
Submerged-Arc Stainless Steel Strip Cladding 

The development of welding products for surfacing with 
a Type 316L low ferrite stainless steel alloy involves 
investigation of the transformation of delta ferrite to 
sigma phase in 316L-LF alloys 

BY R. A. D A E M E N A N D F. D E P T 

Introduction 
Stainless steel alloys of the 316L 

type with a low amount of ferrite find 
their principal field of application in 
the chemical industry for manufactur­
ing urea by synthesis. A maximum 
content of 2% ferrite is allowed in all 
the specifications. This amount has 
been specified principally from the 
experimental data resulting from short 
duration corrosion tests of the Huey 
kind (boiling nitric acid) carried out 
according to ASTM specifications. 
There seems to exist a good correla­
tion between the behavior of the al­
loys in the Huey test and in practical 
use. 

In particular, it is considered that 
service behavior is satisfactory when 
the average corrosion rate for 5 test 
periods of 48 hr. does not exceed 5 
microns/48 hr. This rate, expressed in 
terms of thickness reduction, is ob­
tained by using the following formula: 

P X 10000 
R = SXD 

where R = corrosion rate in microns/ 
hr; P = loss of weight in grams per 
period; 5 = area of test piece in sq cm; 
D = density in gr/cu. cm, i.e. 7.9. 

It is also necessary that the depth of 
local selective attack after five 48 
hour periods be less than 200 microns. 
This is determined by microscopic 
examinations on cross sections of the 
test specimen. 

It should be noted that the above 
acceptance limits concern the de­
posited metals and not the base plate, 
for which the acceptance limits are 
different. Tests on metals deposited by 
manual welding have shown that the 
acceptance limits laid down for the 
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Huey test are met when the ferrite 
content of the deposited metal is less 
than 2 % . The purpose of our studies 
of metals deposited by submerged-arc 
welding was to use the corrosion ac­
ceptance limits as deduced from man­
ual electrode deposits and the ferrite 
limits which had been established as a 
starting basis for the development of 
an automatic cladding method which, 
for the economy it gives in compari­
son with the use of electrodes for 
manual welding, is likely to interest 
the fabricators. 

It became clear nevertheless in 
course of our investigations that the 
correlation between the corrosion rate 
and the ferrite content of the alloy 
may depend upon the welding process 
used or more principally upon the 
thermal conditions characterizing such 
process. 

The different stages of development 
of the 316L low ferrite strip cladding 
consumables are discussed in Part I 
below. The results of some metallurgi­
cal investigations dealing with the 
transformation of delta ferrite to sig­
ma phase in 316L and 316L-LF alloys 
are discussed in Part II; included is a 
tentative explanation for accelerated 
corrosion of these alloys in sigmatised 
condition.* 

Part I—Development program and 
Results 
Stage 1 

In order to establish a starting basis 
and to direct the subsequent research, 
we made a preliminary examination 
of two overlays referred to as ST 1 
and ST 2, respectively medium and 
low in their ferrite contents. Condi­
tions were as follows: 

ST 1: deposited in two layers— 
thickness 8 mm (1st layer made using 
strip electrode AISI 309L + flux n° 
3252; 2nd layer made using strip elec­
trode AISI 308L + flux n° 3253). 

ST 2: deposited in two layers— 
thickness 8 mm (1st layer made using 
strip electrode 309L + flux 3254; 2nd 
layer made using strip electrode 308L 
+ flux 3255). 

It should be noted that for these 
and subsequent tests, strip electrodes 
of 60 x 0.5 mm (2.36 x .020 in.) 
cross-section, a welding current of 
750-800 amps, 27 v, and a travel 
speed of 17 cm/min (6.2 ipm), and 
carbon steel base plates 500 x 250 x 
30 mm (10 x 5 x 1.18 in.), and an 
interpass temperature of 100° C. 

Chemical Composition and Ferrite 
Content of the Metal Deposits. The 
chemical composition of the metal 

* Part I was authored by R. A, 
while Dr. F. Dept prepared Part 

Table 1—Stage 1 Composition a 

Deposit Layer C 
1 

S T l 0.025 
2 0.026 

ST 2 0.03 
2 0.028 

Mn 

1.3 
1.3 

1.55 
1.6 

Daemen, 
: II. 

des posit 1 las bee n determine 
first and second layers of the 

nd Ferrite Content of Deposits 

Composit 
Si 

0.76 
0.74 

0.76 
0.89 

Cr 
16.5 
18.4 
18.6 
17.4 
15.3 
17.7 
17.8 
16.8 

Ni 
13.9 
12.4 
12.3 
12.7 
13.9 
14 
13.7 
13.3 

Mo 
2.65 
2.0 
2.1 
2.5 
2.80 
2.4 
2.6 
2.7 

, Ferrite, 

scope 

6.9-7.9-8.5 

1.4-1.4-0.6 

d in the 
deposits; 

