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As the number of passes increased, the hardness and tensile 
strength increased, while the ductility and toughness decreased 

BY I. GOWRISANKAR, A. K. BHADURI, V. SEETHARAMAN, 
D. D. N. VERMA AND D. R. G. ACHAR 

ABSTRACT. AISI Type 316L stainless steel 
plates were submerged arc welded using 
5, 9 and 13 passes. With an increase in 
the number of passes during welding, 
hardness and tensile strength properties 
of the welds increase systematically, 
while their ductility and toughness 
decrease progressively. These changes in 
the mechanical properties could be cor
related with the observed microstructural 
characteristics, particularly the amount, 
morphology and distribution of the delta 
ferrite. 

Introduction 

Shielded metal arc welding (SMAW) 
and gas tungsten arc welding (CTAW) are 
used for joining many stainless steel com
ponents. However, these processes 
prove to be uneconomical if plates thick
er than 10 mm (0.4 in.) are to be welded, 
since the number of passes involved 
would be considerably high. If the sub
merged arc welding (SAW) process can 
be used for such applications, then it 
could lead to a significant reduction in the 
number of passes required for complet
ing the joints. In addition, the SAW pro
cess would offer high deposition rates, 
thermal efficiency and weld metal recov
ery (Ref. 1). The biggest handicap, how
ever, with the application of SAW to 
welding of austenitic stainless steels is its 
high heat input and the consequent 
reduction in toughness and resistance to 
intergranular corrosion. 
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In recent years, low-carbon grades of 
austenitic stainless steels have been 
employed widely, due to their improved 
resistance to intergranular corrosion and 
intergranular stress corrosion cracking. 
Types 304L and 316L stainless steels with 
carbon levels as low as 0.01% are manu
factured regularly, although the allowable 
maximum carbon content of these steels 
is 0.03%. The wider exploitation of low-
carbon grades of stainless steels allows 
greater use of high-deposition rate pro
cesses like SAW for thick stainless steel 
sections (Ref. 2). However, there is little 
information available on the properties of 
submerged arc austenitic stainless steel 
weldments with multiple passes. Multiple-
pass welds exhibit considerable hetero
geneity in microstructure and significant 
differences in mechanical properties 
along the thickness of the weld (Ref. 3). 
This can be attributed to the complex 
nature of thermal cycling experienced by 
each pass as subsequent passes are 
deposited. In other words, the micro-
structures and mechanical properties of 
these welds are a result of the complex 
interplay between the effects of heat 
input and the number of passes used. 

A systematic attempt has been made 
to investigate the effects of the number 

KEY W O R D S 

SAW 316L Stainless 
Effect of No. Passes 
No. Passes and 316L 
Effect on Structure 
Effect on Properties 
316L Weld Properties 
316L Weld Hardness 
Tensile Strength 
316L Tensile/Ductile 
316L Weld Toughness 

of passes on the microstructure and 
mechanical properties of Type 316L 
weldments made by the SAW technique. 
This paper reports and discusses the 
results of this experimental investigation. 

Experimental Procedure 

Preparation of Weld Joints 

Three butt welds, each 1 m (40 in.) 
long were made between 25-mm-thick 
hot-rolled Type 316L stainless steel plates. 
The details of the weld joint are shown in 
Fig. 1. A constant voltage, automatic 
SAW machine, along with a commercially 
available combination of consumable 
wire and flux, were employed for making 
the above welds. The consumable wire 
was a 2.4-mm (%2-in.) diameter Type 316 
extra-low-carbon grade, and the flux was 
a neutral type with a basicity of 0.9. The 
chemical compositions of the base mate
rial and the consumable wire are given in 
Table 1. Welding current was varied in 
the range of 250-600 A in order to 
produce welds with 13 passes (Weld A), 
9 passes (Weld B) and 5 passes (Weld C). 
The heat input values corresponding to 
the 5-, 9- and 13-pass welds were 5.77, 
2.58 and 1.73 kj /mm (147, 66 and 44 
kj/in.), respectively. The welding condi
tions employed are listed in Table 2. The 
joint distortion was kept to a minimum by 
alternating the successive weld passes 
between the two sides of the double-
V-groove weld. 

