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ABSTRACT

Factors affecting formation of the sigma phase were
observed in specimens prepared by depositing ER 309 filler
metal on type 304 stainless steel plate using the gas-metal
arc-welding process.,

As-welded and solution annealed specimens were aged at
13500 F for up to 500 hr to promote the formation of sigma,
Transformations resulting from the aging treatment were follou-
ed by systematic optical.metallography using a variety of
etchants, X-ray diffraction, electron-probe microanalysis,
and hardness testing were also used in an attempt to follow
the transformation,

Alloy element redistribution during weld soclidification
and subsequent heat treatment was found to be significant
in transformation of the duplex austenite:ferrite stainless

steel microstructures studied,
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INTRODUCTION

The widespread commercial application of austenitic
Cr-Ni stainless steels during the past forty years has
resulted in the publishing of numerous studies of the
physical metallurgy of these alloys., The welding metal-
lurgy of these steels has also received considerable at-
tention,

This study is directed toward the characterization of
the microstructure of an austenitic stainless steel weld de-
posit, The primary effect to be considered is the effect of
weld solidification and thermal history upon alloy composi-
tion and progression of precipitation of secondary phases
in an austenitic matrix. The factors affecting the pre-
cipitation of one such secondary phase, sigma, will form
the central theme for this investigation. The occurrence of
sigma phase in austenitic stainless steels is of importance
because of its deleterious effects upon mechanical and cor-
rosion properties of these alloys.

Multi-component engineering alloy systems do not lend
themselves easily to the study of fundamental metallurgical
phenomena, yet there is a real need to attempt to explain
and predict the behavior of these alloys based on the knou-
ledge gained by study of simple systems. This study is

such an attempt.
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BACKGROUND

Alloys for this study uwere chosen so as to consist of
as many as four phases, depending upon thermal history. The
observed phases are austenite, ferrite, carbides, and sigma.
The nature of these phases and their effect upon the pro-
perties of austenitic stainless steels will be discussed by

way of review of the prior literature,

Austenite

Austenite, the face-centered cubic phase in iron-base
alloys, forms the matrix for the alloys to be studied. The
relationship of austenite to the other phases in Fe-Cr-Ni
alloys will be discussed in terms of the binary and ternary
1

phase diagrams presented in figures 1 and 2.

Occurrence, Although the equilibium diagrams of figures

1 and 2 are of little use in predicting the structures of
commercial alloys which have been rapidly cooled, they are
of value in illustrating the effects of various alloying
elements on the resulting structure of these alloys,

Figure 1(a) shows the binary equilibrium diagram be-
tween iron and nickel. Notice that increasing additions of
nickel to pure iron expands the temperature range over which

austenitef(, is the equilibrium phase. Nickel is thus an

2
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austenitizer or austenite stabilizing element, Other
elements which are commonly encountered in commercial Cr=Ni
stainless steels and which have the same effect as nickel
are carbon, nitrogen, and manganese,

The effect of increasing additions of chromium on ths
observed equilibrium structure of iron-base alloys as a
function of temperature is shown in figure 1(b). In this
case the temperature range over which austenite is the stable
phase is contracted with an increase in chromium content.

The phase actually closes upon itself and,beyond a chromium
content of 13 wtl the austenite ghase is no longer observed.
Chromium thus is a "deaustenitizer" or ferrite stabilizer,
Other elements providing this same effect include silicon,
molybdenum, and niobium,

The combined effect of chromium and nickel on the equil-
ibrium structures at elevated temperatures is shown in fig-
ure 2(a), (b), (c). These diagrams give an indication of the
structures encountered at room temperature because of the
sluggishness of further transformation as the temperature
goes louer., In the range of compositions of commercial Cr-Ni
stainless steels (15-25% Cr, 7-15% Ni) the diagrams shou the
possible formation of three different phases; austenite,
ferrite, and sigma. In commercial alloys the situation is
complicated considerably by the presence of minor QUantitieSDF
other elements, For example chromium carbides readily form

at intermediate temperatures thereby reducing the ferrite
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stabilizing ﬁouer of the chromium but at the same time re-
ducing the free carbon, a powerful austenite stabilizer.
Figure 2(d) gives a more valuable picture of the phases
which may be observed in a commsrcial alloy at room temper-
ature. In this case the alloys contain 0.1% carbon in addi-
tion to Fe, Cr, and Ni. Most alloys of commercial interest
fall in or nesar the region labeled metastable austenite., All
of the austenite present in the room temperature structure
is not stable and in fact the austenite will partially trans-
form to a body-centered cubic structure by cold working it at
room temperature or by exposing it at subzero tempsratures.
This is a diffusionless tranformation of the martensitic
type.2

Structure and Properties, The structure of austenits is

face~-centered cubic. Becauss the atoms of the face-centered
cubic austenite structurs are more closely packed than those
of the body-centered cubic ferrite phases, austenite is in-
heretly more resistant to creep thanis ferrite. Indeed, prac-
tically all of the high strength, high temperature steels
presently used have austenitic matrices} The austenitic
stainless stesls are also used extensively for applications

in various corrosive media and at cryogenic temperatures where
brittle behavior of the body-centered structures is a de-

triment.

Ferrite

Depending upon bulk alloy compositon, ferrite forms in
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some nominally austenitic alloys during solidification.
Ferrite observed in the microstructure of austenitic
stainless steels at room temperature is generally labeled
"delta" ferrite and is related to the allotropic trans-
formation of iron from face-centered cubic to body-centered
cubic above 2535°F. This high temperature phase is retained
upon cooling to room temperature and does not undergo the
intermediate transformation to austenite.

Occurrence., As suggested by figure 2(a), formation

of delta ferrite upon solidification of an alloy is a func-
tion of the bulk composition of the alloy. Because of coring,
weld deposits or castings generally contain a greater amount
of ferrite than homogenized urought alloys of the same com-
position, A structural diagram for stainless steel weld metal
wvas devaloped by Schaeff‘ler4 and is shouwn in figure 3, This
diagram is widely used to predict the structure of as-deposit-
ed stainless steel welds., The variocus minor alloying ele-
ments nomally present are grouped as chromium or nickel
equivalents according to their relative pouwer as ferrite or
austenite stabilizers as indicated.

Properties. The role of delta ferrite in reducing the

hot cracking of austenitic stainless steel weld deposits and
castings is well established.5 Through extensive review of
the literature and experimental work, Hull6 concluded that

austenitic stainless steel alloys containing 5 to 10% delta
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ferrite in the as-cast microstructure are the most re=-

sistant to hot cracking. He postulated that the benefi-

cial effect of delta ferrite results from the lower inter-
facial energy of an austenite:ferrite boundary than an
austenite:austenite boundary. The austenite grain bound-

aries are wet by the last traces of liquid whereas the
boundariss between austenite and ferrite are not wet and can
sustain the contraction stresses imposed during cooling through
the solidification range.