% L 

scope 

7 

2 

WELDING R E S E A R C H S U P P L E M E N T I 33-s 



Table 2—Stage 1 Corrosion Test Results 

STl 

ST 2 

Period, 48 hr 
ST 1/1 
ST 1/2 
ST 1/3 
ST 1/4 
ST 2/1 
ST 2/2 
ST 2/3 
ST 2/4 

1 
0.0597 
0.0909 
0.0649 
0.0805 
0.1014 
0.1399 
0.1507 
0.1039 

Loss 
2 

0.0807 
0.0959 
0.0322 
0.0739 
0.0850 
0.1749 
0.1966 
0.1241 

in weight, g 
3 

0.2032 
0.1014 
0.0431 
0.1012 

Average 
loss in 

weight, g 
0.1145 
0.0961 
0.0467 
0.0852 
0.0982 
0.1574 
0.1736 
0.1140 

Surface, 
sq cm. 
27.5136 
32.8367 
28.9967 
31.7616 
34.5307 
34.5394 
33.7499 
26.6140 

Corrosion 
rate, microns/ 

48 hra 

5.3 (4.47) 
3.7 (4.18) 
2.05(8.60) 
3.4 (5.30) 
3.7 (9.16) 
5.8 (9.08) 
6.5(13.51) 
5.45(7.85) 

a The figures within brackets indicate the corrosion rates determined under similar conditions by the ' 'Staatsmi jnen" laboratories, over 5 
complete corrosion periods. 

the samples have been obtained by 
machining or drilling down to 2 mm 
in depth from the as-welded plate 
surface. The ferrite contents of the 
metal deposits were determined in the 
second layer of the deposits. The mag­
netic measurements carried out by 
means of the Permascope have been 
confirmed by microscopic observa­
tion. The values obtained are given in 
Table 1. 

Metallographic Examination. The 
examination had two main aims—the 
verification of the absence of cracks 
or microcracks in the cross section 
and on the surface of the overlays 
after successive planning operations at 
different depths across the second lay­
er, and the examination of the struc­
tural transformations. 

No crack or microcrack was detect­
ed in either deposit. In the second 
layer of ST 1 the ferritic phase was 
transformed into sigma phase, to the 

extent of 25 to 50% according to 
position; in the second layer of ST 2, 
practically all of the ferrite present 
was changed into sigma phase. It 
should be noted that we are con­
fronted here with "as-clad" samples 
which have not undergone any post­
weld heat treatment. 

Corrosion Tests. Huey corrosion 
tests in boiling dilute nitric acid were 
carried out in accordance with ASTM 
specifications. 

Two test coupons of 25 x 50 x 3 
mm were taken from the middle of 
the 2nd layer in each of the deposited 
metals. The bead width was approx­
imately 50 mm. They were marked 
ST 1/1-ST 1/2 a n d S T 2 / l - S T 2 / 2 . 

Two test coupons were also taken 
in the overlapping zones of adjacent 
beads; these contained a heat-affected 
zone in the direction of their greatest 
length. They were marked ST 1/3-ST 
1/4 and ST 2/3-ST 2/4. All the test 

50 P 
Sec. ., 

Fig. 1—Examples of weld thermal cycles as recorded under following cir­
cumstances: •—st r ip cladding (strip 60 x 0.5 mm) with thermocouple 
placed at 3 mm from the fusion line; x—one electrode submerged-arc 
welding with thermocouple placed at 1 mm from the fusion line; A—one 
electron submerged-arc welding with thermocouple placed at 3 mm from 
the fusion line; 0—manual arc welding (covered electrode) with thermo­
couple placed at 1 mm from the fusion line; O—manual arc welding 
(covered electrode) with thermocouple placed at 3 mm from the fusion 
line. 4 mm submerged-arc and covered electrodes 

coupons were subjected to corrosion 
in the as-welded condition. All the 
coupon faces were machined, except 
those corresponding to the "as-clad" 
surface, which were deliberately left 
untouched. 

The results obtained are shown in 
Table 2. In addition, the metallograph­
ic examination performed after cor­
rosion have revealed the following 
depths as resulting from a selective 
attack: ST 1 after three 48 hr. peri­
ods—130 microns; ST 1 after five 48 
hr. periods—300 to 330 microns; ST 
2 after two 48 hrs. periods—180 mi­
crons; ST 2 after five 48 hr. periods— 
450 to 900 microns. 

Conclusions Derived from Stage I 
Experiments. 

1. The deposited metals correspond 
to expectations from the standpoint of 
chemical composition and metallo­
graphic structure. 

2. Despite the low ferrite content of 
the ST 2 deposit and also despite the 
higher heat input and slower cooling 
associated with automatic welding, 
there is no risk of microcracking.1 

3. Neither the ST 1 type deposit nor 
the ST 2 type meet the required prop­
erties of corrosion resistance. The ST 
2 type deposit with 2% ferrite seems 
to behave worse than the ST 1 type 
deposit containing on average 7.5% 
of ferrite. 

