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1. Introduction

It is widely accepted that the free machining
type austenitic stainless steels are “unweldable”
due to the nature of elemental species added to

enhance machinability, ’enabling faster cutting
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rates and better chip formation. Selenium and
sulfur are the principal additions, however, the
use of selenium has been discontinued due to its
toxicity. Therefore, the sulfur bearing materials
are the only remaining grades of free machining

austenitics.
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The weldability of free machining austenitic

stainless steels from various lots/heats has been
known to be significantly different, albeit within
the AISI 303 composition limits. Some producers
claim that chemistry controlled 303 materials can
be readily welded by any of the fusion processes
the addition of a filler metal. AISI

303 specification requires a sulfur of 0.15% min.

even without
and most lots exceed this value(a common level
being 0.3%). The solubility of sulfur in austenite
is less than 0.01% at ambient temperatures, thus
the sulfur exists largely as metallic sulfides (chip
breakers). Upon melting or exposure to high tem-
peratures(as in welding). the sulfur has been ass-
umed to be redistributed, tending to segregate to
grain boundaries in the solid state or to solidifica-

tion sub-boundaries in the fusion zone, promoting

liquid films and enhancing hot cracking tendencies.

Very little literature exists on the weldadility of
the 303 grade of free machining type austenitic
stainless steels. Existing data further show that
weldability varies on a heat to heat or producer to
producer basis.

This study has evaluated the hot ductility beha-
vior of several lots of 303 materials before welda-
bility evaluation. The Gleeble hot ductility test
which has been recently developed in the Welding
Research Gorup at The University of Tennessee,
was used to evaluate and form a basis of comparison

between the 303 materials and 304, 316NG(nuclear
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steels.

2. Experimental Procedures

2.1 Materials

The materials evaluated in this research comprise
4 heats of AISI303 free machining type austenitic
stainless steels, The cqmpositions of the steels,
together with the estimated ferrite potentials from
the Delong diagram and measured ferrite content
(Magnegage) in the fusion zone are given in Table
1. As Table 1 shows, three heats of 303 were
received as round bars with different diameters.
One heat(1G5703) was a square bar. Heats B652133
and C656133 came from one master heat but were
processed differently; B652133:
to near net shape, C656133: ingot
shape. Heat 656471(4 1/2” diameter) was used to

investigate effects of working direction(longitudi-

continuously cast
forged to not

nal and transverse to the rolling direction) on the
hot ductility.

The hot ductility test results for the 303 mate-
rials were compared with those of recently evalu-
ated 304, 316NG and 34NG materials at The Unive-
rsity of Tennessee(1). The
AISI 304, 347 and the nuclear gradesTof 347 are

compositions of the

also given in Table 1.

2.2 Hot Ductility Tests

Hot ductility tests were conducted using a Glee-

grade) and 347NG grades of austenitic stainless ble (Photo. 1), which is essentially a high speed,
Table 1. Materials Studied
Type| Heat C |Mn| P S si Cr Ni | Mo ’[ N | Np | GS?|Creq|Nieq crf\;‘i FN% Shape
eq
316NG D441103‘ 0. 011{1. 70; 0. 020 0.001 0.51| 17.25] 12. 85{2. 47" 0.094) —| 3.2[120.5/16.9; 1.23 O | Pipe
316NG| D440104; 0.010:1. 75{ 0.019| 0.001[0. 52} 17. 25| 12. 90:2. 56; 0.101f —| 3. 32’0_.-6'17. 1. 1.20 O | Pipe
304 56072; 0.065/1. 54| 0.030 0.025/0.51; 18.39] 8. 600.21% —| —| 4.2[19.411. 3| 1.72| 2.4! Pipe
304 6387311 0.0581.62) 0.020] 0.029(0. 68 20.32 9.160.24 ~—| — 4.3121.6[11.7| 1.85 4.0, Pipe
347 876195) 0.045/1. 60; 0.032| 0.007/0.54; 17.80{ 9.71] —! —10.67; 9.0/19.0{11. 9! 1.60] 3.0, Plate
TESAT) 173268] 0. 025/1. 74) 0.033( 0.0060. 34 18.25] 10.77| —; 0.02200. 37 5.0/19.0113.1 1.46 4.0/ Pipe
303 0A1090, 0.022(1.75] 0.023) 0.0350.39; 17.32] 9.69[0. 40‘ 0.036| —| —]18.312.3 1.49 2.0 %"(D Bar
303 1G5713] 0.0921. 78 0.029} 0.31000. 52| 17.49 8.90(0.38 —{ —| —|18.7{12.6| 1.48| 2.0| Square
17 x1” Bar
303 2652133 0. 038’1. 44| 0.029 0.3100.72! 17.64 9.34/0. 24‘ 0.044 —| —{19.012.5 1.52] 2. Oll”(l) Bar
656133
303 656471 0.0381.44 0.029 0. 340|0. 69i 17.74] 6.35[0.34) 0.044] —! —19.112.5 1. 53E 3. 0|4$" ¢ Bar

a. ASIT grain size. b. Measured ferrite potential with Magne-Gage. c.