The yield point and tensile strength of austenitic
stainless steels is generally increased by the presence of
some ferrite in the microstructure, houever creeo strength
at elevated temperatures is decreased. The presence of ferrite
is detrimental to many hot-and=-cold forming processes,

From the microstructural standpoint, delta ferrite plays
an important role in the precipitation of additional second-
ary phases, These relationships will be shown presently.
Carbides

Economic processing of commercial alloys results in all
stainless steels containing some carbon. In the austenitic
grades the amount of carbon gernerally ranges from about 0.08%
max in the corrosion resistant alloys up to 0.25% max in the
heat resistant alloys. Some of the characteristics and effects
of the carbide phase which may form will be discussed.

Occurrence, Carbon shows a great affinity for chromium,

Iron-chromium carbide of the type M CG will readily form

23
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in austenitic alloys held in the temperature range of
900-1600°F. This carbide contains a minimium of 70% chrom-
ium by ueight.7 The carbide phase precipitates preferentially
first at the ferrite boundaries if ferrite is present in the
microstructure., This is evidently because of the higher
chromium content in ferrite than in austenite. Subsequent
precipitation is found along the austenite grain boundaries
and finally within the grains, depending upon time at temp-
erature,

Effects. Intergranular attack of austenitic stainless
steels is usually associated with chromium carbide precipi-
tation at the grain boundaries. The most widely accepted
theory of intergranular corrosion in these alloys involves
the formation of a zone adjacent tc and including the grain
boundaries which is depleted in chromium. This zone is thus
less resistant to attack in corrosive media.8

In alloys containing greater than 0.15% carbon, a con-
tinuous netuwork of carbides may surround each grain after
exposure in the carbide precipitation temperature range. The
ductility anc toughness of these alloys may be substantially

reduced because of the lack of cohesion between the grains.

The Sigma Phase

The occurrence of sigma phase in austenitic stainlsss
steels is of importance because of its generally deleterious
effects upon mechanical and corrosion properties of these

alloys. Because the factors affecting the precipitation
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of sigma phase will form the central theme of this study,
the literature pertaining to this subject will be reviewed in
some detail,

The sigma phase was first observed by Bain and Griffithsg
in 1927 during a systematic study of a series of iron-chrom-
ium=-nickel alloys. Since that time hundreds of investigators
have published studies on different aspects of the subject.
Interest in sigma phase warranted an A.S.T.M. symposium10 on
the "nature, occurrence, and effects” of sigma phase held in

1950. Lena'’

produced a review of the work on sigma phase

and its effect on commercial alloys in 1954 and a detailed re-
view of the research on the structure, occurrence, and pro-
perties of sigma phase was provided by Hall and Algie12 in
1966.

Physical Characteristics. Bain and GriFfithsg cbserved

a very hard and brittle phase which showed hardness levels
up to 68 Rockwell C by their measurements. This hardness
and its embrittling effect on the steels in which it is found
remains the outstanding characteristic of the sigma phase.

Other less important physical characteristics include sigma's
non-magnetic character and its low electrical resistivity.12

Structure, Because of its characteristic diffraction

pattern, 'which is greatly different from patterns of other

phases present in stainless steels, identification of sigma

phase by x-ray analysis was used long before investigators
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resolved the actual crystal structure of the phase. Menezes,

10 1 Jithestablishing the true

Roros, and Read are credited
tetragonal symmetry and complex 30-atom unit cell of sigma
phase. Structural factors such as ordering, electronic struc-
ture, defect structures, and atomic coordination in the sigma
phase have been the subject of numerous studies and are sum-
marized by Hall and Algie.12

Occurrence, The sigma phase has been positively ident-

ified in at least 40 binary systems and 30 ternary systems,
Sigma phase forms in binary alloys of the transition metals,

cne component being from Group V, or \IIA and the other from

A
the First, Second, or Third long Period. One of the two
metals is body-centered cubic while the other is face-csntered
cubic or hexagonal close packed in at least one of its allo-
tropic forms.12 Beyond this there sesms to be no generali-
ties which apply uwith consistency.

In this study we will be concerned with the sigma phase
as it occurs in the Fe=Cr-Ni ternary system. As will be seen
presently, the behavior of the sigma phase in this system
will be altered drastically by small additions of other alloy-

ing elements,

The Sigma Phase in Commercial Alloys. Because of the

extremely slow rate of transformation of sigma in annealed
alloys of high purity, the existence of sigma phase was doubted
for serveral years following its discovery by Zain and Griffiths
in 1927, In commercial alloys, houever, even annealed speci-

mens may show sigma transformation at relatively short time
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with proper composition and thermal treatment, This dis-
cussion will be limited mainly to alloys based on the Fe-Cr-
Ni ternary system and showing a fully austenitic or duplex
austenitic ferritic structure at room temperature., The
ferritic Fe-Cr alloys will be discussed first to provide

a starting point form which to move into discussion of the
Fe-Cr=Ni system.

Sigma in Ferritic Fe-Cr Alloys. Figure 4 is a portion

of the Fe-Cr phase diagram showing the limits of sigma phase
formation in pure alloys as derived by A.J. Cook and F.U.
Jones.13 Alloys were of very high purity and equilibrium uas
cbtained by cold working the samples prior tc aging. Regard-
ing the effect of cold work, it was found that filings of a
§3% chromium alloy reached equilibrium in two days at 1330°F
wvhereas a bulk sample of the same alloy had not started to
transform after 37 days.

A comparison of the phase boundary for high purity alloys

13

determined by Cook and Jones and commercial alloys with less

14 and

than 0,1% carbon was made by Shortseleeve and Nicholson
is shown in figure 5, As may be seen, the effect of small
amounts of impurities can make the formation of sigma more
favorable. The effects of small additions of various alloy—
ing elements on the formation and stability of sigma phase in
Fe-Cr alloys are knoun through investigations of ternary

systems and are summarized by Hall and Algie.12 In general,

the "ferrite stabilizers" (molybdenum, tungsten, vanadium,



oF

Temperature

°F

Temperature

1600 F T 1476
1500 -
1400
1300 -
1200 |-
“oo 1 I A 1 1 1
20 30 40 50 €0 70 80
Atomic % Chromium
figure 4
1500
—— - Commercial Alloys
High Purity Alloys 4
1400 -
1300 - NO SIGMA
1200 |- /
/
oo | /
I 1 | 1 1 ! |
15 20 25 30 35 40 45

. Wt. % Chromium
" figure S

14



T 1476 15

titanium, and niobium) promote sigma formation. Although
silicon does not form sigma phase in binary systems with

the transition metals, it stabilizes the sigma phase in fFe-
Cr-Si alloys over a large range of composition and at temp-
eratures as high as 1830°%. 1In addition to stabilizing the
range of composition of sigma, these elements have a marked
positive effect on the rate of formation., Austenite stabi-
lizers, notably nickel and manganese, may expand the range
and rate of formation when present in amounts smaller than
about 4%. Houwever, when larger amounts are present, austenite
forms and these elements then exert a negative effect on sig-
ma formation., Carbon is thought to reduce sigma formation by
lowering the effectiue chromium content through carbide form-
ation.