4. There appears to be no difference 
in the corrosion behavior between the 
coupons taken from the middle of the 
beads and from the adjacent overlap­
ping beads. 

5. The metallographic examinations 
showed an essential structural differ­
ence in the 7.5% ferrite alloy, the 
transformation into a sigma phase 
only reaches a level of 25 to 50%, 
whereas in the 2% ferrite alloy, this 
transformation concerns 100% of the 
ferrite content. This type of trans­
formation does not occur in similar 
manual arc deposited metals. It only 
occurs, during welding, in those met­
als which are deposited using the strip 
welding process as a result of slow 
cooling down of the weld pool. 

Figure 1 illustrates the important 
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Table 3—Stage 2 Coupon 

Deposit 
S T l 

ST 2 

ST 3 

condition 
As-clad 
Ground 
As-clad 
Ground 
As-Clad 
Ground 

Surface Corrosion Test Results 

1 
0.1572 
0.0690 
0.2418 
0.0925 
0.2477 
0.0849 

2 
0.1695 
0.0773 
0.2139 
0.1748 
0.0847 
0.0609 

3 
0.1805 
0.1200 
0.3256 
0.3416 
0.1183 
0.1180 

weight, g— 
4 

0.1243 
0.0315 

5 

0.1621 
0.1227 

Avg. 
weight 
loss, g 
0.16907 
0.0888 
0.2604 
0.2029 
0.14742 
0.09562 

sq cm. 
30.3028 
30.9730 
29.4000 
29.4500 
29.1300 
30.1100 

Corrosion 
rate, 

micron/ 
48 hr 

7.06 
3.62 

11.2 
8.72 
6.07 
4.02 

Local 

microns 

250 
185 

differences between the weld thermal 
cycles, as recorded in the heat-affected 
zone at different distances from the 
fusion line, for manual arc welding, 
submerged-arc welding with one elec­
trode and submerged-arc strip weld­
ing. Especially in the case of the 
presently considered 2% ferrite alloy 
(ST 2) , it is expected that the sigma 
phase formation during cladding is 
responsible for the accelerated corro­
sion and for the excessive depth of 
local attack. 

Stage 2 

Additional Preliminary Investiga­
tions. Before starting development of 
cladding products, it was decided to 
study the influence of a factor which 
could have played a role in the corro­
sion behavior of samples ST 1 and ST 
2. This was the condition of the cou­
pon surface. 

In consequence, six test coupons 
were submitted to corrosion: one cou­
pon ST 1—middle of the bead—as-
clad surface; one coupon ST 1 — 
middle of the bead—cladding ground; 
one coupon ST 2—middle of the 
bead—as-clad; one coupon ST 2— 
middle of the bead—ground surface; 
one coupon ST 3—middle of the bead 
—as-clad; one coupon ST 3—middle 
of the bead—ground surface. 

It should be noted that the ST 3 
deposit was of the same kind as ST 2, 
but with maximum 1 % ferrite. It rep­
resented a first attempt to improve the 
corrosion resistance. 

The results are given in Table 3. 
They lead to the following comments: 

1. ST 2 compares to ST 1 in the 
same way as in stage 1, both in the 

case of the as-clad coupons and of the 
ground ones. 

2. The grinding of the as-clad sur­
face seems to improve corrosion resist­
ance. Yet, it must be pointed out that 
short duration tests are concerned 
here and that the observed improve­
ment seems chiefly to be due to the 
fact that for the ground test pieces, 
the corrosion rates are lower in the 
first 2 or 3 forty-eight hour periods. 
After the second or the third period, it 
seems that the behavior of the as-clad 
and ground coupons tend to be simi­
lar. This behavior is explained by the 
presence of a workhardened film re­
sulting from the grinding operation. 
After the second or third period, this 
film would be broken through and the 
beneficial effect would be lost. 

3. As for the test specimen ST 3, 
although not yet entirely satisfactory 
from the point of view of the corro­
sion rate and depth of local attack, 
this is the one which behaves the best. 
The modification introduced in com­
parison with ST 2 seems, therefore, to 
be effective. 

Extended Investigations. Four new 
tests were made, all very low ferrite 
versions. 

1. ST 4—1st layer: strip electrode 
309L, flux 3333; 2nd layer: strip elec­
trode 308L, flux 3334. 

2. ST 5—1st layer: strip electrode 
309L, flux 3338; 2nd layer: strip elec­
trode 308L, flux 3339. 

3. ST 6—1st layer: strip electrode 
309L, flux 3335; 2nd layer: strip elec­
trode 308L, flux 3337/5. 

4. ST 7—1st layer: strip electrode 
309L, flux 3336; 2nd layer: strip elec­
trode 308L, flux 3337/6. 

The dimensions of the strip, the 
working conditions and the welding 
parameters are similar to those em­
ployed during the first stage. 

