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EFFECT OF DELTA FERRITE ON THE MECHANICAL PROPERTIES OF DISSIMILAR FERRITIC-AUSTENITIC
STAINLESS STEEL WELDS

The dissimilar welds of AISI 304 to AISI 430 stainless steel was investigated by using gas tungsten arc welding. Three
filler metals including ER309L, ER316L and ER2594 were applied. The weakest region of the welds was the heat affected zone
of 430 stainless steel due to the formation of martensite. Also, the wide grain growth zone was observed in this side. The ferrite
number for type 309L, 316L and 2594 weld metals was about 15, 32 and 57, respectively. The hardness and tensile strength values
of the weld metals were higher than that of the heat affected zones and the base metals. The ferrite presented higher hardness
values than the austenite in type 316L and 309L joints; while the hardness of austenite and ferrite was comparable in type 2594

weld metal.
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1. Introduction

The ferritic stainless steels could be substituted for the aus-
tenitic stainless steels due to their special properties such as high
strength and corrosion resistance in chloride services. Also, they
are usually used in oil, gas, petrochemical, nuclear and power
industries [1]. The reduced ductility of ferritic stainless steels
after welding limits their application in critical situations [2].
This problem has been related to the existence of coarse grains
in the weld metal (WM) and the heat affected zone (HAZ) of
fusion welds [3]. Although the austenitic stainless steels show
their superiority in these cases, the joint between austenitic and
ferritic stainless steels may be inevitable in many instances.

The microstructure of dissimilar stainless steel welds
depends on the chemical composition of base metals and filler
material, and the welding parameters such as heat input and
cooling rate. The effect of heat input on the microstructure and
mechanical properties of gas tungsten arc welded 304 stainless
steel has been studied by Kumar and Shahi [4]. They have re-
ported that the high heat input deposits showed the large average
dendrite length in the weld zone.

The value of Cr.q/Niq ratio has a significant effect on the
solidification mode [5] and the resulting microstructure [6].
Hsieh et al. [7] found that chromium stabilized the massive delta
ferrite (3) in the microstructure of weld metal during dissimilar
stainless steel welding. The formation of massive o-ferrite could
increase the hardness values of WM.

The application of matching filler metals imports poor
toughness [8] and corrosion resistance [9] of the ferritic stainless
steel welds. The grain coarsening has usually been observed in
these welds. On the other hand, the ease of welding and proper
mechanical properties could be obtained by the austenitic filler
metals [10].

Padilha et al. [11] have claimed that the role of chemical
composition on the formation of microstructure constituents
(e.g. delta ferrite) is more important than the effect of cooling
rate. Although austenite and delta ferrite are usually found in
the microstructure of stainless steel welds, martensite could be
formed in the austenitic matrix of Fe-Ni [12] and Fe-Ni-C alloys
[13] by quenching from high temperatures.

The effect of several alloying elements on the properties of
Cr-Ni steel joints has been studied. Taban et al. [14] have found
that the ductility of the ferritic stainless steel deposits could be
improved by using type 309 filler metals instead of type 316
wires. According to Mohandas et al. [1], the addition of tita-
nium and copper promoted the strength of AISI 430 weld metal.
Anderson et al. [15] have shown that Mo was more uniformly
distributed in the ferritic welds compared to the austenitic ones.
Also, sulfur and phosphorus formed liquid films in the interden-
dritic and grain boundary regions and facilitated the occurrence
of solidification cracking. The weld metals with the primary
ferrite could be useful to prevent the formation of solidification
cracks. The high solubility of P and S in ferrite had a positive
impact on the solidification cracking resistance [16]. In the case
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of HAZ cracking, sulfur is more harmful than phosphorus due
to the higher diffusion rate and segregation of sulfur in the heat
affected zone [17]. Additionally, researchers have believed [18]
that the deleterious effect of phosphorus on solidification crack-
ing is higher than that of sulfur. Brooks [19] found the same
results in the investigation on the high Mn austenitic stainless
steels. It has been suggested [ 17] that the formation of MnS could
reduce the effect of sulfur on solidification cracking.