Root passes were examined by the 
dye penetrant method and the com
pleted welds were tested by radiography 
using a 2% Penetrameter standard. The 
welds were found to be generally sound. 
Defective portions, containing mainly 
porosity and slag inclusions, constituted 
less than 5% of the total weld length. The 
defective portions were cut and dis
carded. 
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F/g. 1-Details of the double-V-groove butt joint 

Microstructural Characterization 

Transverse sections of the welds were 
prepared for examination under an opti
cal microscope. Etching with boiling 
Murakami's reagent, containing 10 g of 
KOH, 10 g of K3Fe(CN)6 and 100 mL of 
distilled water, for 4 min, revealed the 
delta-ferrite morphology. Delta-ferrite 
measurements were made across the 

thickness of the welds at equal intervals 
of ~1 .3 mm (0.05 in.) by employing a 
Magne-Gage calibrated according to 
AWS A4.2-74. 

Evaluation of Mechanical Properties 

Vicker's hardness profiles were ob
tained at equal intervals of ~ 1 mm (0.04 
in.) along the thickness of the weld by 
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Fig. 2 — Geometry of all-weld metal round tensile specimens 
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Fig. 3 —Location of the subsize (5- X 10- X 55-mm) Charpy V-notch impact specimens 

using a 10-kg load. All-weld metal tensile 
specimens, as shown in Fig. 2, were 
machined from the weldments and were 
tested in tension using a nominal strain 
rate of 3.2 X 10 - 4 s~1. The tensile tests 
were conducted both at room tempera
ture and at 500°C (932°F). 

Impact Testing 

Subsize (5- X 10- X 55-mm) (0.2-
X 0.4- X 2.2-in.) Charpy V-notch speci
mens with notches located in the center 
of the weldments were fabricated as 
shown in Fig. 3. The impact specimens 
were tested at room temperature using 
an instrumented impact testing machine 
calibrated according to ASTM E23. Plane-
stress fracture toughness (Kc) was deter
mined from the load-time and integrated 
energy-time plots (Ref. 4). 

Results 

Microstructural Observations 

The general microstructure of all the 
submerged arc welds revealed a duplex 
structure containing delta-ferrite in the 
austenite matrix. The austenite matrix 
consisted of columnar grains which grew 
epitaxially from the fusion boundary 
across the interpass regions. The colum
nar grain size and the interdendritic spac
ing between the secondary arms of the 
delta-ferrite were found to increase with 
a decreasing number of passes. The ab
sence of microfissuring can be attributed 
to the duplex microstructure (Refs. 5-8). 
The ferrite number (FN) and ferrite mor
phology varied significantly from the root 
region to the surface of the welds. The 
FN measured near the surface, i.e., in the 
final pass region, is about 10 FN, regard
less of the total number of passes 
employed to make the weld. However, 
the FN value measured near the root 
region varied significantly with the num
ber of weld passes. It increased from 2.5 
FN for Weld C (5 passes) to 7 FN for 
Weld A (13 passes)-Fig. 4. The ferrite 
morphology near the root regions is 
found to be globular, while the ferrite 
morphology near the surface is found to 
be vermicular (Figs. 5, 6). Mean spacing 
between the secondary arms of the den
drites was found to be 8 and 12 ixm for 
Welds A and C, respectively. These val
ues are in good agreement with the 
results obtained by scanning electron 
microscopic observation of samples 
which had been subjected to selective 
dissolution of austenite (Ref. 9). 

Hardness and Tensile Properties 

Hardness surveys made across the 
thickness of the welds revealed maxi
mum hardness values at the root 
region —Fig. 7. The maximum hardness 
values and the hardness at other regions 
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w e r e f o u n d to increase w i t h the increase 
in the number of passes. 

Tensile propert ies of the al l -weld metal 
specimens tested at r o o m tempera ture 
and at 500°C (932°F) are summar ized in 
Tables 3 and 4 , respectively. The values 
o f yield strength (0.2% offset) and tensile 
strength at b o t h these test temperatures 
show a decreasing t rend as the number 
of passes is decreased. The values o f 
percent e longat ion and percent reduc
t ion in area show an increase as the 
number of passes are decreased. Further
more , it is not iced that the strength and 
ducti l i ty values obta ined at 5 0 0 ° C are 
much lower than those obta ined by test
ing at r o o m temperature . 

