
Substructure Characterization of a 16-8-2 
GTA Weld Through Transmission Electron 

Microscopy 

Differences between weld and base metal that are 
presumably characteristic of all weld deposits provide, for 

the first time, a fundamental explanation of why welds 
behave differently than base metals 

BY J. R. FOULDS AND J. MOTEFF 

ABSTRACT. A weldment section from 
"formed and welded" 0.91 m (35.8 in.) 
OD diameter 12.77 mm (Vi in.) thin wall 
Type 316 stainless steel pipe primarily for 
structural use in the hot-leg of the liquid-
metal fast breeder reactor is character
ized microstructurally through Transmis
sion Electron Microscopy (TEM). The GTA 
weldment, welded with 16-8-2 filler 
metal, is sectioned from pipe in 
the "formed + welded + solution-an
nealed + straightened" as well as the 
" f o r m e d 4- w e l d e d + so lu t i on -an 
nealed + straightened + re-solution-an
nealed" condition. 

The optically seen weld metal dendritic 
substructure, when viewed through TEM, 
appears as a dislocation substructure with 
low-angle (<1.0 deg misorientation) 
boundaries demonstrated to be stable on 
reannealing and built up on interdendritic 
planes of mismatch. The substructure size 
and subboundary energy or misorienta
tion are shown to be affected by varia
tions in the weld heat-input rate. 

Subboundary analyses indicate the 
"build-up" or "polygonization" occurs 
on immobile "growth" dislocations 
accommodating the mismatch between 
adjacently growing dendrites during weld 
pool solidification. Residual weld metal 
strengths, even after annealing, are attrib
uted to these stable subboundaries 
through a decrease in the "effective" 
grain size. In fact, this study represents 
the first step in explaining weld/base 
metal mechanical behavior differences. 
These often subtle but consistent differ
ences are explainable by consequences 
of the very nature of weld pool solidifica-
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tion, stable solidification dislocation sub
structures. 

Introduction 

Much of the research in the area of 
austenitic stainless steel welding has been 
understandably concerned with the 
establishing of a "macroscopic" compati
bility between weld and base metal 
through variations in the welding process 
and parameters. "Macroscopic" here 
refers to the resulting chemistry, optical
ly-observed grain structures, and results 
of conventional nondestructive inspec
tion techniques as applied to weldments. 
This "macroscopic" weld/base metal 
compatibility, however, does not explain 
consistent differences between weld and 
base metal elevated temperature me
chanical behavior. 

The most recent high temperature 
mechanical property data (Ref. 1) on 
automatic gas tungsten-arc girth welded 
(with 16-8-2 filler metal) large diameter 
Type 316 stainless steel pipe weldments 
show a higher yield strength, lower ulti
mate tensile strength, lower stress-rup
ture life and stress-minimum creep rate 
curves for the weld metal as compared 
with the base metal. The observations, in 
fact, represent a general comparison of 
weld and base metal elevated tempera
ture mechanical behavior seen for a vari
ety of austenitic stainless steel weld
ments. In each case, profferred explana
tions for these based on chemistry and 
grain size have been unable to explain all 
the property differences; moreover, they 
have been found wanting with regard to 
possible generalizations to other weld
ments. 

Beyond the "macroscopic" compatibil
ity mentioned above, the subtle but con
sistent weld/base metal behavior differ
ences must be explainable by conse
quences of the very nature of the weld 

poor solidification process. As a first step 
in understanding weld metal mechanical 
behavior based on its characteristic den
dritic structure, a 16-8-2 GTA seam-
welded Type 316 stainless steel pipe 
weldment section has been substructural-
ly characterized using the Transmission 
Electron Microscope (TEM). The primary 
application of the material investigated 
here is that of a structural piping compo
nent in the hot-leg of the liquid-metal fast 
breeder reactor. Nonetheless, the results 
of this characterization may be applicable 
not only to all welds, but also to all 
rapidly-solidified crystallographic sys
tems. 