Although several researches have been done on the proper-
ties of stainless steel welds, the task is more challenging in the
case of dissimilar joints due to the different composition and
metallurgical characterizations. These joints are used widely
in petrochemical and food industries (e.g. storage vessels). The
objective of this work is to investigate the effect of chemical
composition of the weld metal on the microstructure and me-
chanical properties of dissimilar stainless steel joints.

2. Experimental procedures

In this study, AISI 304 austenitic stainless steel and AISI
430 ferritic stainless steel sheets with 3 mm thickness were used
as the base plates. The 2.4 mm filler metals employed in this
research were ER309L, ER316L and ER2594. The chemical
compositions of the base and filler metals are listed in Table 1.
Furthermore, WRC-1992 pseudo-binary diagram [2] was used
for analysis of the weld metals. The square butt joints with a root
gap of 1.5 mm were made using a single pass gas-tungsten arc
welding (GTAW) process. The same welding heat input (about
4.7 kJ/mm) and high purity argon shielding gas (99.999%) was
applied for all specimens.

The hardness of different regions of the welds was measured
using Vickers microhardness testing at a load of 500 g. For each
region, the test was repeated 5 times and the average value was
reported as the measured hardness. Also, Vickers microhardness
measurements were done on the ferrite and austenite phases at
aload of 100 g. Both transverse and longitudinal tensile test were
carried out; for each, two sub-sized standard tensile samples were
prepared according to ASTM ES8 (Fig. 1).

Moreover, the transverse sections were cut across the welds,
and afterwards were grounded and polished using different
grades of emery papers and finally with diamond paste. Then,
the electroetching process in 10% oxalic acid was employed to
obtain the metallographic sections for optical microscopy stud-
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Fig. 1. The schematic illustration of the tensile test samples

ies. The oxalic acid solution could detect probable chromium
carbides in the weld area [20]. The characterization of the phases
was obtained using a Philips X pert MPD X-ray diffractometer.
The ferrite measurements were performed using an AKA Scan-
MPS51 ferritoscope. Further studies on the microstructure were
done with a Tescan Vega II XMU scanning electron microscope
(SEM) linked to a Rontec energy dispersive X-ray spectroscopy
(EDS) system.

3. Results and discussion

According to Fig. 2(a), the microstructure of 304 stainless
steel consisted of austenite (y) with small amounts of delta fer-
rite; while the equiaxed ferrite grains with fine carbide particles
were the dominant microstructural phases of 430 stainless steel
(Fig. 2(b)).

The same welding conditions produced the same HAZ
microstructure in all specimens. According to Fig. 3(a), the HAZ
of 304 stainless steel showed a transition zone, and some delta
ferrite was observed along the grain boundaries. This ferrite could
prevent grain growth and decrease the likelihood of hot cracking.
It has been reported that the formation of grain boundary ferrite is
encouraged by chromium partitioning towards the solidification
boundaries [21] and the increase in Crqq/Nigq ratio [22]. Also,
the intergranular chromium carbides were found in the HAZ of
304 stainless steel. As shown in Fig. 3(b), the intermittent pits
were formed along the grain boundaries after oxalic acid etching
due to the removal of chromium carbides.