An iso t ropy o f de fo rmat ion occur red in 
the al l -weld metal tensile tests, as seen by 
elliptical cross-sections o f the f ractured 
specimens —Fig. 8. The greatest diametr i 
cal contract ions have occur red parallel t o 
the co lumnar grain g r o w t h d i rect ion. Pre
vious studies (Ref. 10) have also disclosed 
anisotropy o f de fo rma t ion in austenitic 
we ld metal . The reasons fo r the aniso-
t ropic de fo rmat ion cou ld be 1) p re fe r red 
crystal lographic or ientat ions, and 2) e lon
gated substructure in the solidif ication 
d i rect ion. 

Figure 9 reveals the microstructure o f 
the tensile specimens sect ioned parallel 
t o the tensile axis and taken away f r o m 
the region o f necking. The secondary 
dendr i t ic a rm spacing is considerably 
higher for W e l d C (5 passes) (Fig. 9B) than 
fo r W e l d A (13 passes) —Fig. 9A. Figures 
10A and 10B show the e longated ferri te 
morpho logy in the necked region o f 
tensile specimens fo r We lds A and C, 
respectively. The delta-ferr i te is e lon
gated to a higher degree in W e l d C (5 
passes) than in W e l d A (13 passes). This 
correlates we l l w i t h the higher percent
age of reduct ion in area undergone by 
the specimens of W e l d C — Table 3. 

Figures 11A and 11B show true stress/ 

Table 1—Chemical Composition of Base Metal and Filler Metal 

Element (wt-%) 
Material C Mn Si Ni Cr 

Base Metal 0.029 0.93 0.34 10.50 16.80 

Mo 

2.00 

N 

0.04 

Fe 

Balance 
Filler Metal 0.014 1.40 0.31 12.80 18.60 2.80 0.04 Balance 

12 
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Fig. 4 — Delta-ferrite profiles measured by Magne-Gage method, across the thickness of the 
welds 
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Fig. 5 — Microstructure of Weld A (13 passes). A —Near the surface of 
the weld (~ 10 FN); B - Near the root of the weld (~7 FN) 

Fig. 6 — Microstructure of Weld C (5 passes). A — Near the surface of the 
weld (~ 10 FN); B-Near the root of the weld (~2.5 FN) 
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Fig. 7 — Vicker's hardness (10-kg load) profiles, measured across the thickness of the weld 

Table 3—All-Weld Metal Tensile Properties at Room Temperature 

Weld 

A 
B 
C 

Number 
of 

Passes 

13 
9 
5 

Yield 
Strength 

(MPa) 

406 
354 
332 

Tensile 
Strength 

(MPa) 

565 
543 
533 

Uniform 
Elongation 
(in 25 mm) 

(%) 

33 
42 
44 

Total 
Elongation 
(in 25 mm) 

(%) 

40 
51 
53 

Reduction 
in Area 

(%) 

43 
53 
61 

Table 4—All-Weld Metal Tensile Properties at 500 s C (932 f) 

Weld 

A 
B 
C 

Number 
of 

Passes 

13 
9 
5 

Yield 
Strength 

(MPa) 

302 
228 
199 

Tensile 
Strength 

(MPa) 

441 
411 
403 

Uniform 
Elongation 
(in 25 mm) 

(%) 
22 
26 
27 

Total 
Elongation 
(in 25 mm) 

(%) 
26 
31 
33 

Reduction 
in Area 

(%) 
30 
43 
44 

Table 5 

Weld 

A 

Number 
of 

Passes 

13 

9 

5 

Test 
Temp. 

R. T. 
500°C 
R. T. 

500°C 
R. T. 

