods utilized for the measurement of the distribution and 
magnitude of residual stresses in welded components. These presentat ions are fol
lowed by the results obtained from experiments designed to provide the definitive 
information necessary to compare the results of the three most common tech
niques applied to weldments. 

In these investigations residual stress distributions were determined for as-
welded and stress-relieved disks of Inconel 600, Inconel X-750 and Rene' 41. The 
primary method used to determine the residual stress distr ibutions was the Sachs 
boring-out technique. However, for Inconel 600 the magni tude and distribution of 
the residual stresses were determined by two addit ional techniques, (1) the hole-
drilling method and (2) the plugging-out method. 
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