Experimental Procedure 

Material 

The 0.91 m (35.8 in.) OD diameter 
12.77 mm (Vi in.) thin wall Type 316 
stainless steel pipe was manufactured in 
1.83 m (6 ft) lengths by a commercial 
vendor through a forming and longitudi
nal seam-welding process as per ASME 

Table 1—Fabrication Data on Formed and 
Welded Pipe Studied 

ASME code, sec
tion II, material 
specification: 

Plate 
Pipe 

ASME code, sec
tion III: 

Class 
Welding process 

Filler metal 
Final heat treat
ment^' 

SA-240 (Ref. 2) 
SA-358 (Ref. 3) 

1 (Ref. 4) 
GTA/hot and 
cold wire addi
tions 
16-8-2 
1060°C (1940°F), 
Vi h in argon 

(a) Heat treatment after radiographic inspection, fol lowed 
by water quench. 
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Fig. 1 — Macroetched view of weldment sec
tion studied with pass sequence: 1 — oscillated 
cold-wire GTAW; 2 — cold-wire GTAW (root 
pass); 3 —hot-wire GTAW; 4 —oscillated hot
wire GTA W; 5 — oscillated hot-wire GTA W 

Table 3—Chemical Analysis of Formed and 
Welded Pipe (Ref. 5), Wt-% 

Plate Weld 

c 
Mn 
P 
S 
Si 
Ni 
Cr 
Mo 
V 
Nb 
Ti 
Co 
Cu 
Al 
B 
N 

0.066 
1.63 
0.032 
0.009 
0.58 

11.29 
16.09 
2.85 
0.06 

<0 .01 
0.01 
0.17 
0.22 
0.01 
0.001 
0.039 

0.053 
1.57 
0.014 
0.014 
0.49 
9.42 

16.18 
1.95 
0.04 

<0 .01 
0.01 
0.06 
0.13 

<0 .01 
0.001 
0.041 

yy-

'Irfrh-fg;—.' 

C o d e specifications. Table 1 summarizes 
the fabricat ion data. Subsequent to the 
pos twe ld solut ion-anneal, the pipe was 
subjected to "sizing and stra ightening" to 
eliminate the distor t ion f r o m residual 
stress recovery dur ing annealing. This 
in t roduced some co ld -work in to the p ipe 
sect ion. The " f o r m e d 4- w e l d e d + solu
t ion-annealed + s t ra ightened" condi t ion 
is hencefor th re fer red to as an "as-
rece i ved " one. A transverse we ldmen t 
section f r o m p ipe in this condi t ion was 
used for this study. The section was then 
re-solut ion-annealed at 1065°C (1949°F) 
fo r 0.5 hour (h) in argon, a i r -cooled, and 
re-examined. Character izat ion was thus 
conduc ted on the w e l d m e n t in b o t h 
"as - rece ived" and " reannea led " 

Table 2—Welding 
Seam Weld 

No. passes 
Welding position 
Filler metal 

Inert gas 

Current 
Amperage, A(a) 

Feed speed (FS) 

Heat input rate,(b) 

joules/in. 

Preheat, °F 

Parameters for GTA 

5 
Flat 
lfll in. diam, 16-
8-2 Cr-Ni-Mo 
20% Ar, 80% 
He @ 50 cfh 
DCSP 
Inside pass — 400; 
root pass —250-
275; rem. 
passes —up to 
400 
6 ipm on inside 
pass; 8 ipm on 
root pass; 9 ipm 
on rem. passes 
4.4 - 5.6 X 104 

on inside pass, 
2.1 - 2.9 X 104 

on root pass; 
< 3.7 X 104 on 
rem. passes 
60 min. on all 
passes; 300 max. 
on inside pass. 

(a) Voltage. V = 1 1 - 14 on all passes. 
(b) Heal inpul rate = A-V/FS. 

condit ions. 
Figure 1 is a macroe tched v i ew of the 

transverse we ldmen t section studied, 
w i th the we ld ing pass sequence. Table 2 
details the actual we ld ing parameters 
emp loyed , and Table 3 is a spect rograph
ic chemical analysis o f the plate (base 
metal away f r o m weld) and we ld metal 
( f rom center of w e l d w i th min imum dilu
tion). 