Split from one Master Heat.
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Photo. 1 Gleeble Apparatus for Hot Ductility Test.

hot tensile tester, instrumented so that the hea-
ting and cooling of the test specimen can be
accurately programmed to reproduce the rapid
temperature changes that occur during welding,
The Gleeble consists of a high speed, time-tem-
perature resistance heating control device coupled
with a high-temperature tensile testing apparatus,
The essential features of the Gleeble employed in
this investigation are shown in Fig. 1. As shown
in the figure, the test specimen was clamped
between the two water-cooled alloy wedge alloy
wedge grips. The grips were contained in plates,

one fixed and one movable, which in turn were

connected to the secondary power transformer.
The specimen was heated by its own resistance
to the passage of an electric current supplied
by the power transformer, or was cooled by
the longitudinal extraction of heat to the water
cooled jaws.

The dilatometer is an attachment to the Gleeble
apparatus which measures specimen dilation(cont-
raction or expansion) during rapid heating and
cooling. As shown in Figure 2, the dilatometer
consisted of quartz contact rods connected to a
precision rectilinear transducer by a solid-hinge
mechanical linkage. The change in volume accom-
panying an on-cooling phase change was transfer-
red through to the rectilinear potentiometer
which was in turn connected to a precision bridge
circuit. The output of the bridge was connected
to a multiple channel recording oscillograph.

The peak temperature employed in the hot duc-
tility tests may be any temperature below the bulk
melting temperature of the material being studied.
Therefore the technique can provide the tensile
properties of any microstructure which may occur
within the weld heat affected zone.

The tests employed a cylindrical specimen 0.25
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Fig.1. Schematic diagram of the Gleeble apparatus.
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inch in diameter and 4 inches long aligned(Figure
3) in the rolling direction(all heats) and transverse
direction(heat 656471). The specimen was clamped
between two water cooled jaws separated 0. 8 inches
from each other which in addition to serving as
grips for tensile testing, also provide a means for
introducing a current through the specimen and
ensure a rapid rate of cooling when the current
flow is interrupted. The heating current is cont-
rolled electronically throughout the desired thermal
from a fine wire

by means of a signal obtained

% =20 Threads 0-2150' (6.35mm)

Fig. 3. Hot ductility test specimen.
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Schematic representation of the Gleeble dilatometer.

thermocouple percussion welded to the center of
the specimen gauge length. During testing, the
instantaneous temperature of specimen is compared
with a reference temperature and the flow of
current is increased, decreased, or interrupted as
required.

The thermal cycle utilized corresponds to that
in 1-1/2 inch thick stainless steel welded with an
energy input of 70KJ/inch. The cross head speed
was 2.5 inches/sec. The on-cooling tests were

conducted from the zero ductility temperature
(ZDT) which was determined from the on-heating
in the test

tests. The principle data of interest

evaluation are the percentage reductions in area
upon tensile fracture. These reduction in area data
are plotted versus test"temperature for comparative

evaluations.
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In order to obtain clean unoxidized fracture sur-
faces, some selected hot ductility tests were con-
ducted with argon shielding in an atmosphere cha-
into the Gleeble.

evacuation and backfilling with arogon

mber incorporated Alternate
chamber
provided a chamber atmosphere which resulted in
clean fracture surfaces with no detectable oxidation.
These samples were utilized to clearly reveal the
fracture morphology and delineate the evidence of

liquid films present during fracture.
2.3 Metallographic Examination

For metallographic examination, the mounted sam-
ples were polished to 1x7and electrolytically etched
in chrome-acetic solution; 25g chromic acid, 133
ml acetic acid and 7mlHz0. Optical light micros-
copy, SEM were utilized.

Fractography was conducted on the hot ductility

samples tested in the argon atmosphere.