Sigma in Austenitic Fe-Cr-Ni Alloys. * The formaticn of

sigma in austenitic stainless steels has been the subject of
intense study in the past, principally because of the appli-
cation of these steels in high temperature service. Al-
though the limits of sigma phase formation in Fe-Cr-Ni alloys

15 this informa-

of high purity has been studied extensively,
tion is of limited value in prediction of sigma phase forma-
tion in commercial alloys, particularly when the alloy com-
position lies close to a phase boundary. In such alloys,
variation of composition within allowable limits may be suf=-

ficient to cause formation of sigma, A diagram for Fe-Cr-Ni

alloys of commercial ourity derived by Nickolson, Samans, and
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Shortsleeve,16 is shown in figure 6., This is an isothermal
section at 1200°% and shous the relative location of a num-
ber of important A.I.S.I. stainless steel compositions.,

A large volume of information is available on the forma-
tion of sigma in commercial steels, Certainly enough data
are available to accurately predict sigma phase in any im-
portant alloy and thereby avoid it by adjustment of alloy
composition., Beyond this, however, thers is little general
agreemant on the details surrounding the nature of sigma phase
formation, A few of the important observations of previous
investigators will be considered in the following paragraphs.

The Kinetics of sigma phase precipitation in a number of
commercial Fe-tr-Ni alloys was reported by Tisinai et al.17
These investigators studied the rate of transformation in the
region of 1000 to 16009 and found that the time-temperature-
transformation curves followed the familiar C-shaped behavior
which is characteristic of nucleation and groch processes.,
The temperaturs of the maximum formation rate generally in-
creased with increasing content of sigma forming elements.

It is generally agreed that a small percentage of ferrite
in an austenitic matrix will greatly enhance the rate of sigma
formation., Reasons suggested for this effect include the
higher alloy content (sigma formers) of Ferrite;18 greater
atomic mobility in ferrite than 1in aUStenite;"9 relationship
of the crystallographic structures of austenite, ferrite, and

19, 20

sigma; and preferential precipitation of carbides in
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ferrite thereby creating preferred nucleation sites or

19,20-23 g oo

concentration of sigma forming elements,
phase precipitated from ferrite in duplex structures has

been reported in "as cast" samples. By contrast, typical
times for sigma formation in annealed fully austenitic struc-
tures are 500-1000 hr at the maximum rate.

The effect of carbides on the nature of sigma formation
is particularly disputed in the literature., Albritton and
Kadlecek21 concluded that for rapid sigma formation there
must necessarily be prior carbide precipitation. Blenkinsop
and Nuttin925 found that if carbide precipitatecd before sigma,
the rate of formation of sigma was retarded. Recent studies
using electron microscopy_have failed to confirm nucleation
of sigma on carbide particles.zd’25

It seems appropriate to mention some of the pertinent
observations of sigma phase studies which have been applied
directly to welding problems. Albritton and Kadlecek21 ob-
served slight sigma phase formation in a type 309 filler
metal deposited on 14Cr-3fMo steel plate uwhich had been stress-
relieved for 2 hr at 1350°F and then furnace cocoled at
100 deg/hr. Complete delta ferrite to sigma transforation
was observed after 93 hr at 1350°F, Creamer, Rosalsky, and
Leonard26 identified sigma in a type 347 stainless steel weld-
ment which had been held at 1340°F for 3 months. The weld

metal sigmatized to a greater extent than the base metal be=-

cause of composition and ferrite content, according to the
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authors., Daemen and Dept27 observed complete transformation
of ferrite to sigma in stainless steel strip cladding using
type 316 L filler metal after reheating to 850° C for less
than 5 minutes.

Effect of Sigma Phase on the Properties of Alloys. The

affect of sigma phase on the mechanical properties of common
Fe-Cr-Ni alloys is well established and is reviewed in de=
tail by Lena.11 It appears characteristic that sigma exerts
a greater influence on impact strength than any other pro-
perty. Reports of a marked decrease in impact strength
without major changes in other properties are common., 1In
particular, hardness and tensile strength of sigmatized
steels are often not affected or only slightly altered. Hou-
ever, significant increase in strength may be producec in
many steels by sigma formation, This generally reguires a
fine distribution of the sigma phase as would be expected

in fully austenitic or fully ferritic alloys. Sigma-strength
ened alloys have found limited application in high temperature
service where resistance to shock is not a requirement.

Sigma may increase creep strength of stainless steels for
short time applications, but in long time applications sigma
decreases creep strength,

Corrosion resistance of sigmatized stainless steel is
impaired in nitric and sulfuric acids, especially when the
sigma is present as a fine dispersion. Increased corrosion
rates in other media have not been established., The effect

of sigma on corrosion resistance has been attributed to a
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chromium depletion mechanism much the same as that associated

11,23

with carbide precipitation and to a stress-corrosion

effect caused by high strain energies in the neighborhcod

of sigma precipitates.28
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EXPERIMENTAL PROCEDURE & RESULTS

The experimental procedure and observed results are re-
lated below, Discussion of these results will be reserved

for the next section.

Selection of Alloys

Specified compositions for the filler metal and base

9,30
metals are shown in table 1.2 ’

Filler Metal., The filler metal alloy chosen for this

study uas AWS-ASTM type ER 309 suppliec as 1/16 in. bare wuwire.
This choice was made tq provide the likelihood that the as-
deposited microstructure would exhibit a duplex tyre struc-
ture when deposited on at least one of the available base
materials., The compostion envelope for the ER 309 filler metal
is plotted on the Schaeffler diagram shown in figure 7.

Base Material, The plate materials used for this invest-

igation were § in. AISI type 304 stainless steel, 3/16 in.
AISI type 1018 plain carbon steel, and 1/8 in. Inconel 600
alloy. The center points of the composition envelopes (except
the Inconel) are plotted in figure 7. To estimate the as-
deposited filler metal composition, dilution-direction lines
may be draun from the filler metal composition to the base

metal composition. The as-deposited filler metal composition

21
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Alloy Composition limits by weight
Designation
C Mn Si Cr Ni Fe
Filler Metal
max 2.5 0.60 25.0 14,0
Base Metals
304 g.08 2.0 1.0 18.0- 8,0= bal
max max max 20,0 12.0
max max max 17.0 min 10.0
1018 0.15- 0,60- 0.10- bal
0.20 0.90 0.30

Table 1 - Nominal compositions of filler and base metals.,
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is then shifted from the undiluted filler metal composition
along the line a proportional distance equal to the amount
of observed dilution of the filler metal by the base metal.
The average dilution for all weld deposits was observed to

be 32%.uith a range from 25% to 37%. Dilution was measured
by making photomacrographs of transverse sections of the weld
deposits and then cutting out and weighing the portions of
the pictures corresponding to the diluted and undiluted por-
tions of the weld deposit, Such a picture is shouwn as fig-

ure 8.