Microscopy 

Optical. Opt ica l microscopy o n the 
base metal , heat-af fected zone (HAZ) 
and w e l d metal regions enabled a charac
terizat ion o f the grain structure and the 
absence of any ef fect of reannealing on 
it. Figure 2 shows the typical we ld metal 
and base metal grain structure. The quan
titative in format ion on grain sizes esti
mated by a random l ine-intercept tech
nique indicates (Table 4) that the w e l d 
and base metal grain sizes are compara
ble. Also, n o significant grain coarsening 
was visible in the HAZ areas. 

Figure 3 is the optically observed typ i 
cal w e l d metal dendr i t ic substructure 
w i th approximate ly a 2% by area Q T M 
globular delta ferr i te (Ref. 5) in the "as-
rece i ved " cond i t ion. Reannealing only 
very slightly coarsened the substructure 
w i th no measurable change in the size, 
content , and distr ibut ion o f ferr i te. The 
secondary interdendri t ic arm spacing was 
visually est imated at about 1-3 /um 

The locat ion of ferr i te (inter- or intra-
dendrit ic) was diff icult t o determine op t i 
cally. It must be ment ioned that TEM 
observat ions indicated ferr i te globules 
var ied in size f r o m 0.7 t o 6.0 ^ m w i th a 
large f ract ion b e t w e e n 1.5 and 2.5 ^ m 
be fo re reannealing. Reannealing ap
peared to decrease the max imum and 
median size. In b o t h the "as - rece ived" 
and " reannea led " welds, ferr i te was gen
erally f ound (--- two-thirds of ferr i te 
observed) no t associated w i t h any dislo
cat ion boundar ies, wh ich — f r o m the suc
ceeding discussion o n dislocation b o u n d -

-

B 

Fig. 2 —A comparison of weld metal & and 
base metal grain structures ®. The dark field in 
& enables better grain boundary definition. 
Electrolyticaily etched using 50 HN03; 50 
H20 

aries —indicates it t o be most ly in t raden-
drit ic. 

TEM. Thin foils about 0.3 pm thickness 
w e r e examined on a JEOL-Model JEM 
200A e lect ron microscope opera ted at 
200 kV. The microscope was equ ipped 
w i t h a 30 deg t i l t-360 deg az imuth (tilt axis 
posit ion) specimen stage enabling defect 
character izat ion. To prepare the foils, 2.5 
m m (0.1 in.) square X 0.4 m m (0.016 in.) 
th in elements w e r e sect ioned f r o m the 
we ldmen t of Fig. 1 so that the e lement 
thickness was parallel t o the pipe wal l 
thickness dimension. Aprox imate ly 20 
elements f r o m each we ldmen t (as-
received and reannealed) represent ing 
various locations in the base metal , HAZ 
and w e l d metal w e r e selected. These 
w e r e next g round to ~ 0 . 1 5 m m (0.006 
in.) thickness and electropol ished to per-

Table 4—Average Grain Intercept (/im) 

Region 

Weld 

Weld 
pass 

Outside 
Root 

Size, Mm 

128 
87 

HAZ 

Base 

Outside 
Center 
Inside 

Outside 
Center 
Inside 

121 
106 
113 

132 
73 

114 
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foration in a 90:10 acetic acid:perchloric 
acid by volume electrolyte using a twin-
jet technique at 40 volts (V) and a current 
density of 1.75 amperes (A)/cm2. 

A single grain representing the "aver
age" dislocation structure for that foil, 
estimated visually, was selected for char
acterization. Characterization included, 
where possible, a measure of: 

1. Dislocation density, p (cm -2), esti
mated from two-dimensional micro
graphs taken under a variety of two-
beam conditions using Ham's technique 
(Ref. 6). 