Chemical Composition and Ferrite 
Content of Stage 2 Deposits. The 
chemical compositions for the first 
and second layers of deposited metal 
are given in Table 4. This table also 
contains permeability data dealing 
with the ferrite contents of the metal 
deposits. Since we are dealing with 
very low ferrite contents, the Perma-
scope method has been abandoned in 
favor of a more precise determination 
of the magnetic permeability of the 
alloys as shown by a Magnetoscope. It 
works with a magnetic field of about a 
1000 Oe intensity. The conversion of 
the measured magnetic permeabilities 
into ferrite content is possible using 
the calibration curve shown in Fig. 2. 
This correlation curve has been estab­
lished in our laboratories, on weld 
deposits, and is based upon metallo­
graphic investigations. 

Metallographic Examinations. No 
cracks were found in the deposits 
examined. 

Corrosion Tests. These have been 
conducted under the same conditions 
as those in the first stage. We have, 
however, only used test coupons taken 
in the middle of the beads and of 
which the surface was left in the as-
clad condition. No postwelding heat 

& 

Table 4—Stage 

ST 4 

ST 5 

ST 6 

ST 7 

2 Deposit Compos 

r 
Layers C 

1 
2 
1 
2 
1 
2 
1 
2 

0.04 
0.035 
0.04 
0.025 
0.03 
0.03 
0.035 
0.025 

Mn 
2.02 
2.22 
1.61 
2.04 
2.3 
2.05 
2.1 
2.05 

ition and Ferrite Content 

Com 
Si 

0.74 
0.71 
0.58 
0.75 
0.72 
0.79 
0.77 
0.84 

position, 
Cr 

18.4 
18.5 
16.3 
18 
18.1 
18.3 
18.3 
18.3 

<?, 
Ni 

14.6 
14.9 
12.6 
14 
14.3 
14.3 
14.2 
14.5 

Mo 
2.3 
2.8 
1.95 
2.2 
2.3 
2.3 
2.1 
2.5 

N ; 

0.088 
0.056 
0.028 
0.03 
0.13 
0.12 
0.19 
0.14 

Ferrite 
(magnetic 

perme­
ability), % 

1.005 

1.006 

1.008 

1.006 

1 1' 
; 

/ / t 

//// 
'/,-' 
Percentage 0/ ferrite 

(microscopic) 

Fig. 2—Correlation curve as established 
in our laboratories for deposited metal 
between "magnetic permeability" read­
ings with the Magnetoscope and micro­
scopic counting. Dashed line curves— 
extreme values; solid line curve—aver­
age /alues 
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Table 5—Stage 2 Corrosion 

Deposit 

ST 4 
ST 5 
ST 6 
ST 7 

1 

0.0830 
0.0822 
0.0816 
0.0941 

Test Results 

48 hr periods—loss in we 
2 3 

0.0615 0.0652 
0.0540 0.0534 
0.0494 0.0467 
0.0561 0.0534 

4 

0.0761 
0,0626 
0.0553 
0.0645 

5 

0.0763 
0.1422 
0.1219 
0.0753 

Avg. loss, g 

0.0664 
0.07888 
0.07098 
0.07087 

sq c m . 

30.2000 
30.1136 
30.0632 
29.2500 

Corrosion 
rate, 

m ic rons / 
48 hr 

2.78 
3.32 
3.98 
3.06 

Local 

mic rons 

120 
70 
80 
35 

treatment has been applied. The com­
plete results of the corrosion tests are 
reported in Table 5. 

Observations. The four deposits 
tested are entirely satisfactory from 
all points of view. The principles on 
the basis of which these tests have 
been worked out are the same. The 
fact that their corrosion behavior is 
comparable, despite the differences in 
all round composition of the deposited 
metals, constitutes a confirmation of 
the validity of their application. 

Stage 3 

One principal aim of stage 3 was to 
confirm the good results obtained with 
one of the satisfactory deposits of 
stage 2. Another was to complete 
information regarding this result by 
corrosion tests on test coupons taken 
in the middle of the beads and on 
adjacent overlapping beads in consid­
ering two conditions of use—one as-
welded and the other stress-relieved for 
20 hr. at 550° C(1022° F ) . 

Test ST 5 of stage 2 was selected 
for further tests because of its techno­
logical and chemical characteristics 
considered as a whole. This was desig­
nated as ST 8 because of a few 
composition adaptations which were 
made in comparison with ST 5. All 
the cladding conditions are identical 
to those used and described previous­
ly. The following coupons were sam­
pled and subjected to magnetic per­
meability and corrosion tests: ST 8 
MB—middle of the bead, as-welded 
condition no grinding; ST 8 MR— 
middle of the bead, stress relieved for 
20 hr. at 550° C, no grinding; ST 8 
CB—overlap, as-welded condition, no 
grinding; ST 8 CR—overlap, stress 
relieved for 20 hr. at 550° C, no 
grinding. 