Welding

The welding for this investigation was done using an
automatic gas-metal arc-welding process with an Airco Hornet
constant potential weldsr. Operation of the machine is such
that arc travel speed and wire feed speed hay be adjusted in-
dependently. The welding current and potential which results
from welding at a given travel speed and wire feed is auto-
matically fixed and not adjustable., For this study a travel
speed of 36 in./min and wire feed of 250 in./min uere used.
This resulted in a welding current of 300 amp with a potential
of 26 v. 0On this basis, energy input was 13,000 joules/in.

The base materials were cut into pieces approximately
2% in. x 6 in. and the ueld bead was deposited along the center-
line in the long direction., The shielding gas used was argon-

2% oxygen at a flow rate of 40 cu ft/hr,
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Figure 8

Photomacrograph of ER 309 filler metal

on type 304 stainless steel base.

25
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Heat Treatment

After welding, the deposited weld was removed from the
plate by making cuts along each side of the bead, thereby re-
taining only the weld deposit and the base material directly
under it. The weld deposit was then sliced into pieces about
4 in. long by cutting perpendicular to the welding direction.
These specimens were then examined in the as-welded condition
or sub jected to tuo types of heat treatment,

Solutionizing Treatment. Approximately half of the

specimens were sub jected to a sclutionizing or sclution an-
nealing heat treatment., This heat treatment is a standard
commercial practice, the main purpose of which is to disolve
chromium carbides which may form during welding or hot-work-
ing of austenitic stainless steels, The treatment used con=-
sisted of heating the specimens af 2000° F for 1 hr followed
by an agitated water quench.

Aging Treatment. A second heat treatment to which all

specimens were subjscted consisted of an aging treatment at
1350° F. This temperature was chosen based on the tempera-
ture of maximum sigma phase formation found by Tisnai et al17
for a wrought type 309 stainless alloy. Aging times ranged
from 20 min to 500 hr., Aging treatment was folloued by an
agitated water quench in each case,

All heat treatments were conducted in small laboratory

type electric muffle furnmaces. No protective atmosphere

was used,
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Metallography

As welded and heat treated specimens were prepared for
obervation by optical microscopy as described below.

Preparation. Specimens were mounted in Bakelite mount-

ing material using a 1-in, diameter mold., All specimens
vere ground and polished by the same procedure., This con-
sisted of first wet grinding to obtain a plane surface, and
then dry grinding successively on no.1,0,00 and 000 polish-
ing papers. Polishing of the specimehs was accomplished by
first rough polishing on canvas using 5.0 micron alumina as
an abrasive folloued by final polishing on Microcloth using
0.5 micron alumina. B8ecause the austenitic stainless steel
surface tends to flow easily during polishing, it was neces=
sary to etch each specimen tuwice using a solution consisting
of 5g FeClS,SO ml HCl, and 100 ml HZU for 30 sec and repeat-
ing the rough and final polishing steps. After a final etch
of 10 sec in the above solution, the specimens were given a
final polish yielding a surface suitable for microscopic exam-
ination.

Etching. The etchants used in this investigation are

summarized in table 2, These etchants can be catagorized

generally as: 1) inorganic acids in water or alcohol used
by immersion or electrolytically, 2) organic acids in water
used electrolytically, or 3) aqueous alkaline ferricyanide
solutions used by immersion or electrolytically. The general

structure and secondary phases of the weld deposits studied
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REAGENT

COMPOSITION

USE

Oxalic acid

Oxalic acid...
Hy

10g
U...........100ml

Used electrolytical-

ly with specimen as
anode, Carbides, sig-
ma, and general struct-
ure revealed after et-
ching for 5-30 sec at

3 v.

Chromic acid

Croz......... 109
H 100ml

20 ® 009 80 0900

Sigma and carbides
are attacked rapidly
in less than 10 sec
when etched electro-
lytically at 5 v with
specimen as anocde,

Kalling's reagent

Cuclzonoctoooo 59
HCl .........180“]1
Ethyl alcchol.100ml

HZD ".......100“—‘1

Etching for 10 sec
attacks ferrite,leav-
inc austenite, car-
bides, and sigma un-
affected. Light hand
polish usually neeu-
ed after etch to el=-
iminate surface stain-
ing.

FeCl3-HCl

FeCl3......... g
HCl.l.....".. E)(Jrn]--
H20..00l..0.0.100ml

gEtching 13-30 sec re=-
veals general struct-
ure of austenitic
stainless steels.

Murakami's reagent
a) Normal
b) Double strength

c) Concentrated

d) Conc.(modified)

Potassium

farricyanide. 10g
KOH.....O.‘.DO 109
H20.0..0....0'100ml

Potassium

ferricyanide. 20qg
KDH'Q..O.....O 289
H20C000000'0O0100ml

Potassium
ferricyanide. 50g

KOHeooeooooosos 509

H20000.0000000100ml

as (c) above, but
with 10g Pot, ferr.

All combinations at-
tack and stain the
sigma phase., Colors
observed for sigma
ranged from light blue
to dark brown. These
reagents were used by
immersion and electro-
lytically at temper-
atures ranging from
room temperature to
the boiling point as
described in the text,

Table 2 - Etching reagents employed.
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were revealed by using these etchants alone or in series.

For example, all of the possible microconstituents of the
aged weld deposit could be revealed and identified by first
etching in FeCl3—HCl to reveal the general structure, re-
polishing and etching lightly in Murakami's reagent to reveal
only the carbides, and finally etching in chromic acid, which
rapidly attacks both the carbides and sigma phase,

At this point it should be noted that the weld depocsits
on the plain carbon steel and Inconel 600 base materials
showed, upcn etching, a fully austenitic structurs as pre-
dicted by the Schaeffler diagram. Preliminary investigation
shoued no significant change in microstructure for these de-
posits during the solutionizing treatment and only a slight
amount of carbide precipitation fer lcng holding times during
the aging treetment., In addition, the weld deposits showes 2
columnar structure of relatively large grain size, resulting
in a someuhat uninteresting microstructure from the standpoint
of optical microscopy. Because the microsccpe was the pri-
mary tool available for this investigation and because the
duplex structure of the welds deposited on the type 304 stain-
less steel were of a much more interesting nature in terms of
transformation during heat treatment, further investigation
of the fully austenitic weld deposits was abandoned in favor
of a more concentrated effort in studying the transformation

of the duplex structure,
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Photomicrography. The heat treated weld deposits of

ER 309 filler metal on type 304 stainless steel plate wers
studied thoroughly by optical microscopy. Representative
photomicrographs of the observations made are shown on the
pages to follow. All of the following photomicrographs are
of specimens sectioned transverse to the welding direction,
Ferrite and sigma contents of several of the specimens
used in this study were measured under the microscope using
a point count technigque. Thirty points in a 4 in., x 5 in,
field uere used, Counting was done at 1000X magnification
and 25 randomly selected fields were counted in each case,
The measurements showed an initial ferrite content of the
as-ueldad depésit of approximately 307%. The amount of sigma

Coe . - . nen0
phase found in the as-welded structure after aging at 13503

£

for 24 nr was 17.7%. This agress with a visual estimation
that about 60% of the criginal ferrite was transformed to
sigma after 24 hr at 1350° F. ferrite content of the solu-
tion annealed specimen was measured to be 8,6%.