2. Dislocation^Burgers vector, b , and 
line direction, t ; after determining the 
grain orientation with respect to the inci
dent electron beam under fixed 
conditions of tilt and azimuth (repre
sented by a stereographic projection), 
the Burgers vector was determined using 
the g • b = 0 criterion for invisibility, 
where ~g is the operating diffracting 
beam vector (for edge dislocations of 
the 

b = | <110> 

kind, _where a is the lattice parameter, 
g • b X t is too small for a visible 

image with g • b = 0) (Ref. 7). 
3. Subgrain or substructure size, X 

' • - . " • r\A . \ ' ' • 

300 nm 

Fig. 3 — Typical weld metal dendritic structure 
viewed optically with approx. 2% QTM globu
lar delta-ferrite. Electrolytically etched using 50 
HNQ3: 50 H20 

(pm), obtained from two-dimensional 
micrographs in a manner as for grain size 
estimation. 

4. Subboundary or low-angle disloca
tion boundary misorientation, 0 (deg), 
measured by the shift in a Kikuchi line 
intersection in traversing the boundary. 

Details on TEM methods used may be 
found in the literature (Ref. 8). 

Results and Discussion 

General Substructure Characterization 

The microstructure as a function of 
location in the "as-received" weldment 
section is visible in Fig. 4. The accompa
nying microhardness numbers are shown 
as strength estimates obtained at room 
temperature with a 500 g load and 136 
deg diamond pyramid hardness (DPH) 
indentor. The obvious difference in weld 
and base metal microstructure is the exis
tence of curved low-angle dislocation 
boundaries (subboundaries) in the weld, 
not seen in the base metal. Areas in base 
metal exhibit a random dislocation distri
bution with no segregation into sub-
boundaries. Table 5 summarizes some 
measured aspects of the dislocation 
structure with the hardness values for 
locations described in Fig. 4. 

Within a given zone of weldment 
(base metal, HAZ, or weld) microstructur
al variation is more evident across the 
pipe wall than along the circumference. 
Pipe straightening not only accounts for a 
dislocation density higher than normally 
observed for solution-annealed material, 
but also results in the variations in micro
hardness and dislocation density seen 
across the pipe wall (non-uniform cold-
work across pipe thickness). 

Fig. 4— TEM structures and microhardnesses for different locations in the "as-received" weldment section 
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Table 5—Dislocation Structure Evaluation and Microhardness for Specific Locations in GTA Weldment As-received 

Zone 

Base 
Metal 

Heat-
Affected 
Zone 

Outside 

Inside 

Outside 

Inside 

Outside 

Weld 
Metal 

Inside 

Location'3' 

~1 
12 
13 
31 

_51 

"21 
22 
32 
41 
44(d) 

.52 

"14 
15 
23 
33 
34 
35 
421 root 
43J pass 
53 
54 

Microhardness 
DPH (kg/mm2) 

175 
178 
172 
156 
173 

166 
168 
173 
164 
164 
166 

177 
170 
169 
168 
176 
173 
166 
166 
169 
176 

Average'6' dislocation 
density 

P, 

(cm"2) 
X 109 

6.46 
5.07 
7.03 
1.83 
5.93 

5.66 
4.50 
3.15 
2.69 
4.02 
2.24 

N.M.'e' 
N.M. 
N.M. 

2.90 
1.55 
4.61 
1.97 
3.80 
2.00 

N.M. 

Averag 
Subboundaries 

e Estimated(c' 
misorientation, substructure 

deg 

0.68 

size, nm 

No 
subboundaries 

I 
I 

No 
subboundaries 

I 1.2 
No subboundaries 

0.34 
0.38 
0.46 
0.37 
N.M. 
N.M. 

2.8 
2.5 
2.3 
2.3 

N.M. 
2.8 

No subboundaries 
No subboundaries 

N.M. 
0.57 

N.M. 
1.7 

(a) XY location in Fig. 4: X —row f rom outside to inside wi th increasing number; Y - l o c a t i o n examined f rom left t o right along row. 
(b) Measured from regions of foil wi th no subboundaries. 
(c) Two-dimensionai line intercept estimate. 
(d) Probably from weld since very close to fusion zone boundary. 
(e) N.M. —not measured. 