A mixture of ferrite, martensite and chromium carbide
was observed in the HAZ of 430 stainless steel. Martensite was

TABLE 1
The chemical compositions of the base and filler metals
Composition (wt-%) C Si Mn P S Cr Mo Ni Co Cu W Creg/Nigg
AISI 304 0.07 0.5 0.9 0.030 | 0.010 18.3 0.27 8.2 0.1 0.1 0.02 1.78
AISI 430 0.18 0.4 0.4 0.020 | 0.006 16.1 0.03 0.1 0.02 0.1 0.02 2.90
ER309L 0.03 0.5 1.8 — — 23.0 0.30 13.0 — 0.3 — 1.60
ER316L 0.03 0.5 1.8 — — 19.0 2.8 11.5 — 0.3 — 1.67
ER2594 0.02 0.4 0.4 — — 25.0 4.0 9.8 — 0.2 0.9 2.76

"Creq=Cr+ 1.5 Si + Mo +2 Ti + 0.5 Nb
Nigy =Ni+30(C+N)+0.5Mn+0.5Cu+0.5Co
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Fig. 3. (a) The HAZ of AISI 304 stainless steel adjacent to the WM 2594 (the arrows indicate the formation of d-ferrite along the grain bounda-
ries); (b) The intermittent pits along the grain boundaries due to pull out of the chromium carbides

found at grain boundaries due to the formation of austenite in
the welding thermal cycle as shown in Fig. 4(a). The grain size
in the HAZ of type 430 was larger than that in the HAZ of type
304 stainless steel (Fig. 4(b)). It is believed [23] that the driving
force for recrystallization is higher in the ferritic steels than in
the austenitic ones. Mukherjee and Pal [10] have observed the
formation of martensite in ferritic-austenitic dissimilar weld-
ments. They have reported that the formation of martensite
promoted the toughness of welds. Contrary to their findings, the
mechanical results showed that the formation of martensite and
wide grain growth zone in type 430 HAZ imposed deleterious
effects on the properties of this region. As shown in Fig. 4(c),
an extensive pitting was found in this specimen after oxalic acid
etching and confirmed the precipitation of chromium carbide at
the grain boundaries. Also, the result of the X-ray diffraction
(XRD) pattern could be observed in Fig. 4(d). The less carbon
solubility of ferrite compared to austenite could be the cause of
more chromium carbide precipitation on cooling.

The microstructure of weld metal depends on the cooling
rate and chemical composition of the weld zone. Here, the weld-
ing parameters were similar for all specimens. Consequently, the
application of diverse filler metals induced different morpholo-
gies in the microstructure of weldments. Type 309L weld metal
showed the FA solidification mode and the final microstructure

of this specimen was a matrix of austenite with vermicular fer-
rite (Fig. 5(a)). The value of Cr.q/Ni, ratio was a little higher
for type 316L weldment compared to type 309L joint. As shown
in Fig. 5(b), a combination of austenite and acicular ferrite was
found in the microstructure of type 316L weld. Increased the
Creq/Ni,, ratio changed the solidification path from FA to F mode
for type 2594 weld metal. In the microstructure of this specimen,
Widmanstétten austenite was also largely found in a matrix of
ferrite according to Fig. 5(c).

It has been reported that a small amount of delta ferrite in
austenite is necessary to prevent hot cracking of stainless steel
welds [2]. According to the ferrite measurements, the ferrite num-
ber (FN) for type 309L, 316L and 2594 weld metals was about
15,32 and 57, respectively. Fig. 6 shows the WRC-1992 diagram
with the marked actual and expected FN of the welds. The base
material dilution was considered 25% by each base metal [24]
to calculate the expected ferrite numbers. The maximum amount
of ferrite was obtained in the case of ER2594 filler material due
to the higher molybdenum and the lower nickel content of this
specimen. A juxtaposition of two austenitic welds showed that
molybdenum as a ferrite stabilizer element increased the ferrite
content in the weld metal of ER316L. Although the existence
of ferrite is useful for hot cracking resistance of the weld [25],
the excessive amount of ferrite could form a continuous network
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Fig. 4. (a) Formation of martensite at the grain boundaries in the HAZ of AISI 430 stainless steel; (b) Grain growth in this region; (c¢) The continu-
ous pitting along the grain boundaries due to pull out of the chromium carbides in the HAZ of AISI 430 side; (d) The XRD result of this region

microstructure which would be a favorite site for the nuclea-
tion of chromium carbide [26]. The formation of carbide on the
austenite-ferrite grain boundaries deteriorates the corrosion and
mechanical properties of stainless steel welds.