3. Results and discussion

In this study, the criteria generalized by Nippes

et al. (2), were used to define differences in the
hot ductility behavior of the various lots. The
basic criterion is based on the ductility recovery
on-cooling from the ZDT when compared to the
on-heating ductility. The classifications using this
criterion are shown in Figure 4. The on-heating
behavior is divided into two categories. Class H1
behavior occurs when the hot ductility increases
with increasing temperature and then there is a
rapid loss of ductility over a natrow temperature
range. Class H2 behavior is described by a contin~
uous decrease in ductilty over a wide range of
temperatures as the temperature approaches the
ZDT. The on-cooling behavior is characterized as
class C1 when the on-cooling ductility is equiva-
lent to the on~heating ductility. Class C2 behavior
is characterized by an on-cooling ductility the same
as on-heating above 2000-2200°F. but is significan-
tly lower for temperatures below this temperature
range(ductility dip). Class C3 behavior is charac~
terized by an on-cooling ductility which is signi-
ficantly less than the on-heating ductility at all
testing temperatures. According to Nippes et al,

which exhibit C2 or

(2), materials either class

TYPICAL TESTED-ON-HEATING BEHAVIOR

(9
CLASS HI

REDUCTION IN AREA %

e mrear—ra
TESTING TEMPERATURE, °F

(b)
CLASS H2

REOUCTION IN_AREA %

TESTING TEMPERATURE, °F

TYPICAL TESTED-ON-COOLING BEHAVIOR

(c) (o)
CLASS C(----)I CLASS C{—--)2 CLASS C¢---)3
:. ': | g
< " .
g h % g N
z h z Zz - \
1l 1
£ : g : :
3 = 3 3 \
¥ } ¥ o
TESTING TEMPERATURE, °F TESTING TEMPERATURE, °F TESTING TEMPERATURE, °F
Fig. 4. Schematic representation of the classification of the on-heating and on-cooling hot

ductility behavior (after Nippes et al.2).
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class C3 behaviors are susceptible to HAZ cracking

either during welding or subsequent service. 5-8

The hot ductility behavior of 4 heats of AISI
303 is shown in Figure 5 to 8. Figures 7a and 7b
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Fig.5. Hot ductility test results for 0A1090(303).
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Fig. 6. Hot ductility test results for 1G5713(303).
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Fig. 7a. Hot ductility test results for continuous

cast B652133 (303).
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Fig. 7b. Hot ductility test results for ingot forged
C656133(303).

are results for a material in the continuously cast
condition(B652133) and in the ingot forged condition

(C65133),

respectively. These were split from one

master heat (i.e. B652133 and C656133 have the
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Fig. 8a. Hot ductility test results for 656471(303)
longitudinal orientation.

same chemistiy). Figures 8a and 8b show results
fos heat 656471 tested in the longitudinal and tra-
nsverse orientations respectively., For comparison,
the hot ductility behavior of two heats of type
AJISI 304, 316NG and 347 (AISI 347 and 347NG)
alloys, are also given in Figures 9-14. In all fig-
ures, the reduction in area is plotted as a func-
tion of the testing temperature.

The solid line represents the on-heaing behavior
and dashed line is for the on-cooling behavior
tested upon cooling {rom the ZDT which was mea-
sured from on-heating tests. The on-heating hot
ductility response of all heats of 303 type shows
the on-cooling

a class H1 behavior. However,

behavior shows a heat to heat variation. Heat
0A1090(Figure 5) shows a class C2 on-cooling
behavior having a shallow ductility dip around
2200°F on-cooling from the ZDT of 2500°F The
other three heats (Fig.6-8) of 303 reveal a class
C1 on-cooling behavior. Figures 7a and 7b reveal
that the prior manufacturing conditions(continuou-
sly cast and ingot forged conditions) do not have
an effect on the hot ductility behavior. The hot

ductility behavior of 303 is somewhat orientation

KEASEEE eI, F6%, 5180, 1988434
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Fig. 8b. Hot ductility test results for 656471(303)
transverse orientation,

sensitive. The longitudinal orientation hot ductility
tests result in an H1 on-heating behavior and show
almost complete ductility recovery at all testing
temperatures, upon cooling from the ZDT of 2475
°F (Figure 8a). The transverse orientation hot
ductility test results (Figure 8b) reveal that the
ductility, both on-heating and on-cooling is sign-
ificantly lower than that in the longitudinal orien-
tation. The maximum hot ductility obtained in the
transverse orientation both on-heating and on-
cooling, is about 50%, which is approximately 60
2% of the maximum ductility in the longitudinal
orientation(—90%). These data show that the hot
ductility of 303 is orientation sensitive and an
impaired hot cracking resistance in the base metal
HAZ can be expected when strains arise in the
transverse orientation.