Chemical Composition and Mag­
netic Permeability. The chemical com­
position of the second layer of ST 8 
metal deposit is given in Table 6. The 
magnetic permeabilities observed on 
each of the coupons submitted to cor-

Table 6—Composition of Second Layer of ST 8 IVletal Deposit, % 

ST 8 
C 

0.024 
Mn 
1.80 

Si 
0.81 

Cr 
18.4 

Ni 
15.8 

Mo 
2.40 

N.. 
0.03 

rosion are as follows: ST 8 MB— 
1.008; ST 8 MR—1.0095; ST 8 CB— 
1.012; ST 8 CR—1.008. 

Metallographic Examinations and 
Corrosion tests. No crack or micro­
crack was found in the deposited met­
als. 

The complete results from the cor­
rosion tests are to be found in Table 
7. The results obtained by the Staats-
mijnen-Stami-Carbon laboratories are 
given between brackets. They are all 
expressed in micros per 48 hr. 

Observations. 
1. These tests confirm without ex­

ception the very good behavior previ­
ously observed in stage 2 tests. 

2. There is no difference in corro­
sion results between the middle of the 
weld beads and the overlap area. 

3. A stress-relieving treatment of 20 
hr. at 550° C does not impair the 
corrosion resistance of the weld de­
posits considered. However, note 
again that specimen ST 8 is practically 
completely austenitic. More advanced 
investigations on alloys containing 0.5 
to 1 % ferrite have shown: 

(a) A heat treatment at 500° C 
(932° F) for 20 hr. does not impair 
their corrosion resistance. The delta 
ferrite remains unchanged. 

Table 7—Stage 3 Corrosion Test Results 

Coupons 
ST8MD 

ST 8 MR 

ST8CB 

ST8CR 

1 
0.0863 
(3.12) 
0.0819 
(3.47) 
0.0701 
(3.02) 
0.0787 
(3.16) 

-48 hr periods—loss in weight, g -
2 

0.0589 
(2.20) 
0.0627 
(2.48) 
0.0481 
(1.89) 
0.0539 
(2.30) 

3 

0.0618 
(2.16) 
0.0650 
(2.29) 
0.0541 
(1.89) 
0.0584 
(2.26) 

4 
0.0598 
(2.23) 
0.0677 
(2.43) 
0.0529 
(1.90) 
0.0516 
(2.24) 

5 
0.0417 
(2.40) 
0.0696 
(2.44) 
0.0521 
(2.10) 
0.0606 
(2.19) 

Surface, 
Avg. loss, g sq cm. 

0.0617 35.840 

0.0693 35.390 

0.0581 36.4962 

0.0606 39.470 

Corrosion 
rate, 

m i c r o n s / 
48 hr» 

2.18 
(2.42) 
2.48 
(2.62) 
1.94 
(2.14) 
2.0 
(2.14) 

Local 
at tack 

microns 

10 

55 

45 

15 

Values in brackets indicate values found in the "S taa tsmi jnen" Stami-Carbon laboratories in microns/48 hr. 

Table 8—Data for Steels with Required Dimension Delta Ferrite Pools 

Steel 

no. 

3522 

3947 
3948 

C 

0.027 

0.017 
0.027 

Mn 

1.1 

1.2 
0.7 

Si 

0.5 

0.4 
0.4 

Ni 

11.2 
11.4 
12.2 
11.6 
11.8 

Cr 

17.2 
17.9 
16.3 
16.8 
17 

% 
Mo 

2.5 
2.6 
2.3 
2.6 
2.8 

Cu 

0.05 

0.04 
0.04 

Ti 

0.08 

.... 

^-Fer r i te content , 
, X-ray 

d i f f ract . 

1.5 

6 
5 

Metal i 

1 

5 
4 

%-, 

fog Condi t ion 

Forged 

Cast 
Cast 
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(b) A heat treatment at 530° C for 
15 hr. only slightly impairs the corro­
sion resistance, but the corrosion rates 
remain in the specified limits. The first 
signs of the transformation of delta 
ferrite to sigma phase are visible un­
der the microscope. 

(c) A heat treatment at 530° C for 
15 hr. followed by a heat treatment at 
600° C (1112° F) for 1 hr leads to 
a considerable increase of the cor­
rosion rate which largely exceeds the 
permissible values. Microscopically 
the delta ferrite appears to be com­
pletely transformed to sigma phase. 

It is of course important to take 
these observations into account for the 
choice of the correct "stress relieving" 
heat treatments into practice. 

Conclusions on the Strip Cladding 
Development. 

1. Satisfactory submerged-arc strip 
cladding consumables to deposit an 
alloy of the 316L low ferrite type 
have been developed. 

2. This development has been essen­
tially based on the metallurgical con­
siderations which are further de­
scribed in the second part of the 
present work. These considerations 
underline the influence of the follow­
ing factors: 

(a) Composition of the ferrite and 
austenitic phases in relation to the 

overall composition of the alloy and 
the ferrite contents. 