The hardness profile of different specimens is shown in
Fig. 7. It was predicted that the formation of coarse grained
region reduced the hardness values in the HAZ of both steels;
but the results contradicted this assumption. The precipitation
of chromium carbide and the existence of grain boundary delta
ferrite in the HAZ of 304 stainless steel caused the increase
in hardness. Also, the formation of martensite and chromium
carbide hardened the HAZ of 430 base material. The heat af-
fected zone of the ferritic stainless steel had higher hardness
values than that of the austenitic one. It seems that the existence
of martensite in the ferritic HAZ could be the cause. Vickers
microhardness testing revealed that the hardness of martensite
was about 425-445 HV, while these values for delta ferrite were
in the range of 173-197 HV.

Overall, all weld metals showed higher hardness values
than both base materials and heat affected zones. The increased
hardness of the WMs could be related to the finer microstructure
of the welds, the solid solution hardening and the absence of

chromium-depleted zones (no chromium carbide formation).
High cooling rate of the weld metal prevented re-precipitation
and grain growth phenomena. Type 316L weld metal showed sur-
prisingly the highest hardness values while the lowest measured
hardness belonged to the weld metal of 309L. Repeating the test
showed the same results for type 316L weld. First, it seems that
the higher percentage of delta ferrite in the weld metal of 3161
has increased hardness. On the other hand, the microstructure of
type 2594 weldment had the highest percentage of delta ferrite,
but the hardness of this weld was not the maximum among the
specimens (Fig. 7). For more studies, microhardness measure-
ments were done on the ferrite and austenite phases as given in
Table 2. The results showed that the hardness of these phases
was comparable in type 2594 weld metal, while delta ferrite
presented higher hardness values compared to austenite in type
316L and 309L joints. Ayers [27] showed that the hardness was
dependant on the location of hardness testing and the hardness
of delta ferrite could be variable along the 316L weld center-
line. In conformity with these findings, the hardness values of
delta ferrite in the austenitic and duplex welds were different.
The elemental analysis of austenite and delta ferrite in the weld
metals could be found in Fig. 8. The redistribution of austenite
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Fig. 6. The WRC-1992 diagram showing the actual and expected fer-
rite numbers

and ferrite stabilizers was observed in the case of the austenitic
filler metals. According to Fig. 8, higher chromium content of
delta ferrite in type 316L could be the main cause of the increased
hardness value of this specimen. Although the delta ferrite com-
position was nearly the same in type 309L weldment, it seemed
that very low FN value was the dominant factor for decreasing
hardness of this joint.

, —m—300L
—®316L
A 2504

280 4 430 Stainless Steel
260 4
240 4

Hardness (HV)

220 4
200 4

180 -

-3 -2
Distance from the Weld Center (mm)
Fig. 7. The hardness profile of each weldment

TABLE 2

The microhardness results of different phases in the weld metals

Weld Hardness of ferrite (HV) | Hardness of austenite (HV)

Type 309L 336+ 16 231+18

Type 316L 366 £ 17 234 +20

Type 2594 235+ 10 248 + 14
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Fig. 8. The elemental analysis of austenite and delta ferrite in the
weldments

The chemical compositions of delta ferrite and austenite in
type 2594 weld metal were similar to each other and led to the
same hardness values of these phases. It seems that the dissolu-
tion of secondary precipitates during the welding process could
redistribute the alloying elements while there is no enough time
for re-precipitation on cooling. Furthermore, the same results on
the hardness similarity between austenite and ferrite have been
reported by other researchers during strain hardening of duplex
stainless steels [28]. Although the diffusion of alloying ele-
ments is faster in delta ferrite than in austenite [29]; the thermal
conductivity of delta ferrite is also higher than that of austenite.
Type 2594 weld metal had the highest percentage of delta ferrite
and probably the highest cooling rate during welding. Therefore,
there was no time for diffusion and redistribution of the austenite
and ferrite stabilizers (especially nickel and chromium), and the
chemical compositions of austenite and delta ferrite were nearly
the same in this weld. However, more studies will be necessary
to find the exact mechanisms during welding.

