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Shielded metal arc (SMAW) welded specimens using austenitic consumable materials with diffeerent amount of
delta-ferrite are annealed in range 650-750 °C through 2-10 hours. Factorial plan 33 with influenced factors regres-
sion analyse of measured delta-ferrite values is used. The transformation i.e. decomposition of delta ferrite during
annealing was analysed regarding on weld cracking resistance using metallographic examination and WRC-1992
diagram.
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Utjecaj toplinske obradbe na pretvorbu delta-ferita u zavarima austenitnih nerdajucih celika. Ru¢no
elektrolu¢no(REL) zavareni uzorci uporabom austenitnog korozijski postojanog dodatnog materijala s razli¢itim ud-
jelima delta ferita, zareni su u podrucju 650-750 °C tijekom 2-10 sati.Koristen je faktorski plan 33 sa regresijskom
analizom utjecajnih ¢imbenika mjerenih vrijednosti delta ferita. Pretvorba odnosno raspad delta ferita za vrijeme
zarenja analizirana je s obzirom na otpornost zavara pukotinama metalografski i uporabom WRC-1992 dijagrama.

Kljucne rijeci: REL, austenitni korozijski postojani zavari, pretvorba delta-ferita, toplinska obradba Zarenjem, metalo-

grafsko ispitivanje.

INTRODUCTION

In austenitic A mode stainless steels welds, accor-
ding to Koseki at al [1], the interdendritic regions are
enriched in Cr and Ni, while in AF mode weld metal
occurs significant enrichment of Cr and depletion of Ni.
Ferrite nucleates in the Cr-rich and Ni-depleted regions
as a non-equilibrium phase. When FA and F mode soli-
dification takes place, the dendrite core is significantly
enriched in Cr and depleted in Ni. The segregation of Cr
to ferrite and Ni to austenite during solidification plays
a major role in stabilizing the ferrite during subsequent
solid state transformation. The various ferrite morpho-
logies observed at room temperature can be interpreted
often only in terms of the solidification mode and the
subsequent solid state trasformation from ferrite to au-
stenite (Figure 1). The change in composition can be
considered in terms of Creq/Nieq ratio[2]. For higher
Creq/Nieq, AF mode solidification occurs in which au-
stenite is the primary phase. For low ratios, A-mode so-
lidification occurs and there is no change in structure
after solidification as no ferrite is present and a part of
the remaining liquid solidifies as intercellular ferrite.

On cooling to lower temperatures, most of the ferrite
transforms and the residual ferrite left behind in the Cr-
rich dendritic cores causing the characteristic structure
known as vermicular ferrite. For still higher Creq/Nieq
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ratios in the FA and F modes, the ferrite is increasingly
stable and the 6—>6+y phase boundary occurs lower in
temperature. As the transformation kinetics become
slow, elongated acicular and Widmanstitten type mor-
phologies are promoted. Solidification cracking occurs
predominantly by the segregation of solutes to form
lowmelting phases, which under the action of shrinkage
stresses close to solidification cause cracking.

The tendency of weld solidification cracking de-
creases dramatically at Cr, /N ieq ratios slightly less than
1,5 for equivalence determined from WRC-1992 calcu-
lations, as shown in Figure 2. [3]

The Cr_ and Ni_ are calculated corresponding to the
equations empirically derived from the WRC-1992
equation and then plotted on the appropriate constitu-
tion diagram to determine which microconstituent will
initially solidify [2, 4].

A mode IAFmoda] FA mode I F mode

Figure 1 Schema of solidification modes in austenitic stainless
steelwelds with phase morphologies [1]
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EXPERIMENTS
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Shielded metal arc (SMA) welded specimens are
submitted to annealing in range 650-750 °C. Sensibili-
zation time is varied in range 0 - 10 hours. The speci-
mens are welded with austenitic filler metals containing
different amount of delta-ferrite with chemical compo-
sition shown in Tablel. Delta-ferrite contents in dis-
similar austenitic welds are determined by dr. Foerster-
L. Institute Ferrite Content - Meter type 1,054 device
which work on magnetic permeability basis. Measuring
| 1!5 2 2_'5 3 was performed on six different places of specimens di-

Creg/Nieq (WRC 1992) mensions 22 x 6 x 4 mm and on minimum three 3)

specimens for each level of experiment. On Figure 3,

Figure 2 Cracking susceptibility based on WRC-1992 Creq. WRC-1992 diagram is shown with location of predicted
and Nieq [3] weld metal composition calculated from chemical anal-

ysis of used filler metals. Review of delta ferrite values
measured on welds specimens with joint-macrostruc-
ture shown on picture is presented on Table 2. The table
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Table 1 Chemical elements analysis of SMAW consumable material