For the base metal and HAZ, disloca
tion densities and hardness values were 
generally higher nearer the pipe surfaces 
and decreased toward the center. The 
weld metal has a dislocation substructure 
of size comparable with the optically-
estimated interdendritic arm spacing, and 
appearing to decrease somewhat with a 
smaller bead cross-section (or lower 
heat-input rate). The "subgrains," which 
are regions of crystal separated by sub-
boundaries, had average misorientations 
between neighbors of the order of 0.5 
deg, also appearing to decrease with a 
decreasing heat input rate. In fact, sub-
boundaries at the root pass with the 
lowest heat-input rate are believed to 
have energies or misorientations so low 
as to be very poorly-defined and charac
terized as "absent."* 

Reannealing resulted in a lowering of 
hardness and random dislocation density 
everywhere with the persistence of sub-
boundaries in the weld metal region. 
Figure 5 and Table 6 are complete micro-
structural descriptions of the "rean
nealed" weldment. In the base metal and 
HAZ the dislocation density and hardness 
decreased such that regions of higher 

*For a subboundary misorientation, 0 < 0.2 
deg, the density, p, of dislocations in a sub-
boundary ~ that observed in a "solution-
annealed" random dislocation structure (~ IO8 

cm~2); p = 1/d2, where d = mean dislocation 
spacing (cm) in boundary estimable from: 
d = JbJ/6 (rad). 

density and hardness before reannealing 
became regions of lower density and 
hardness after the reanneal. Data on 
microhardness and dislocation density in 
Tables 5 and 6 were used to evaluate the 
strengthening effect (measured by room 
temperature microhardness) of random 
dislocations, some of which are as a result 
of pipe straightening. Only data on base 
metal and HAZ was used. Figure 6 shows 
the strengthening as a linear function of 
the square root of dislocation density, 
\/p7 representing the forest hardening 
effect of random dislocations. 

Reannealing of the weld metal resulted 
in a slight coarsening of the substructure 
(increase in substructure size) accompa
nied by an apparent increase in the sub-
boundary misorientation, the decreasing 
size and misorientation with decreasing 
bead width or heat-input rate being 
maintained. The persistence of sub-
boundaries in the weld results in a "resid
ual" weld metal strength even after rean
nealing manifesting itself as a somewhat 
higher than base metal weld metal hard
ness. Subboundaries have been shown to 
strengthen by reducing the effective 
grain size in a Hall-Petch fashion. Rean
nealing effected some recovery of the 
cold-work in straightening and no recrys
tallization in either weld or base metal 
regions. 

Thus, the optically visible weld metal 
dendritic structure appears as a disloca
tion substructure when viewed through 
the TEM, the "optical" dendritic arm 

spacing being comparable with the TEM 
estimated substructure size. Also, the 
subboundaries, as will be shown below, 
have characteristics indicating they occur 
as a result of solidification and corre
spond to the interdendritic etched areas 
seen optically. 

Solidification, and consequently sub
structure characteristics, are complex 
functions of local undercooling in the 
melt, dependent on a variety of process 
and material parameters (Ref. 9). For this 
reason, a quantitative correlation be
tween the two substructure characteris
tics measured (size and boundary misori
entation) and a single parameter such as 
weld heat-input rate is not attempted 
here. In general, however, factors such as 
a low heat-input rate resulting in a faster 
cooling rate (G.R, C w thermal gradient in 
melt, R w growth rate) effect a finer sub
structure. Factors contributing to a reduc
tion in C/R or an increased propensity for 
dendritic growth effect higher energy 
and higher misorientation (tighter, more 
dislocation dense) subboundaries. 