Other observations of the microstructure of these weld
deposits which seem important but which did not lend them=-
selves to photographic recaording include:

1. Amount of ferrite which transformed to sigma upon

aging progressed steadily with time at temperature

for the as-welded specimens., Transformation of

a small amount (less than 5%) of the ferrite uwas
oSserved after 20 min at the aging temperature.

An estimated 80% of the ferrite had transformed to
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Figure 9 - Specimen in as-uelded condition, 720X,
etched electrolytically in oxalic acid at 3 v for
10 sec* A duplex austenite-ferrite microstructure
uith a dendritic solidification pattern is shoun.
The ferrite has solidified betueen the austenite

dendrites.
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Figure 10 - Same specimen as figure 9, 1500X, etched
in boiling double strength Murakami’s reagent for

15 sec.

32
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Figure 11 - As-uelded specimen aged for 1 hr at

1350° F, 1000X, etched in boiling strength Mura-

kami *s reagent for 15 sec.

Specimen shous trans-

formation of a small amount of ferrite to sigma

phase.
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Figure 12 - As-uelded specimen aged for 4 hr at

1350° F, 1000X, etched in boiling double strength
Murakamis reagent for 15 sec. Precipitation of
sigma phase has progressed beyond that of speci-

men aged for 1 hr.
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Figure 13 - As-uelded specimen aged at 1350°

24 hr, 1500X, etched in FeCl”-HCl for 15 sec.

F for

Aus-

tenite, ferrite, sigma, and carbides are shoun in

the general structure.
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Figure 14 - Same specimen as figure 13, 1500X, etched
in boiling double strength Murakani's reagent to re-
veal the sigma phase. Sigma is the dark colored
phase in this photomicrograph. In the microscope

the phase appeared rich broun in color under uhite

light.



T 1476

A v o\ / ' -r t' mX f
R > gyl y»lve'y V_ 1 \
r. < *vs k . VoA K« “H x
——H' ; J: m )\ > » w - A
JV*E e VV (2 V
'vo- - \Y4 Vo> !

Figure 15 - As-uelded specimen aged at 1350° F for
24 hr, 72GX, etched electrolytically in oxalic acid
at 3 v for 10 sec. Degree of transformation after
aging for 24 hr may be seen by comparing this photo-
micrograph uith figure 9 uhich is the as-uelded
structure revealed by the same etchant and shoun

at the same magnification.
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Figure 16 - Same specimen as figure 15, 1500X, elec-
trolytically etched in chromic acid at 5 v for 5 sec*

This etchant rapidly attacks sigma and carbides*
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Figure 17 - As-uelded specimen aged at 1350° F for

24 hr, 1500X, etched in Kalling*s reagent folloued

by a light polish. This etchant attacks only ferrite
leaving austenite, carbides, and sigma unaffected.
The decrease in the amount of ferrite as it trans-
forms to sigma may be seen by comparing this photo-

micrograph uith that shoun in figure 10.
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Figure 18 - As-uelded specimen aged at 1350°
24 hr, 500X, etched in FeCl”-HC1l for 15 sec.

base metal interface 1is shoun.

F for

Ueld-

40
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Figure 19 - As-uelded specimen aged at 1350° F for
100 hr, 10Q0X, etched in modified concentrated Mura-

kami’s reagent for 2 sec at 120° F.
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Figure 20 - As-uelded specimen aged at 1350° F for
500 hr, 1000X, etched in modified concentrated Mura-
kani’s reagent for 2 sec at 120° F. The sigma phase
appeared blue uhen vieued under uhite light. A
tendency of the sigma phase to agglomerate after ag-

ing at 1350° F for long periods of time may be seen.



T 1476 43

Figure 21 - As-uelded specimen solutionized at 2000° F
for 1 hr folloued by uater quench, 720X. Etch is
oxalic acid used electrolytically at 3 v for 10 sec.
Comparison uith figure 9 shous that the solutionizing
treatment has agglomerated the inter-dendritic fer-
rite into relatively large pools bounded by smooth

surfaces.



Figure 22 - Same specimen as figure 21, 1500X,
etched electrolytically in Murakami’s reagent for
5 sec at 1 v followed by immersion for 2 min in
concentrated Murakami’s reagent at room tempera-
ture. This etchant, which will reveal sigma and
carbides, shows only the ferrite boundaries in

this photomicrograph.
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Figure 23 - Solution annealed specimen aged at
1350° F for 20 min, 15GQX, etched as in figure
22* Edges of ferrite areas have transformed in-
to an apparently duplex product uhich can not be

resolved in the microscope*
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Figure 24 - Solutionized specimen aged at 1350° F
for 1 hr, 1500X, etched electrolytically in Mura-
kani's reagent for 5 sec at 1 v followed by im-
mersion in concentrated Murakami's reagent for

2 min at room temperature. Ferrite in this field

is largely consumed.

46



T 1476

c>

<X

Figure 25 - Solutionized specimen aged at 1350°

for 4 hr, 1500X, etched as in figure 24.

F
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Figure 26 - Solutionized specimen aged at 1350° F
for 4 hr, 1500X, etched in Kalling’s reagent for

10 sec folloued by light polishing. The unresolved
product observed in the preceding photomicrographs
is not etched, thus only the untransformed ferrite

is shoun.
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Figure
for 24
30 sec
at the

tenite

27 - Solutionized specimen aged at 1350° F
hr, 1500X, etched in Flurakami’s reagent for
at room temperature. Precipitated carbides
edge of the ferrite areas and at the aus-

grain boundaries are revealed.
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Figure 28 - Solutionized specimen aged at 1350° F
for 24 hr, 1500X, etched in boiling double strength
Flurakami’s reagent for 30 sec* Some of the remain-
ing ferrite as shoun in figure 26 has transformed
to sigma, shoun here as the dark massive phase.