500°C 

ki 

1055.22 
779.01 

1092.17 
825.79 

1088.42 
882.59 

m 
0.2710 
0.2244 
0.3338 
0.6563 
0.3459 
0.3735 

5.36 
4.80 
5.39 
5.40 
5.32 
4.77 

n2 

-36.78 
-65.36 
-31.14 
-0 .199 
-30.34 
-43.79 

Fig. 8—Macrostructure of the elliptical cross-
section of fractured tensile specimen 

Table 2—Weiding Conditions 

Process 
Wire Type 
Flux 

Wire Diameter 
Polarity 
Welding Current 
Welding Voltage 
Welding Speed 
Welding Position 
Interpass 

Temperature 
Number of Passes 
Heal Input 

Submerged Arc Welding 
AISI 316L, Cold drawn 
Avesta Flux 800, 

Basicity = 0.9 
2.4 mm 
DCEP 
250-600 A 
26-44 V 
25 and 30 cm/min 
Flat (1G) 
150°C (max) 

5, 9 and 13 
5.77, 2.58 and 1.73 

k|/mm 

true plastic strain plots for specimens 
tested at r o o m tempera ture and at 
500°C, respectively. It can be seen that 
the f l o w stress increases and un i fo rm 
elongat ion decreases as the number o f 
passes are var ied f r o m 5 to 13. The f l o w 
stress and the un i fo rm elongat ion values 
obta ined at 500°C are significantly l ower 
than those obta ined at r o o m tempera
ture. True stress/ t rue plastic strain curves 
are f ound to fo l l ow Ludwigsons's equa
t ion (Ref. 11), given by: 

cr = ki«{5i + exp(k2 + n2fp) (1) 

whe re a is t rue stress, ep is t rue plastic 
strain and k i , m , k2, n 2 are constants 
whose values depend on material c o m 
posi t ion, material cond i t ion , test temper 
ature and strain rate. Significant variations 
in the above constants w e r e observed 
for welds w i t h d i f ferent numbers o f 
passes —Table 5. Di f ferent iat ion o f Equa
t ion 1 gives 

da

de,, 
= ktn-jajjji + n 2 exp(k2 + n2 t p) (2) 

. dcr . 
where — is the w o r k hardening rate. 

The w o r k hardening rate decreases very 
sharply in the initial stages of the tests and 
then assumes a nearly constant value at 
high true stress levels. It is seen that whi le 
the initial w o r k hardening behavior o f 
these samples is significantly dependen t 
on the number of passes dur ing we ld ing , 
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fig. 9 — Microstructure of fractured room temperature tensile speci
mens away from the necked region. A — Weld A (13 passes); B — Weld 
C (5 passes) 

Fig. 10—Microstructure of fractured room temperature tensile speci
mens in the necked region. A — Weld A (13 passes); B— Weld C (5 
passes) 

the saturation value of the work harden
ing rate is independent of the number of 
passes. 

Impact Toughness 

The results of the instrumented impact 
tests conducted at room temperature on 
subsize specimens are presented in Table 
6. It is clear that the impact energies and 
the plane-stress fracture toughness (Kc) 
values increase as the number of passes 
are decreased from 13 to 5. 

Discussions 

Microstructure and Delta-Ferrite 

As mentioned earlier, the variations in 
the number of passes was achieved by 
varying the heat input per pass. The 
cooling rate at the centerline of the weld 
can be estimated from a simple analytical 
solution derived by Rosenthal (Ref. 12) 
for three-dimensional heat flow 

dT T - T Q
2 

— = 2TTK — 
dt H 

(3) 

where K = thermal conductivity 
(0.17 W / c m °C) 

T = temperature at 
which cooling 
rates were calcu
lated (1425°C) 

T 0 = initial temper
ature (25°C) 

H = heat input per 
pass (J/cm) 

The cooling rates corresponding to the 
heat input values of 5.77 k j /mm and 1.73 
k j /mm were calculated from Equation 3 
as 36°C/s (97°F/s) and 120°C/s (248°F/ 
s), respectively. This threefold increase in 
the cooling rate produced only a negligi
ble variation in the delta-ferrite content 
of the final pass near the weld surface. 
The minor/negligible effect of heat input 
on FN has been reported by Delong and 
others (Refs. 13, 14). However, Suutala 

(Ref. 15) reported a decrease of 1 to 2 FN 
when the welding speed is increased 
from 2.5 cm/min (1 ipm) to 80 cm/min 
(32 ipm). High cooling rates and high 
welding speeds associated with laser 
beam welding processes were shown to 
reduce FN drastically, to levels less than 1 
FN (Ref. 16). 