Subboundary Characterization 

Fifteen subboundaries or networks 
from the weld metal regions of both the 
"as-received" and "reannealed" weld
ments were analyzed. Since the sub-
boundaries in both cases had identical 
characteristics, these are discussed with
out specific reference to the weldment 
condition. 

The manner of subboundary charac-
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Fig. 5 — TfiVt structures and microhardnesses for different locations in the ' 'reannealed" weldment section 

terization carried out is based on the 
various mechanisms proposed by Lin-
droos and Miekk-oja for their formation 
(Ref. 10). Curiously, they recognized rap
id solidification as a means of generating 
dislocation substructures to study their 
influence on deformation. Following are a 
few definitions of terms used to describe 
the boundaries: 

• Forest plane: this is the plane of the 
network and contains the dislocations 
making up the boundary. In cases where 
the network exhibits a curvature the 
forest plane is continuously varying and 
determined from analysis over a limited 
region of boundary. 

• Forest dislocations: these are one or 
more families of line defects lying in the 
forest plane, often sessile and forming 
the basis for a network. 

• Glide-source dislocations: these are 
dislocations produced within the crystal 
(not at the forest) capable of moving 
under stress, which on reaction with the 
forest dislocations result in a network. 

• Junction dislocations: these are pro
duced as a result of reaction between a 
glide-source dislocation and a forest dis

location; since observation of the net
work cannot differentiate between a 
glide-source and a junction dislocation 
segment, all segments not of the 'forest' 
kind are referred to as junction disloca
tions. 

• Node: this refers to the joint com
mon to several dislocation segments in 
the network, usually 3-fold with three 
being the number of segments at the 
point. 

• Burgers vector plane: the plane 
defined by and containing the Burgers 
vectors of the segments at a node. 

The subboundaries examined were all 
curved hexagonal networks (Fig. 7 ®), the 
dislocation segments at each node being 
nearly coplanar. Of the three dislocation 
families, the "forest" one was easily dis
tinguishable by the large edge compo
nent in its Burgers vector. Junction dislo
cations are generally expected to have 
small edge components if the glide-
source dislocation is of strong screw 
character. 

Figure 7 ® details a typical network 
examined. Note the large edge character 
of the forest dislocation family " C " and 

the nearly pure screw nature of the 
junction dislocation families " A " and 
"B." 

Table 7 shows results on the forest 
planes of subboundaries analyzed. The 
large edge character of the "immobile," 
"non-glide" forest dislocations and the 
often approximate {110} boundary as 
forest plane* support the theory that 
"polygonization" or "build-up" occurs 
on dislocations (forest) accommodating 
the mismatch between adjacently solidi
fying dendrites or dendrite arms. 

The last to solidify interdendritic 
regions are the ones accommodating the 
crystallographic mismatch (misorienta
tion) between the adjacently grown den
drites in the "growth substructure." This 
explanation of rapid growth first pro
posed by Rutter and Chalmers (Ref. 11) is 
consistent with actual observations on 
the substructure (Ref. 12), also seen here. 
The mismatch regions —interdendritic in 

*7irie approximate {110} mismatch plane with 
its curvature suggests the deviation from clas
sical prismatic growth expected with dendritic 
solidification; it also supports its existence as an 
interdendritic mismatch plane. 
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Table 6—Dislocation Structure Evaluation and Microhardness for Specific Locations in GTA Weldment Reannealed 

Zone Location'3' 

Base 
Metal 

Heat-
Affected 
Zone 

Weld 
Metal 

Outside 

Inside 
Outside 

Inside 

Outside 

Inside 

11 
12 
21 
31 

. 5 1 
22 
32 

41 
_62 

~13 
14 
23 
33 
34 
35 
42 I 
43j 
44 
53 
54 

root 
pass 

Microhardness 
DHP (kg/mm2) 

139 
136 
152 
157 

152 
149 
142 

148 
147 

151 
161 
153 
162 
166 
152 
145 
152 
150 
142 
160 

Average'6' 
dislocation 

density 
P, 

(cm"2) 
X 109 

0.33 
0.46 
0.55 
0.82 

0.60 
2.34 
0.35 

0.39 
1.95 

2.14 
0.40 
0.62 
0.34 
0.92 
0.64 
0.58 
0.36 
0.98 
0.55 
0.57 

Subboundaries 
Average misori- Estimated'0' 

entation, substructure 
deg size, u.m 

No 
Subboundaries 

I 
I 

No 

Subboundaries 

| 
0.69 
0.68 
0.43 
0.40 
0.37 

N.M.'d> 
N.M. 