Sigma uas colored a rich broun uhen vieued under

white light. This 1is not a typical field. Only
approximately 5% of the ferrite transformed to
sigma after aging the solutionized specimen for

24 hr.
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Figure 29 - Same specimen as figure 28, 1500X,
etched electrolytically in chromic acid at 5 v

for 5 sec. Sigma and carbides are heavily at-

atacked.
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Figure 30 - Solutionized

for 24 hr, 1000X, etched
Murakami*s reagent for 5
stained different colors

to broun in this field.
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<

specimen aged at 1350° F
in boiling double strength
sec. The sigma phase uas

ranging from blue to red
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Figure 31 - Solutionized specimen aged at 1350° F

for 24 hr, 500X, etched in FeCl”-HCl1l for 15 sec.
The epitaxial nature of the grouth of dendrites
from the unmelted base metal is shoun in this
photomicrograph of the ueld-base metal interface

region.
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sigma after 500 hr at 1350° F,

2., Transformation of ferrite to sigma was observed to
be much slower in those specimens which were first
solutionized. Sigma first appeared at 4 hr aging
time and the amount of the total ferrite trans-
formed was still less than 5% after aging for 500 hr.

3. The rate of sigma phase formation appeared to he
greatest in a band which roughly felloued the
weld-base metal interface and was located about
1/3 of the way from the root to the croun of the
weld deposit, The first sigma to form in both
the as-uwelced and solutionized structures uas

found in this region.

X=ray Diffraction

Confirmation of the presence of the phases abserved by
optical microscopy was provided by x-ray diffraction. It
was of particular importance to confirm the presence of the
sigma phase because it is often misidentified by optical
microscopy, owing to the poor reliability and control of the
etchants used in its identif’ication.5

Pouwder paﬁterns of the uweld deposits were obtained us-
ing a Debye-=Scherrer camera of 10 cm diameter. Unfiltered
chromium radiation was used and exposures were generally 4 hr.

First attempts to obtain identifiable powder patterns
wvere made by filing material from the weld deposit and mak-

ing a specimen rod by applying the filings to a glass fiber
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coated with Duco cement. Because of distortion of the cry-
stal lattice by filing, the lines of the patterns so obtained
wvere difuse and only the lines of austenite and ferrite could
be identified, In addition, a significant amount of the aus-
tenite was transformed to martensite during the filing as
evidenced by a strong attraction of the filings to a magnet.
This also contributed to a pouwder pattern uncharacteristic

of the true microstructure. A pouder pattern typical of
those obtaired using filings is shown in figure 32(a).

When the filings were annealed in the air at 1350° Fy a
pattern of sharp lines resulted., Unfertunately, this
yeilded no information about the constituents of the micro-
structure in its undisturbed state., This 1is particularly
true of the sigma phase which forms at the annealing temp-
erature and is knoun to be sensifive to prior cold work.

A typical pouder pattern for the annealed filings is shoun
in figure 32(b).

The method suggestec by Barnett and Troiano31 proved
successful in obtaining powder patterns of the relatively
undisturbed structures. This method consisted of grinding
the specimen into a rod of cross-section about 1 mm square.
The specimen uas then etched electrolytically for 5 min at
6 v in a soclution of 45 g FeCl3 in 100 ml water. This served
to disolve the austenitic matrix, leaving the secondary
phases, particularly, sigma, in relief, Figure 33 shous

typical patterns obtained by this method., . The patterns for
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Figure 32-

Typical x-ray diffraction patterns ob-

tained from cool-uorked (a) and annealed (b) filings.
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(a) As-uelded
(b) Solution annealed, aged 500 hr at 1350° F
(c) As-uelded, aged 500hr at 1350° F
1
=L— 1mm.l1--- --—------- Ul ————- s.i.gyg., lines
20 = 180 I I I I Till other lines
r r Y x ywv t
* <
Figure 33 - X-ray diffraction patterns obtained

after disolving matrix in Fe-Cl” solution.
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the as-uslded specimen (33a) and the specimen which was
solution annealed at 2000° F folloued by aging at 1350° F for
500 hr (33b) show only austenite and ferrite lines. Figure
(33c) is the pattern for an as-welded specimen aged for 500
hr at 1350° F., 1In addition to the austenite and ferrite
lines, at least B8 lines attributable to the sigma phase could
be indexed unambiguously. The sigma pattern obtained is ident=-
ical to that -for Fe-Cr sigma in the A.S.T.fM., Pouder Diff=-

raction File,

Hardness Measurements

Hardness values for representative specimens covering
the entire range of heat treatments were obtained using both
a Tukon hardness testing instrument and a standard Rockuwell
hardness tester, A load of 0.1 kg was used with the dia-
mond pyramic indenter on the Tukon tester. Measurements
with the Rockwell machine were made on the B scale,

No trends in hardness with heat treatment were observed
using either scheme, leasured Rockuwell B values were in the
range B85-92 and OPH numbers ranged from 195-220. 1In all
cases values were measured in both the bass-metal and weld
metal areas of the specimen. Again, no difference in hard-
ness uasrobserved betwueen base-metal and weld metal. These
results are in accord with those summarized by Lena.11

It was not possible to measure the hardness of the

sigma phase alone in these specimens because of the small

size of the phase in the microstructure. A typical micro-
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hardness traverse in a specimen showing heavy sigma precipi-

tation is shown in figures 34 and 35.

Microprobe Analysis

An attempt was made to follow the redistribution of
chromium which results from solidification and heat treat-
ment by electron-probe analysis, The instrument used was a
Philips model 4500 electron-probe microanalizer. Ths concen=-
tration distfibution of chromium in the weld metal specimens
was displayed on a cathode-ray oscilloscope in a line raster
mode symchronous with a line raster scanned by the electron
beam on the specimen surface., The analyzer crystal, Lif,
was preset to diffract the characteristic CrK radiation,
the instantaneous intensity of which was measured by a gas
proportional counter., Pulses from the counter with a height
within a windouw preset on a pulse-height selector are re-
corded in the form of a dot on the oscilloscope. Figure 26
is a Polarid picture of the oscilloscope display shouwing
chromium distribution in the as-deposited weld structure.
This picture represents approximately 40 scan cycles during
an elapsed time of 10 min. Magnification is approximately
1000X.

Assuming that chromium segregates to some extent into
the ferrite areas which sclidify between the austenite dend-
rites, figure 36 should shouw an image of the same pattern
as that shoun in figure 9, Although figure 36 shous that

chromium distribution is not strictly homogeneous, no de-
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Figure 34 - Microhardness traverse 1in specimen aged

1350° F for 1 hr, 0,1 Kg load. 250X.
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Figure 35

- Microhardness indentations at 1000 X.

61



1476

Figure 36 - X-ray image of chromium distribution

in as-deposited ueld. 10Q0X.
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finite pattern is immediately evident. A possible reason
for the inconclusive results is the fact that typical widths
of the ferrite areas as measured from figures 9 and 10 are
of the order of 1-3 microms,., The size of the well focused
electron beam is of this same order of magnitude., There-
fore, during a scan the electron beam is only rarely in a
fully ferritic area of the microstructure and as a result
the information displayed on the oscilloscope represents
for the most part either X-rays emitted from the fully aus-
tenitic portion of the microstructure, or those emitted
from an area partially ferritic and partially austenitic.