The minor effect of heat input on FN 
can be explained as follows. During weld 
solidification and subsequent cooling, del
ta-ferrite partially transforms into austen-

Table 6—Impact Toughness Properties 

Weld 

Number 
of 

Passes 

13 
9 
5 

Impact 
Energy 

(I) 

29.7 
36.9 
45.9 

Fracture 
Toughness, 

Kc 
(MPa - \ / m 

230 
259 
283 

ROOM T E M P E R A T U R E 

13 P a s s e s 

9 P a s s e s 

5 P a s s e s 

7 0 0 

0.10 0.20 0-30 

TRUE STRAIN 

0-^0 

500 C 

13 P a s s e s 

9 P a s s e s 

5 P a s s e s 

0-10 0.20 
TRUE STRAIN 

0-30 

Fig. 11 —True stress/true plastic strain curves of the all-weld metal tensile tests. A —At room temperature; B — At 500°C (932°F) 
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ite, leaving behind a network of skeletal 
ferrite. The skeletal delta-ferrite is 
enriched in ferrite-stabilizing elements 
such as Cr, Mo, etc. The kinetics of 
transformation of delta-ferrite into aus
tenite are essentially dependent on the 
diffusion rates of these alloying elements. 
Higher heat input produces larger inter
dendritic arm spacing (larger diffusion 
distance) and slower cooling rates (in
creased diffusion time). The larger diffu
sion distance retards the redistribution of 
alloying elements, while the increased 
diffusion time has the opposite effect. 
Thus, the effects of larger interdendritic 
arm spacing and slower cooling rates are 
partially self-compensating. As a result, 
the FN observed in the submerged arc 
weld metal is not very sensitive to the 
heat input. 

Although the variation in the heat input 
produced negligible change in the as-
deposited FN in the final pass, it signifi
cantly affected the FN in the prior passes. 
The delta-ferrite is unstable at tempera
tures below the 7-solvus line. Thermal 
cycling due to multiple weld passes can 
lead to partial decomposition of the del
ta-ferrite, resulting in lower FN. The kinet
ics of transformation of delta-ferrite into 
austenite and other phases during aging is 
given by (Ref. 17): 

19,860 In t 
In [- ln(1-x)]=19.32 — + — (4) 

where x is the fraction transformed at 
temperature T after t hours. From Equa
tion 4, it can be seen that temperature 
has a strong influence on x, while the 
aging time has a comparatively minor 
effect. On the basis of experiments car
ried out using a weld thermal simulator, 
Lundin, et al. (Ref. 18), have shown that x 
increases as the peak temperature of 
thermal cycle is increased to 1204°C 
(2200°F). The x value increases still fur
ther as the number of thermal cycles is 
increased at a constant peak temperature 
of 1204°C. However, in the present 
investigation, it was found that FN values 
in the root region increased from 2.5 to 7 
as the number of passes (thermal cycles) 
is increased from 5 to 13. The peak 
temperatures in the present investigation, 
unlike in the weld simulator experiment, 
were not constant, but varied according 
to the number of passes. The peak tem
peratures in the HAZ, i.e., in prior passes, 
increase as the heat input per pass is 
increased from 1.73 k j /mm to 5.77 k j / 
mm (corresponding to 13 and 5 passes, 
respectively). As a result of the increase in 
the peak temperatures, the fraction of 
the transformed ferrite (x) in samples 
welded with a higher number of passes 
would be small. This would lead to lower 
values of FN in the root regions of the 
samples welded with 5 passes than those 
samples welded with 13 passes. This is in 
agreement with the experimental results 

obtained. 
Another factor responsible for the 

lower ferrite numbers in the root region is 
weld dilution with base material. Dilution 
is high near the root region and decreases 
progressively towards the weld surface. 
Increasing the heat input per pass also 
results in greater weld dilution with base 
material. Thus, decreasing the number of 
passes from 13 to 5 results in a reduction 
in the root FN values from 7 to 2.5. 