— No subboundaries 
— No subboundaries 

0.75 
0.62 

2.3 
4.0 
4.2 
2.2 
2.5 
5.0 
1.4 

3.6 
3.7 

(a) XY location in Fig. 5: X —row from outside to inside wi th increasing number; Y —location examined f rom left to right along row. 
(b) Measured in regions of foil wi th no subboundaries. 
(c) Two-dimensional line intercept estimate, 
(d) N.M. —not measured. 

Q 160 

DPI! (kg/mm2) = 134 + 5 . 0 6 ( / p cm ) 

i • I j I i I i L 

Square root dislocation density, *f>, [cm ) x 10 

Fig. 6 — Strengthening effect of random dislocations in base metal 

this case —comprise a system of disloca
tions at least locally planar and capable of 
accommodating a relative "twist" about 
an axis perpendicular to this plane (twist 
boundary), a "t i l t" about an axis in the 
plane of the boundary (tilt boundary), or 
both a tilt and twist (tilt " n " twist bound
ary) about two orthogonal axes (Ref. 
13). 

The plane here is called a "forest 
plane" and the accommodating disloca
tions — "forest dislocations." Evidently 
these dislocations by the very nature of 

their creation seldom belong to the slip 
systems, primary or conjugate, of either 
dendrite at the forest plane. The net
works or subboundaries seen after solidi
fication are often the result of mobile 
glide-source dislocations from intraden-
dritic regions interacting with the forest 
dislocations either during cooling or post
weld stress/temperature treatments. 

The process of substructure formation 
is similar to the "microscopic polygoniza-
tion" observed with recovery after "tur
bulent" f low in FCC crystals (Ref. 14), 

wherein interaction of glide dislocations 
with intracrystalline Cottrell barriers is 
responsible for the substructure. Defor
mation substructures like those gener
ated at elevated temperatures, however, 
comprise dislocations at the subboundary 
belonging to the matrix glide systems and 
are therefore distinguishable from the 
"growth" substructure seen here. 

The basic "knitting" mechanism for a 
hexagonal network described by Lin-
droos and Miekk-oja (Ref. 10) is repro
duced here. Figure 8 ©shows a (110) 
forest plane with a system of parallel 
edge forest dislocations, C, with 

b = N P [110] 

intersecting the (111) plane of a Thomp
son tetrahedron. The pure screw glide-
source dislocation, A, with 

b = M~N = - M 0 T ] 

on the (111) plane glides toward the 
forest under a shear stress, r. A and C 
align by climb [that dislocations reacting 
at elevated temperatures always form 
attractive junctions through alignment by 
vacancy transport along dislocation cores 
has been demonstrated (Ref. 15)] and 
react as shown in Fig. 8 ®: 

M N + N P ^ M P or - [ 1 0 1 1 + 
2 L ' 

[110] • [01T] , A -F C — B 
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Table 7—Number of Subboundaries with a 
Given Forest Plane 

Forest 
plane 

(111) 
(110) 
(112) 

No. of 
subboundaries 

2 
11 
2 

The junction dislocation, B, has a Bur
gers vector, 

M~P = - [ 0 1 7 ] 

lying in the forest plane and not being in 
its normal glide plane, being held there by 
elastic and/or chemical forces. Its line 
tension pulls dislocation A onto the same 
plane. In identical fashion, junction dislo
cations are formed at all forest disloca
tions and the hexagonal network of Fig. 8 
©established. 