Tor comparison, the hot ductility behavior of
two heats of AISI 304 are shown in Figures 9 and
10 respectively. Both heats have a class H1 on-
heating behavior, that is, as the temperature inc-
reases to 2300-2400°F, ductility also increases and
at temperatures above 2300-2400°F the ductility

falls to about 0%. However, the on-cooling beha-
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Fig. 9. Hot ductility test results for 56072(304). Fig. 10. Hot ductility test results for 638731(304).
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Fig.13. Hot ductility test results for 876195(AISI
347),
vior of both heats shows a somewhat different

response. Heat 56072(Figure 9) has a class C2 on-
cooling behavior, having a ductility dip around
2000°F when tested from the ZDT of 2475°F. How-
ever, heat 68731 shows a behavior bordering on
class C3, revealing a poor ductility recovery at
all testing temperatures.

Figures 11 and 12 show typical hot ductility
behavior of two heats of 316NG material. As in
the case of the 303 and 304 materials, the 316 NG
materials shows a class HI on-heating hot ductility
response. However, the on-cooling behavior shows
heat to heat

C2 on-cooling behavior having a ductior

variations, D441103 reveals a class
having
a ductility dip around 1800°F on cooling from the
ZDT of 2475°F. Heat Dup40104 has a class C1 on-
cooling behavior.

Figure 13 shows that AISI 347 has a class H2
on-heating behavior; that is, the ductility contin-
uously decreases with increasing temperaturer to
the ZDT of 2450°F. The on-cooling behavior exhi-
bits virtually no recovery of ductility upon testing
from the ZDT of 2450°F until 2200°F(C3 behavior).
However, the modified unclear grade, TP 347NG

KREIREEGE, $6%, 05150, 19834 3R
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Fig. 14. Hot ductility test results {for 173268(TP
347NG).

(Figure 14) exhibits a better hot ductility response,
showing a class HI on~heating behavior and class
C2 on-cooling behavior., The exact reasons for the
different ductility behaviors of AISI 347 and TP
347NG are not known, but it may be related to

the lower Nb and C content TP 347NG

in the
material,

The above comparison shows that the hot ducti-
lity behavior of 303 stainless steels is similar to
the hot ductility behavior of the other regular and
modified grades austenitic stainless steels.

Metallographic examination via optical and scan-
ning electron microscopy was conducted on the
fractured hot ductility samples which were tested
in an argon atmosphere. The evidence of liquid
films at the moment of fracture was easily detec-
table on the clean fracture surfaces (without any
detectable oxidation).
in 303 heat OA150:
(2 behavior) tested on-heating to a ZDT of 2500°F
is shown in photo. 2(500x). This higher magni-

fication fractograph

A typeical fracture surface

in photo.2 shows evidence
of a liquid film which existed at the instant of the

fracturing. However, the micro-fracture mode is



Photo. 2 Typical fracture surface in heat 0A1090
(303) tested on-heating to a ZDT of
2500°F(SEM5000x).

difficult to discern due to the extensive prior
liquid film on the fracture surface. The inter-
granular nature of the fracture is clearly seen
in the longitudinal section of the hot ductility
sample shown optically at 300X in photo. 3a.
Secondary cracking in regions near to the fracture
surface can also be seen. In photo., 3b, the evi-
dence of grain boundary liquation that occurred
during the thermal cycle and the subsequent prop-
agation of cracks along the liquated grain boundary
are clearly delineated. Thus, the intergranular
fracture at the ZDT is related to grain boundary
liquation.

4. Conclusions

This paper evaluates hot ductility behavior of
free machining type 303 austenitic stainless steel.
The materials utilized, for evaluation and compa-
rison, include several lots of type 303, AISI 304,
316NG(Nuclear Grade) and 347NG austenitic stain-
less steels. The results of this study can be sum-
marized as follows:

1) The on-heating hot ductility response of all
heat of 303 type shows a class H1 behavior, Howe-
ver, the on-cooling behavior shows a heat to heat
variation.

2) The hot ductility behavior in the longitudinal
orientation is variable but all lots tested to date
exhibited behavior similar to the standard 304, 316

Y. H. -Lee«C.H. Lee +C.D. Lundin

£

k TR

Photo. 3 Typical longitudinal section of heat OA
1090(393) tested on-heating to a ZDT
of 2500°F(OLM).

NG and 347 alloys.

3) The transverse orientation hot ductility reve-
aled reduced hot ductility as compared to the
longitudinal tests on the same lot.

4) Liquid film formation that occurs during the
heating portion of the thermal cycle is of prime
importance in decrease in ductility.

5) The intergranular fracture at the ZDT is

related to grain boundary liquation.
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