(b) Rate and degree of transforma­
tion of the ferritic phase into sigma 
phase in relation to its composition 
and the welding thermal cycle. 

(c) Influence of the structural 
changes on the corrosion rates of the 
alloys. 

3. The proposed solution of the 
problem calls for the use of type AISI 
309L strip for the first layer and type 
AISI 308L strip for the second layer. 
Each of these strips is employed with 
a specially conceived correcting flux 
which is peculiar to it. 

4. The results obtained show that 
the proposed technique and consuma­
bles give a satisfactory cladding de­
posit without any restriction as re­
gards to the severe quality require­
ments governing the use of stainless 
alloys in the field of urea synthesis. 

5. The excellent results obtained 
from the laboratory tests have already 
been confirmed on the industrial scale. 

Manual Arc Welding Electrode. It 
is finally to be noted that, besides the 
316L-LF strip-flux combination, a 
special manual arc electrode has been 
developed. The metal deposited with 
this electrode is, from points of view 
of composition and corrosion resist­
ance, similar to that which is de-

<5 

is 
t 
8 

! 

* | 

200 

posited using strip cladding. It has an 
outstanding resistance to hot shortness 
and to cracking resulting from reheat­
ing by subsequent welds. 

Industrial References. In the past 
two years many cylindrical tanks, 
hemispherical shells and tube plates 
have been successfully clad with the 
proposed new methods and consum­
ables. 

Part II—Detailed Metallurgical 
Investigations 

The basic idea of the research work 
which is described below was to try to 
find an explanation for the accelerated 
corrosion rate of some of the above 
described 316L low ferrite type stain­
less steels in the as-welded condition. 

It is generally admitted that this 
higher corrosion rate has something to 
do with the delta to sigma transfor­
mation which is believed to occur dur­
ing welding. 

The purpose was to study the dis­
tribution of the alloying elements Cr-
Ni-Mo in the samples before and after 
the formation of sigma phase. This 
was done in order to observe eventual 
differences in this distribution, and to 
examine whether depleted or enriched 
zones—principally chromium depleted 
zones, as generally believed—are 
present around the transformed parti­
cles. 
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Fig. 3—Specimen no. 3522—distribution of Cr-Ni and Mo 
through austenitic matrix and delta ferrite pools as deter­
mined using microscan techniques 
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Fig. 4—Same as Fig. 3—specimen 3947 
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Specimens for Examination 

The ideal approach would have 
been to examine directly samples of 
weld metal; however, we were limited 
as to the particle size of the ferrite 
and sigma pools, which have to be at 
least 3 microns in diameter for accu­
rate electron probe microanalysis. 

The very small dimensions of the 
ferrite pools in weld metal rendered 
their examination impossible. There­
fore, the investigations have been per­
formed on three samples of stainless 
steels in which the delta ferrite pools 
had the required dimensions. The 
composition of these steels, their fer­
rite level—determined by X-ray dif­
fraction and metallographic estima­
tion—and the condition in which they 
were considered, are given in Table 8. 

Preliminary Microscopic Examinations 

Using FeCl 3 + HCI as an etchant, 
a dendritic structure was clearly visi­
ble in steel n° 3947. This type of 
structure existed also in steel n° 3948 

but was of course absent in steel n° 
3522. 

Microscan Investigations 

The microscan investigations have 
been performed, using a Cambridge 
microscan apparatus, on small speci­
mens which have been cut out by 
electroerosion. The dimensions of the 
specimens were V 4 in. in diameter 
and V4 in. long. 

Variations of Composition Across the 
Austenite Dendrites 

The alloying elements Cr, Ni and 
Mo have been studied. In order to 
record the distribution curves of these 
alloying elements across the dendrite 
axes, an ultra slow scanning technique 
was used; instead of using a single 
displacement of the spot along the 
scanning line, use was made of a 
transversal scanning on a 50 micron 
wide zone along this line. 

This method made it possible to 
eliminate variations in concentration 
due to the presence of delta ferrite 

IS 2^ 30 36 

Distance, urn 
Fig. 5—Same as Figs. 3 and 4—specimen 3948 

pools, as each point of the chart gives 
the mean analysis of a 50 micron wide 
zone. The longitudinal scanning line is 
directed across the dendrite axes while 
the transveral scanning is parallel to 
them. 

Steel 3947 with its clearly visible 
dendritic structure is the only one in 
which a significant enrichment of Cr, 
Ni and Mo was found in the dendrite 
axis. This particular distribution was 
most clearly visible on the Mo con­
centration curves. However, it was 
not important enough to be investi­
gated more thoroughly. 