SMAW consumable material Elements content, wt / %
C Si Mn Ni Cr Mo S P Fe
AT AWSE309L 0,019 0,85 0,83 13,3 233 - 0,011 0,022 Rem.
A2 AWSE316L 0,019 1,03 0,55 11,0 18,8 2,82 0,003 0,023 Rem.
A3 AWSE 308 L 0,030 0,80 0,60 9,20 19,1 - 0,060 0,060 Rem.
Table 2 Review of average values Xof &-ferrite measured in welds with regression equations
Consumable SMAW Annealing
material time / hours
C
¢ =0 hogrs C =2 hours €. =10 hours Regress.lons Equa-
No annealing 2 3 tions
Annealing
temperature/°C
B
B 5,00 2,25 0,15
650 °C 4,85 X=4,58 230 | X=237 | 225 | X=1,84
A, 3,90 2,50 3,10
AWS E 309 L B 5,00 1,35 1,55 8-ferit = 3,595-
Jo0eC 4,85 X=458 | 170 | X=144 | 105 | X=022 0302060952'3
Creq./Nieq.=1,668 3,90 1,25 1,05 o
(WRC-1992) B 5,00 0,80 0,45
750°C 4,85 X=4,58 175 | X=1,42 | 030 | X=0,32
3,90 1,70 0,20
B 6,35 3,35 0,45
' 6,20 X=6,10 3,20 X=3,1 380 | X=2,53
A , , ,
2 650°C 575 2,85 3,35
AWSE316L B 635 _ 218 | 280 | &-ferit =5,6299-
700°C 6,20 X=6,10 260 | X=204 | 310 | X=243 -0,00156B-
575 1,35 1,40 -0,3148 C
Creq./Nieq.=1,853 8 6,35 0,75 0,40
(WRC-1992) 750°C 620 | X=610 | 075 | X=0,82 | 040 | X-042
5,75 0,95 045
8 2,35 X=2,65 230 | X=2,72 | 3.00
" 3,45 2,50 360 | X=3
A, 650°C 2,15 3,35 2,70
AWSE 308 L B 2,35 — 1.25 — 2,15 — S-ferit = 2,526-
o2 3,45 X=2,65 205 | X=185 | 140 | X=1,57 ) )
700 °C 215 295 115 0,00011B
Creq./Nieq.=1,863 ! ’ ! -0,0649 C
(WRC-1992) B 2,35 2,10 0,95
750 °C 3,45 X=2,65 085 | X=1,63 | 085 | X=088
2,15 1,95 0,85
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A, AF, FAF stand for solidification modes
A 1 Austenitic single phase ( r )

AF  : Primary phase ( r ) + Eutectic Ferrite { & )
FA : Primary phase ( & ) + Peritectic / Eutectic phase ( r )
F : & Single phase Solidification

Figure 3 WRC-1992 diagram with areas of expected austenitic
weld structures regarding on cracking resistance
using consumable materials A1; A2; A3.

presents regression equations and calculated Creq./
Nieq. for each used filler metals, too. The characteristic
diagrams on transformation-decomposition level of
delta ferrite depending on start level (different type of
austenitic filler metals) , annealing temperature (sensi-
bilisation range) and annealing time are presented on
Figures 4 and 5. Delta - ferrite microstructure-morphol-
ogy transforming of different austenitic welds depend-
ing on annealing parameters (temperature and time ) is
shown on Figure 6. Metallographical analysis of auste-
nitic welds is performed by optical Leitz microscopy.
Review of austenitic welds delta-ferrite structure is de-
veloped-electrolytically eatched by 5 % KOH. All pho-
tographs are magnificated 500 x.

DISCUSSION

When hot cracking occurs in a austenite weld metal,
a comon solution is to use a mostly austenite filler metal
that includes a small amount of ferrite.
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Figure 4 Delta-ferrite transformation depending on annealing
temperature during t=2 hours
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Figure 5 Delta-ferrite transformation depending on annealing
temperature during t=10 hours

However, another approach to avoiding hot cracking
may be necessary in situations that require low magne-
tic permeability, high toughness at cryogenic tempera-
tures, resistance to media that selectively attack ferrite
(such as urea) or postweld heat treatments (PWHTs)
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Figure 6 Delta-ferrite morphology and transformation during heat treatment by annealing
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that embrittle ferrite. These requirements have to strictly
limit the acceptable amount of ferrite.

Because primary ferrite is the preferable microstruc-
ture, use of the WRC-1992 diagram should reduce prob-
lems of hot cracking during welding.

Although the WRC-1992 diagram is more accurate
in predicting ferrite content for many weld metal, the
Schaeffler diagram still retains some utility because it
can offer reasonable accurate prediction in terms of
martensite in low-alloyed stainless steel composition.
This is because the WRC-1992 diagram does not in-
clude effect of Mn (manganese). Without manganese
(Mn) effect , it is not possible to put a boundary for the
martensite phase in the WRC-1992 diagram. The
dashed-dividing line between compositions that solidify
primary as austenite and that solidify primary as ferrite
is not parallel to the isoferrite lines. It is at a small angle
to isoferrite lines what means that more ferrite is neces-
sary at room temperature to confirm presence of prima-
ry ferrite solidification in higher-alloyed than in low-al-
loyed stainless steel weld metals.

CONCLUSIONS

The volume of delta-ferrite in used filler metal
(WRC-1992 diagram) comparing with measuring val-
ues of delta-ferrite at performed austenitic stainless
steel weld evidentilly droped. Multipass welding, heat
input, penetration and colling rate caused decomposi-
tion of (y+9) structure. During the heat treatment by an-
nealling the decomposition of delta-ferrite continues
and reachs maximum at 750 °C through 10 hours. The
largest drop registered at heat treated joints which was
welded by austenitic electrodes with the highest FN.
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Regression analysis directed on significantly influ-
ence of filler metals sorts i.e. chemical content or Creq./
Nieq. rate. The influence of temperatures levels is minor
comparing with influence of the time of duration. Re-
gardless of all filler metal solidifies in AF mode (high
resistance to cracking resistance), austenitic welds after
performed heat treatment have low cracking resistance.
The volume of delta-ferrite decreased by annealing in-
cluding decomposition and transformation into carbides
and intermetallic phases (c-phase, y-phase) causing
weld brittleness. Delta-ferrite morphology varyed from
vermicular, lacy and accicular shape to globular form at
higher temperature and longer exposition time.

The heat tretment by annealing of austenitic weld
has damaging influence on inclination to brittleness of
austenitic welds with small amount of delta ferrite. Spe-
cially it is characteristically at austenitic welds with
molybdenum.
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