Daemen and Dept27

found it impractical to observe chromium
enrichment in the ferrite phase of a duplex 316 L weld de=-
posit using electron-preobe microanalysis. In cast austenitic
stainless steel structures containing ferrite poaols of the
order of 20-30 microns across they were able to show en-
richment of chromium in the ferrite phase to'approximately
125% of base alloy composition.

It is believed that the distribution of alloying ele-
ments in the weld microstructure could be shown in a more
successful manner than is shown here by refinement of the
measurement technique., By maintaining the electron beam
as a fixed point on the specimen surface and using motor-
driven specimen translation at a very slow rate while mea-~
suring intensity of emitted X-rays by means at a rate-

meter recorder, the results would prcbably be much improved,

For this study, houever, it was felt that the aduitisnal
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time required for a detailed analysis using linear traces

was not warranted,
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DISCUSSICON

Weld Solidification Structure

The microstructure of the as-deposited weld and its
subsequent transformations as a result of heat treatment
are a direct result of the mode of solidification of the
weld. Chalmer532 considers the solidification of a weld
to differ from that of any other casting only with respect
to the nature of the mold, the inital temperature dis-
tribution, and the size of the castinag. Given this, the
the solidification of the weld deposit may be assessed,
at least qualitatively, on the basis of solidifation
theory applicable to any type of solidificétion process,

Solidification mode., The transformation of a liquid

phase to a solid during solidification occurs by a process
of nucleation and growth. Reference to figure 18 shous
that the solidification of the weld deposit initiates at
the base metal and grows epitaxially from the existing
structure. Thus the mechanics of growth, and not of nuc-
leation, are of arimary importance in discussion of weld
solidification, |

The photomicrographs of the as-welded structure (fig-
ure 9 and 10) shouw a solidification structure generally

termed cellular dendritic. The origin of this structure
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may be explained in terms of the mechanics of growth of

the crystals from the melt., A stable type of solidifica=-
tion is considered to be that in which a planar interface
moveé through the liquid., This mode of growth is theoreti-

cally characteristic of only the purest of one-component

systems in which the heat is extracted from the melt through

the solidified crystal, All other systems exhibit some
form of unstable growth resulting from the preferential
growth of localized areas due tc favorable temperature con-
ditions in the melt ahead of the growing crystal., If the
volume of liquid metal ahead of a growing crystal is al-
ways at a temperature lower than that required for solid-
ification, the growth of the crystal is sustained.

The solidification pattern shown in figure 9 has been
described as cellular dendritic., The characteristics of
this growth mode have been related in dstail by E.‘halmez:e;._s2
This pattern of solidification is typical in weld deposits.
Cellular dendrites differ from free dendrites in that the
growing crystals interact, forming nearly continuous uebs
perpendicular to the main direction of grouth,

During solidification of a weld we knouw that heat is
supplied from the arc to the melt and extracted through the
growing crystals, There must exist then, a means of main-
taining a supercooled volume of metal ahead of the growing

dendrites which results in the unstable growth structure

observed. This supercooling results from the fact the alloy

freezes over a range of temperature and is termed con-

33



T 1476 67

stitutional supercooling. In systems uwhich freeze over a
range of temperature, the solid which forms from the melt
has a different solute content than the liquid from which
it forms., The solute (or solvent) which is rejected into
the melt at the interface must be distributed in the liquid
by diffusion or convection in the liquid. Neither cf these
processes are instantanecus, thus at any instant the liquid
near the intsrface is of the composition which would be pre-
‘dicted by equilibrium phase relationships at the temper-
ature of the interface., The liquid at a distance from the
interface would be of higher or lower solute content than
at the interface, depending upon whether the liquidus temp-
erature increases or decrease with solute content. 1In
either case the ligquidus temperature of the liquid in con-
tact with the interface is lower than that of the ligquid

at a greater distance from the interface. The consequence
is that supercooling can occurr even though the tempera-
ture in the liquid is everyuhere greater than the liquidus
temperature of the bulk liguid.

Segregation, The solidification of the weld deposit

appears to have occurred in 3 steps: 1) rapid unstable
grouth of dendrites, 2) thickening of the dendrite arms at

a rate probably much slower than their initial formation,

and 3) freezing of the liquid left in the interdendritic
regions. Most of solidification theory is based upon studies
of 1 or 2 component systems generally solidifying as a single

phase. Polyphase sclidification has been studied in depth
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only in simple binary eutectic systems. At first glance
then it seems rather bewildering to attempt to apply the
principles of solute redistribution during solidification
to a system of at least 6 components as is being studied
here. Howsver, by vieuwing the effect before the cause, the
principles may be applied in a qualitative way.

The as~welded microstructure shows that ferrite has
solidified in the areas between austenite dendrites. Know-
ing that the ferrite contains a greater concentration of
chromium than does the austenite, we can imagine the sys-
tem as a simple one in which the solvent is iron and the
solute is chromium, Chromium was picked as the soclute be-
cause of its importance in subsequent transformations of the
solid structurs, |

Because the freezing rate of the weld is very rapid,
the éolid which forms during the solidification cannot ad-
just itself to its equilibrium solute concentration at each
incremental temperature. Thus the solid which forms dis-
plays a cored structure in which the first solid to form
is deficient in the solute with respect to the subsequent
gplid to form and the average solute content of the solid is
less than that which would exist under equilibrium conditions.
1hese observations are applicable to the austenite phase in
the observed sglidification structure. The last liquid to
solidify does so as the ferrite phase, Formation of this

second single phase suggests a reaction in the system some-
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what analogous to the isothermal binary peritectic reaction,
Using the reasoning applied to the austenite phase above, this
phase could be expected to contain a higher concentration
of chromium than would be present under equilibrium con-
ditions. The ferrite phase would also be cored, with the
chromium concentrated at the center rather than at the out-
side of each ferrite area, although this phenomenon wsculd
be of a much shorter range than it is in the austenite be-
cause of the relative size of the phase areas,

Segregation of the kind described above is generally
termed microsegration or dendritic segregation. Macro
or long range segregation is also observed in welds, al-
though to a lesser extent than microsegregation. The na-
ture of dendritic growth tends to minimize long range seg-
regation by trapping the solute which has.been re jected at
the solid:liquid interface betwesen the dendrite arms,
Transverss solute bancing may be a significant mode of long
range segregation in welds. The banding results from per-
iodic changes in temperature gradient in the liquid. The
bands, which occur as surfaces perpendicular to the direction
of solidification, are either regions of solute enrichment
due to a sudden increase in growth rate or regions of solute
depletion due to a sudden decrease in growth rate.34 Al=-
though direct observation of this phenomencon uwas not made
in the experimental work presented here, this effect may
have manifested itself in the observation of most rapid

sigma precipitation along a band of definite location with-
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in the structure,