Distribution of Alloying Elements 
Between Austenite and Ferrite 

The concentrations of Cr, Ni and 
Mo in the austenitic matrix and in the 
delta ferrite pools were determined 
using spot analysis. The most impor­
tant results are summarized in Fig. 3 
to 5, respectively for the steels n° 
3522, 3947 and 3948. The vertical 
scale indicates the relative concentra­
tions of Cr, Ni and Mo in a given 
delta ferrite pool, in % of the mean 
concentration of these elements in the 
matrix. 

Independently of the ferrite con­
tent of the considered alloys, it has 
been observed that in the delta ferrite 
phase we have: 

1. Enrichment of Cr to about 
125% of base. 

2. Enrichment of Mo to approx­
imately 200%, of base. 

3. Impoverishment of Ni to about 
60%, of base. 

Considering different delta ferrite 
particles in the same specimen, it was 
found that Cr and Ni concentrations 
were very reproducible but that the 
Mo concentrations showed larger 
variations. Since it is known that Mo 
promotes the delta to sigma trans­
formation, it can be assumed that the 
most Mo rich ferrite pools of a given 
alloy are the first affected when this 
type of transformation occurs. 

Finally, an attempt was made to 
determine the relative concentrations 
of silicon in the austenite and in the 
ferrite. However, because of both the 
low silicon level of the alloys and the 
weak response of that element, it was 
impossible to find significant differ­
ences. 

The Delta Ferrite to Sigma 
Transformation 

This type of transformation has 
been studied by submitting several 
samples of the steel n° 3947 to differ­
ent heat treatments. The aim was to 
determine whether it was possible to 
find differences in concentration of 
Cr, Mo and Ni between the original 
delta ferrite and the subsequently 
formed sigma phase and/or to find Cr 
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Fig. 6—Specimen 3947—untransformed 
delta ferrite. Electrolytic etch. x500 (re­
duced 42% on reproduction) 

depleted zones around the ferrite 
pools which are transformed to sigma 
phase. 

In order to avoid interferences with 
diffusion effects, the sigmatisation of 
the samples has been performed as 
follows: 

1. The specimens have small dimen­
sions—1/ i in. in diameter and x / 4 in. 
in length. 

2. The thermal heat treatment have 
been given at 850° C, which rep­
resents a very high transformation 
rate, for different times—1, 2, 3, 4, 5, 
10, 20 and 30 minutes. 

3. The specimens were heated very 
rapidly by putting them in the oven at 
850° C. 

4. The specimens were quenched in 
water at room temperature after heat 
treatment. 

Results of Metallographic Examinations 

In samples which were treated for 
1 or 2 minutes, we found some unat-
tacked ferrite pools, other particles 
which were attacked at the borders, 
and other ones which were totally 
etched, and thus totally transformed. 
After 4 or 5 minutes of thermal treat­
ment the transformation proved to be 
complete. This is illustrated in Figs. 
6-9. 

Etchants which normally do not 
attack the delta ferrite and the sigma 
phase which is formed at lower tem­
peratures,4 proved to be very efficient 
in the present case. Using those 
etchants on the heat-treated and sig-
matised specimens, all the trans­
formed ferrite pools appeared to be 
very deeply etched. This undoubtedly 
is some indication of an increased 
corrosion susceptibility of the steel. 

It is the opinion of some authors5 

that the phase which is formed is a 
carbide-austenite mixture rather than 
a sigma-austenite mixture. Since in the 
present case, the size of the individual 
particles of those components is very 
small, it has not been possible to 
determine their exact nature using 
diffraction techniques. This means 
that there is not a valid method avail­
able to determine whether those parti-

Fig. 7—Specimen 3947—heat treated 2 
min at 850 C. First stage of delta ferrite 
to sigma phase transformation. Elec­
trolytic etch. X500 (reduced 42% on 
reproduction) 

Fig. 9—Specimen 3947—heat treated 5 
min at 850 C. Final stage of delta ferrite 
to sigma phase transformation. Electro­
lytic etch. x500 (reduced 42% on repro­
duction) 

cles are carbides or not. 
However, our statement that the 

newly formed phase is actually sigma 
phase can be supported by the follow­
ing considerations: 

1. The chemical composition which 
we have found for the ferrite phase, 
the rate of transformation and the 
kinetics of transformation at 850° C 
which we have observed are all in 
favor of the formation of sigma phase 
in accordance with the well known 
"chrome-iron" equilibrium diagrams. 

2. Carbide precipitation does pre­
ferentially occur in grain bounderies, 
especially on the interfaces of austen­
ite and ferrite. Even considering high 
carbon stainless steels subjected to 
long duration heat treatments at high 
temperature, this location of carbide 
precipitates remains the same. 

Since the alloys that were consid­
ered have very low carbon contents 
(less than 0.03%) and also consider­
ing the fact that the whole volume of 
the ferrite pools is completely trans­
formed after very short times at 850° 
C, and although the transformation 
also starts at the delta-gamma inter­
faces, it must be admitted that the 
newly formed phase is sigma phase. 