Ferrite Morphology 

Vermicular delta-ferrite with 10 FN was 
observed near the surface of the welds. 
The vermicular morphology results from 
incomplete 5 —* 7 transformation (Ref. 
19). The ferrite is located near or within 
the cores of the primary and secondary 
dendrite arms. Figures 5B and 6B show 
globular ferrite morphology a' the root 
regions. The globular morphology of fer
rite can be attributed to repeated thermal 
cycling of root regions, which breaks 
down the initial vermicular structure into 
small disconnected globules. David (Ref. 
20) has attributed the dispersed morphol
ogy to the occurrence of shape instabili
ties along the length of thin ferrite need
les during exposure to high temperatures 
for short durations. 

Hardness Profiles 

During welding and subsequent cool
ing, stresses are generated in weldments 
due to differential heating and cooling 
rates (Refs. 21, 22). During the cooling 
cycles, these stresses may exceed the 
yield strength, causing plastic deforma
tion and work hardening in the weld 
metal. Since the root regions experience 
more thermal cycles than any other 
region, they undergo more deformation. 
Higher dislocation densities observed in 
the root regions (Ref. 3) support this 
view. The enhanced plastic deformation 
in the root regions is responsible for the 
maxima in the hardness values observed 
in the root. The increase in the root 
(maximum) hardness with an increase in 
the number of passes can be explained 
on the basis of similar arguments. 

Tensile Properties 

Tables 3 and 4 clearly show that the 
tensile properties of welds vary systemat
ically with the number of passes used 
during welding. The dependence of ten
sile properties can be attributed to the 
differences in 1) chemical composition, 
particularly nitrogen content; 2) ferrite 
number (FN); 3) sub-grain size; 4) colum
nar grain size; and 5) deformation caused 
by thermal cycling. 

Berggren, et al. (Ref. 23), have 
observed variation in tensile properties 
with FN, but this variation was found to 
be of the same magnitude as the experi

mental scatter. However, delta-ferrite is 
reported to behave as a strengthening 
agent in the weld metal at room temper
ature (Ref. 24). The yield strength and 
ultimate tensile strength increases sub
stantially with accompanying reductions 
in percentage of elongation. On the basis 
of investigations of Types 308 and 309 
weld metals, Delong (Ref. 13) has shown 
that the changes in tensile properties are 
related to the ferrite content and not to 
the variation in composition per se. It has 
also been suggested that the strengthen
ing effect of ferrite at test temperatures 
below ~600°C is only a consequence of 
the reduction in austenite grain size with 
an increase in the ferrite content (Ref. 25). 
Ward (Ref. 26) has also shown that the 
tensile ductility depends on, and is possi
bly controlled by, the content, morpholo
gy, distribution and, hence, the stability of 
the delta-ferrite phase. Furthermore, 
Gugelev (Ref. 27) has shown that as 
ferrite dendrites progressively subdivide 
the austenite grains, shear deformation is 
retarded. This leads to high strength and 
low ductility and a tendency for phase-
boundary failure. The effect of delta-
ferrite on tensile properties is shown to 
be dependent on strain rate and test 
temperature. For the test temperatures 
below ~650°C and for strain rates of the 
order of 10~4 s_1, delta-ferrite acts as an 
effective strengthener. In contrast, at 
strain rates and temperatures typical of 
creep deformation, delta-ferrite has been 
found to affect the creep/rupture prop
erties quite adversely (Refs. 28, 29). 

Low angle sub-boundaries form during 
the rapid solidification of the weld pool, 
due to mismatch between adjacently 
growing dendrites, and are reported (Ref. 
30) to be persistent on reannealing. 
These sub-grains are comparable in size 
with secondary arm spacing (Ref. 31) and 
act as material strengtheners. Sub-grain 
contribution to ay can be described by a 
modified Hall-Petch expression (Ref. 32): 

.Ty - <r0 + KD-' /2 + C \ - m (5) 

where /?0 is the Hall-Petch friction stress, A 
is the substructure size, D is the grain size, 
and K, C and m are constants. 