Nature of Observed Transformation

The transformations observed in the as-welded and sol-
utionized weld deposits of the ER 309 filler metal on a typse
304 stainless steel base metal will be discussed,

Transformation of the as-welded structure. It has been

shown by thephotomicrographs of figures 9-21 that the fer-
rite phase present in the as-welded microstructure trans-
forms to sigma phase when aged at 13500 F. The extent of
this transformation depends upon time at the aging tempera-
ture. A small amount of sigma precipitation is observed in
the as-uwelded structure which has been aged for only 20 min,
Aging for 24 hr at 1350° F results in sigma precipitation in
approximately 60% of the prior ferrite sites and at 500 hr
aging time this figure increases to approximately 80% by vis-
ual estimation. An interesting observation with regard to
sigma preciﬁitation in the as-welded structure is the fact
that ferrite may transform completely to sigma in one inter-
dendritic area while no transformation is observed in an
immediately neighboring interdendritic region. This is
illustrated in figure 19. Calvo, Bentley, and Baker33
found that the type of solidification growth structure in
a weld deposit, and thus the degree of microsegregation
immediately associated with it, is orientation depend-
ent. Thus if we assume that the transformation of sigma

is dependent to some degree upon segregation of chromium
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during soiidification, the observed inhomogeneity in sigma
transformation finds probable explanation.

Figure 13 shouws the general structure of the as-de-
posited structure which has been aged for 24 hr., This
photomicrograph suggests that sigma is not the only product
of the transformation of the ferrite, Actually homogeniza-
tion of the structure by diffusion would be expected to re-
sult in migration of chromium from the ferrite phaese to the
austenite and transformation of some of the ferrite to aus-
tenite. 1In addition, chromium carbidés would be expected
to precipitate at the aging temperature. Ffor precipitation
of carbides at the austenite:ferrite interface, the depletion
in chromium content of the ferrite could cause its transform-
ation of the lower chromium austenite., Holt and Nicholson28
have reported that studies by electron microscopy have shoun
that the initial breakdoun of the ferrite phase results
from a finely lamellar mixture of new austenite and siagma
growing inuward from the ferrite boundary. The etching tech=-
nigues and optical microscopy used in the present investiga-
tion could neither confirm nor deny this observation.

Transformation of the solutionized structure. Heating

the as-welded deposit for 1 hr at 2000° F follouwed by a water
guench results in the structure shouwn in figure 21, The
interdendritic ferrite regions have agglomerated into re-
gions bounded by smooth curves, presumably as a result of a
driving force provided by a decrease in suface free energy

of ferrite:austenite boundary. At the same time the
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amount of ferrite in the structure decreased significantly.
This is a probable result of redistribution of alloying ele-
ments which uere segregated as a result of solidification.
The ferrite content observed in this specimen is probably
very nearly equal to the equilibrium amount for the bulk de-
posit composition at 2000° F.

Figures 23-27 show the initial breakdown of these agg-
lomerated ferrite areas due to aging at 1350° F. UWhether
the unresolved product is austenite and carbide or aus-
tenite and sigma, the mechanism for tfansformation is the
same, DOepletion of the chromium from the ferrite by form=-
ation of a phase higher in chromium results in the ferrite
being transformed to austenite,

Figures 28-30 show areas of gross transformation of
ferrite to sigma phase. It must be remembered that even
at an aging time of 500 hr, only about 5% of the ferrite
showed transformation to sigma. This results in an amount
of sigma in the total structure of less tiian 1%, Measure=-
ment of the amount of sigma in the as-welded structure after
aging 24 hr at 1350° F shouwed almost 18%.

Although the amount of sigma phase present in an alloy
of given composition is presumably fixed at any temperature
level uwhen equilibrium is attained, nc tendency toward this
situation is evident after 500 hr at 1350° F, For practical
purposes this type of equilibrium may never be obtained,
Thus, prior treatment is an important factor in the trans- .

formations observed, The beneficial effect of prior heat
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treatment in the 1925-2000° F range in reducing the embrittle-
ment of duplex weld metals has been recognized by Malone.35
The effect is attributed to the agglomeration of the ferrite
pools and reduction of the amount of ferrite in the struc-
ture. Sigma formed later is then reduced in amount and
present in a discontinuous pattern., This, however, is only

a description of the observed result. Evidence from the
present study indicates that significant sigma phase form-
ation is primarily a result of segregation of sigma form=-
ing elements during weld solidification. Annealing of the
deposit at 2000° F eliminates this segregation by homo-~

genization and greatly reduces the tendency toward sigma

formation.
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CONCLUSIGONS

From the literature survey and results of the experi-

mental work, the following conclusions can be drawn:

1.

2,

Ferrite transforms readily to sigma phase in the
as-welded deposit aged at 1350° F.,

Rapid transformation of ferrite to sigma in the
weld deposit aged at 1350° F is attributable to
ségregation of sigma forming elements in the fer-
rite phase during weld solidification.

Heating of the uéld deposit for 1 hr at 2000° f
followed by water quenching causes a significant
decrease in the amount of ferrite in the deposit.,
This is a result of homogenization of the solid-
ification structure.

A marked reduction in the rate and amount of sigma
phase formation results from prior heat treatment
at 2000° F, Again, this results from alloy homo-

genization,



T 1476 75

SUGGESTIONS FOR FURTHER RESEARCH

Some of the factore involved in the kinetics of
sigma phase formation were examined in this investigation.
Results indicate that alloy composition, both bulk and
local, probably exerts the greatest thluence on the
formation of this phase, Although it may be necessary
to undertake similar studies with regard to specific
processes and materials in which sigma phase may be a prob-
lem, it is felt that additional studies of sigma kinetics
is unwarranted,

The area of weld solidification would seem to be an
gxceptionally fruitful subject for further ressarch., This
field has not been investigated extensively and quant-
itative treatments are virtually non-existent. The present
study suggests ssveral specific areas of possible importance:

1.) \UWelding process parameters are currently estab-
lished on an empirical basis, Evaluation of a process is
based upon the performance of a welded joint against a
specified standard in tests of mechanical properties. Cor-
relation of mechanical properties with weld solidification
structure, "and in turn correlation of solidification

structure with welding parameters, should lead to a sound
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basis for selecting optimum welding parameters for any
joining situation.

2.) Epitaxial growth of crystals in the weld deposit
from those in the unmelted base material is generally ob-
served in welds. Investigation of the influsnce of pre-
ferentially oriented base metal grains on the uweld solidifi-
cation structure could be useful in predicting resulting
mechanical properties.

3.) Long and short range segragation in weld deposits
can have a marked effect on the corrosion resitance of
welds., An investigation directed toward minimizing seg-
regation by adjustment of welding parameters would be of

practical significance.
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7.

10.

1.

12,
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