Various other more complex mecha
nisms based on the same principle of 
attractive junction formation by stress-
induced climb have been proposed, 
resulting in a variety of networks (Refs. 
10, 16, 17, 18). It is noted that the 

curvature in the network is effected by 
increasing or decreasing line segments 
with corresponding increases and de
creases in their Burgers vector edge com
ponents respectively. Also, the very 
nature of the knitting mechanism and 
subboundary suggests a possible recov
ery mechanism (Ref. 17) important to 
elevated temperature weld metal defor
mation. 

The stability of the subboundaries, evi
denced by their persistence on reanneal
ing, attests to their low energy. From an 
approximate theoretical estimate of the 
boundary energy using (Ref. 19): 

( = Eo0(A - 1n0), where E0 = - — -
47r(1 — v) 

where A = ln(b/b0) and 0 = misorienta
tion (radians); b = Burgers vector of dislo
cation; b0 = dislocation core radius (~b); 
G = elastic shear modulus; v = Poisson's 
ratio; t = energy/unit boundary area. 

The energy for a low-angle (<1.0 deg) 
boundary is less than one-fifth that of a 
normal grain boundary which does not 
exceed cm = E09m where 0 m = exp 
(A — 1). For tL = low-angle boundary 
energy, 

E0(1.75 X 10"2) (A + 4.05) 

E0 [exp ( A - 1 ) ] 

« 0 . 2 = - f o r A « 0 . 
5 

It seems obvious that their low energy 
(representing a barrier to recrystallization) 
and inherent immobility make these sub-
boundaries a fairly stable aspect of the 
weld metal microstructure. 

Polygonization, the formation of 
meshes or networks usually with post
weld stress-relief treatments, has been 
briefly previously reported (Refs. 20, 21). 
However, it was not given due attention 
with regard to its role in weld metal 
deformation behavior. Even in the 
absence of a postweld heat treatment, 
subboundaries are expected to occur as 
one or more families of "forest" or "mis
match" dislocations, not necessarily as a 
well-defined network or mesh and there
fore not easily distinguishable from ran
dom glide dislocations, except by analy
sis. Forest boundaries of this type are 
further masked by the higher total dislo
cation density of the "as-welded" condi
tion prior to any postweld stress-relief 
(Ref. 20). 

The inevitable polygonization of weld 
metal dislocations with post-weld heat 
treatments confirms the existence of for
est dislocations in subboundaries. Sub-
boundaries in whatever form, however, 
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are expected to influence weld metal 
behavior in the same fashion. 

Conclusions 

Following are the conclusions derived 
from this characterization study: 

1. The base metal had a random dislo
cation structure (no subboundaries) 
shown to effect strengthening in a forest 
hardening fashion. The weld metal, how
ever, exhibited a stable dislocation sub
structure comprising low-angle (<1.0 
deg.) subboundaries and having a size 
comparable with the interdendritic arm 
spacing. 

2. The residual weld metal strength 
after reannealing, manifesting itself as a 
weld metal hardness greater than the 
base metal hardness, may be attributed 
to the strengthening effect of these sta
ble, persistent subboundaries in the weld, 
realizing a decrease in effective grain 
size. 

3. Within the weld metal zone the 
substructure size and subboundary mis
orientation appeared to decrease with 
bead width or heat-input rate. 

4. Subboundary analysis indicated a 
"build-up" or "polygonization" on "for
est" or "g rowth" dislocations accommo
dating the mismatch between adjacently 
solidifying dendrites. 

5. The proposed mechanism for this 
"polygonization" or "knitting" appears 
valid based on the analysis conducted. 

Results point to the existence of sub-
boundaries as inevitable in weld pool 
solidification. 

It has been the object of this paper to 
characterize in detail the weld metal dis
location substructure, and by demon
strating its existence as a consequence of 
rapid solidification, extend these results 
to all conventional weld systems. This 
represents the first stage in a different, 

but universally applicable approach to 
the understanding of weld metal defor
mation behavior based on its apparently 
stable solidification substructure. 
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