Results of Electron Microprobe Analysis 

In order to determine the composi­
tions of the transformed ferrite pools 
and of the surrounding austenite, it 

Fig. 8—Specimen 3947—heat treated at 
2 min at 850° C. Further view of first 
stage of delta ferrite to sigma phase 
transformation. Electrolytic etch. X500 
(reduced 42% on reproduction) 

appeared to be impossible to examine 
etched specimens using the electron 
microprobe technique. The deep cor­
rosion of the sigma phase resulted in 
very important disturbances of the 
results. 

As a consequence the electron mi­
croprobe examinations have been con­
ducted using the following method: 

1. After a first etching, the sigma 
phase particles are localized by means 
of microhardness indentations. 

2. The specimens are then repol-
ished in order to remove the surface 
layer, however, without complete re­
moving of the hardness indentations. 

3. The microprobe investigations 
are finally performed on the marked 
zones of the unetched specimens. 

This method proved to be success­
ful and distribution curves for Cr, Ni 
and Mo; these curves were exactly the 
same as in the case of the original 
delta ferrite. In no case was a chromi­
um-depleted zone found in the neigh­
borhood of the transformed particles. 

Since the transformation, at 850° 
C, proceeds very rapidly, and also 
since the diffusion of elements, such as 
C, Fe, Cr, proceeds very slowly at this 
temperature, one must admit that the 
delta to sigma transformation is under 
these circumstances a type of "in site" 
transformation occurring without long-
range diffusion. 

As a result a mixture of finely 
dispersed sigma and gamma particles 
is formed in the sites of the original 
ferrite. The diameter of the spot 
which is irradiated using electron mi­
croprobe analysis is of the order of 2 
microns in diameter. This is large 
compared with the dimensions of the 
individual sigma and gamma particles, 
so that the distribution curves ob­
tained for Cr, Ni and Mo in the 
transformed areas represent the aver­
age composition of the sigma-gamma 
mixture which, taking in account the 
absence of diffusion, is the same as in 
the original ferrite, as shown in Figs. 
3-5. 

From point of view of diffusion, it 
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further cannot be easily admitted that 
We should have some important chro­
mium depleted zones around the sig­
ma pools. As already mentioned, the 
transformation rate appears to be too 
high. 

By lowering the heat treatment 
temperature in order to decrease the 
transformation rate, it would of 
course be possible to have long dis­
tance diffusion, but this would also 
result in an homogenization of the 
austenite around the sigma phase 
pools. This means that we have not, in 
fact, a valid method to prove the 
existence of very small chromium-
depleted zones. 

Conclusions 

1. At 850° C the transformation of 
ferrite to sigma phase occurs very 
rapidly in the alloys studied. Taking in 
account both the slow cooling rates 
during strip welding and the fact that 
the ferrite pools have smaller dimen­
sions in a weld metal than in the cast 
or forged steels, it is possible to justify 
the presence of sigma phase in as 
deposited weld metal. In order to 
avoid this type of transformation 
which is detrimental for the corrosion 
resistance of the alloys, the welding 
consumables must be specially de­
signed. 

2. The rapid transformation of fer­
rite to a sigma phase in these low 

ferrite alloys is characterized by the 
following particularities: 

(a) The transformation occurs 
without long distance diffusion. 

(b) It starts at the ferrite-austenite 
interfaces and progresses very rapidly. 
The ferrite pools which are first trans­
formed are those where the Mo con­
tent is believed to be the highest. 

(c) The so called "sigma-phase" is 
in fact a mixture of very finely dis­
persed sigma and gamma particles. 
This means that the specific contact 
surface between sigma and gamma 
particles is very high. 

(d) The composition of this mix­
ture proved to be the same as that of 
the original ferrite. 

(e) In the present case it is not 
believed that carbide precipitation in­
terferes with the sigma transforma­
tion. 

(b) It has not been possible to find 
chromium depleted zones around the 
sigma phase pools. If such zones exist, 
they must be of very small dimen­
sions. 

3. The sigma-gamma mixture which 
is formed in the sites of the original 
ferrite proved to be very corrosion 
sensitive. All the etchants are likely to 
produce very pronounced corrosion 
effects on those areas. As a result, the 
higher corrosion rates observed on 
sigmatised 316L low ferrite alloys can 
be explained on ground of the follow­

ing mechanism: 
(a) The corrosion does not seem to 

occur as a result of electrochemical 
potential differences between the sig­
ma pools on one hand and the auste­
nitic matrix or a chromium depleted 
austenite around the sigma pools on 
the other hand. 

(b) The corrosion seems to occur 
as a result of electrochemical poten­
tial differences between the sigma and 
the gamma particles in the trans­
formed areas. The higher the trans­
formation rate of ferrite to sigma, the 
finer the sigma and gamma particles, 
the higher the specific surfaces of 
these particles and the higher the cor­
rosion rate of the alloy. 
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