The fracture of all transverse tension samples occurred in
the ferritic HAZ. The values of ultimate tensile strength (UTS)
for all welds were approximately 409-427 MPa. The HAZ of 430
stainless steel showed the higher hardness values than the ferritic
base metal; however the existence of soft delta ferrite adjacent
to hard martensite concentrated the deformation in delta ferrite
and reduced the strength and ductility of the HAZ. It has been
reported [30] that the formation of martensite at grain bounda-
ries of ferrite raised the internal stress and density of mobile
dislocations; and then the ferritic microstructure deformed in
the stress levels lower than the nominal yield strength of ferrite.
Paul [31] found that the strain incompatibility among ferrite and
martensite could develop the local stress triaxiality. Despite of
the martensite formation in the HAZ of type 430 base metal,
the features of brittle fracture were negligible in all specimens.
According to Fig. 9, the fracture surfaces exhibited fine dimples
indicating the ductile fracture of the specimens.
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Fig. 9. The fracture surface in the HAZ of AISI 430 stainless steel

Although the fracture of all transverse tension samples in
the HAZ of 430 stainless steel could not provide any informa-
tion to compare the strengths of different weldments; the results
of longitudinal tension tests showed that type 309L weld metal
presented the highest elongation and tensile strength among all
specimens; while, the strength values of specimens 309L and
316L were close to each other (Fig. 10). Type 309L weld metal
had the maximum amount of austenite in the microstructure
which improved the elongation values. It is suggested that the
solid solution strengthening phenomenon compensated for the
minimum amount of delta ferrite in this weld; consequently, the
tensile strength of the specimen was increased.

Furthermore, the tensile strength values of the longitudinal
specimens were higher than that of the transverse ones. These
findings confirmed the deleterious effect of the grain boundary
martensite and grain growth phenomenon on the mechanical
properties of the ferritic HAZ. Moreover, no evidence of harm-
ful phases like martensite and chromium carbide was found in
any weld metals.

It is observed that type 309L filler metal offered the better
mechanical properties of the weld metal; while all transverse
tension samples were fractured in the ferritic HAZ. On the other
hand, type 2594 weld metal had the highest percentage of delta
ferrite. Also, austenite and delta ferrite showed nearly the same
chemical composition and hardness in this specimen. The pres-
ence of delta ferrite is necessary to avoid hot cracking, and the
similar characterizations of austenite and ferrite can be useful in
corrosive environments. However, more studies are needed to
find the most corrosion resistant weld among these specimens.
If the corrosion is not a concern, type 309L weld metal can pro-
vide the proper mechanical properties of the austenitic-ferritic
dissimilar joints at a low price.

4. Conclusions

The gas tungsten arc welding was carried out on the ferritic-
austenitic stainless steel joints. Type ER309L, ER316L and
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Fig. 10. The results of longitudinal tension tests: (a) Tensile and yield strength; (b) Elongation values

ER2594 filler metals were used in this study. The grain growth
phenomenon was accompanied by the martensite formation in
the HAZ of ferritic stainless steel; therefore, this region was the
weakest zone in all specimens. The hardness and tensile strength
of the weld metals were higher than that of the heat affected
zones and the base metals. The chemical composition of delta
ferrite and austenite in type 2594 joint was astonishingly similar
and led to the same hardness values of these phases; while the
ferrite presented higher hardness values than austenite in type
316L and 309L weld metals. Type 309L weldment showed the
highest tensile strength among all specimens.
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