The columnar grain size (D) is found to 
decrease considerably with an increasing 
number of passes, thus contributing to 
the higher values of oy. Furthermore, the 
secondary dendrite arm spacing was 
found to increase from 8 to 12 ^m when 
the number of passes was changed from 
13 to 5. This increase in sub-grain size 
could also have contributed to the 
increase in <ry. Finally, plastic strains gener
ated by thermal cycling increase <r0. Since 
Weld A had experienced a higher num
ber of thermal cycles than Weld C, it is 
logical to expect that the contribution to 
the yield and tensile strength from this 
factor could be larger for Weld A. Thus, it 
can be seen that all the three terms in 
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Fig. 12— Work hardening rate/true stress curves of the all-weld metal tensile tests. A —At room temperature; B — At 500°C (932°F) 

Equation 5 contribute to the high strength 
of Weld A. 

The work hardening rate-true stress 
plots (Figs. 12A and 12B) show that <rL, the 
stress at the point of inflection, increases 
with an increase in the number of passes. 
This indicates that an increase in the 
number of passes during welding 
produces a "harder" microstructure both 
at room temperature and at 500°C. This 
is in agreement with the observed varia
tion in yield strength with the increase in 
the number of passes. 

Impact Toughness 

The factors which could affect the 
dependence of impact properties on the 
number of passes include: refinement of 
columnar grains and subgrains, plastic 
deformation and thermal aging, and 
amount and morphology of delta-ferrite. 
The decrease in the impact toughness 
with an increase in the number of passes 
is consistent with the observed increase 
in oy values and the decrease in the 
percentage of elongation values. If 
embrittling intermetallic phases such as a 
and x are present in the weld microstruc
ture, then they could result in reduced 
impact energies, although their influence 
on the tensile properties will be negligible 
(Refs. 33, 34). However, kinetics of their 
precipitation is rather slow (Ref. 35). It is 
unlikely that these phases could be pre
cipitated during the short period of solid
ification and cooling of the weld metal. 
Even the thermal cycles associated with 
multipass welds would not lead to signifi
cant precipitation of these phases. On 
the other hand, M23C6 carbides can form 
rapidly along the delta-ferrite/austenite 
interphase boundaries. Carbide forma
tion has a detrimental effect on the 
impact energies only when carbide films 
reach a critical length and thickness. 

Above this critical size, the carbide films 
provide continuous and easy paths for 
crack propagation. Such carbide films 
could form only if the welds were aged 
for long durations, e.g., at 600°C 
(1112°F) for 3000 h (Ref. 36). This sug
gests that thick carbide films are unlikely 
to form in Type 316L stainless steel weld
ments during the relatively short periods 
of heating and cooling cycles involved in 
multipass welding. Thus, the contribution 
of carbide films to the reduction in impact 
energies can be ignored. Hence, we can 
conclude that the variation in the amount 
of plastic deformation induced by repeat
ed thermal cycles is the main factor 
responsible for the observed reduction in 
the impact energies with an increase in 
the number of passes. 

Conclusions 

An increase in the number of passes 
during welding results in an increase in 
the minimum delta-ferrite content in the 
root region of the weld, and a decrease 
in the difference between the delta-
ferrite contents at the surface and root of 
the weld. Furthermore, a systematic 
increase in the hardness and tensile 
strength properties and a decrease in the 
ductility and impact properties of the 
weld metal have been observed with an 
increase in the number of passes during 
welding. 
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Correction 
The January 1987 Welding Journal Research Supplement article entitled "Development of a Test for 
Determining Fracture Toughness of Brazed Joints in Ceramic Materials," by A. J. Moorhead and P. R. 
Becher, contained two errors on page 27-s. Corrections are as follows: 

1) The last sentence in the second paragraph of the second column should read, "In addition, the 
critical adherence fracture energies (T^C) or the critical adherence fracture toughness values (K|C) 
obtained can be related to the values of the bulk materials comprising a joint, as well as the stress state 
at the interface." 

, i M2r l I ~\ 
2) Equation 2, in the third column, should read: G|C = M^ — = — I 1 I (2) 

Elt 2 L(Elt)i (Elt)2J 
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