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Modeling Microstructure Development in 
Self-Shielded Flux Cored Arc Welds 

Thermodynamic and kinetic models provide insight into microstructure evolution in 
self-shielded flux cored arc welds 

BY S. S. BABU, S. A. DAVID, AND M. A. QUINTANA 

ABSTRACT. Microstructure evolution in 
two self-shielded flux cored arc welds 
was investigated. Depending on the alu- 
minum concentration, the two welds ex- 
hibited different microstructures. Welds 
with high aluminum concentration con- 
tained skeletal 8-ferrite microstructure. In 
contrast, welds with low aluminum con- 
centration showed classic ~-ferrite mor- 
phology. This difference in microstructure 
evolution is attributed to the relative sta- 
bility of 8-ferrite and austenite during so- 
lidification and at high temperature after 
solidification. This microstructure devel- 
opment was successfully evaluated using 
computational thermodynamics and ki- 
netic calculations. 

Introduction 

Weld metal microstructure evolution 
in conventional C-Mn and low-alloy 
steel welds has been studied extensively 
(Refs. 1-3). This research has supported 
the design of welding consumables (Reg. 
4, 5) for shielded metal arc welding 
(SMAW), submerged arc welding (SAW), 
gas metal arc welding (GMAW) and gas- 
shielded flux cored arc welding (FCAW- 
G). Research to date has shown it is in- 
deed possible to obtain an as-welded 
microstructure with an optimum combi- 
nation of strength and toughness by con- 
trolling the inclusions, weld-cooling 
rates and weld-metal hardenability. 
Moreover, the phase transformation 
models are also available to predict the 
microstructure evolution in these welds 
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(Ref. 6). However, the results are not gen- 
erally applicable to self-shielded flux 
cored arc welding (FCAW-S) processes 
(Refs. 7-12). This is due to the complex- 
ity of oxidation and nitriding reactions 
that occur during solidification and the 
solid-state phase transformations as the 
weld cools to room temperature. 

In self-shielded flux cored arc welding 
(FCAW-S), there is no intentional shield- 
ing of molten steel during welding. Con- 
sequently, the molten steel is expected to 
absorb large concentrations of nitrogen 
and oxygen from the atmosphere. Never- 
theless, the welding consumables typi- 
cally are prepared with a high concen- 
tration of aluminum, which reacts with 
dissolved oxygen and nitrogen to form 
oxides and nitrides. This facilitates pro- 
duction of sound welds without porosity. 
However, depending on oxidation reac- 
tions (e.g., 2AI + 3 0  -- AI203) and nitrid- 
ing reactions (e.g., AI + N = AIN), the 
amount of aluminum that remains in 
solid solution may change and control 
the microstructure evolution. In the first 
part of this collaborative research be- 
tween Oak Ridge National Laboratory 
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and Lincoln Electric, the complex inclu- 
sion formation was investigated in detail 
(Ref. 13). In this work, the effect of resid- 
ual aluminum that remained after oxida- 
tion and nitriding reactions on subse- 
quent solidification and solid-state 
transformation was considered. 

Experimental 

Two FCAW-S weld metal systems that 
produce significantly different AI, O and 
N levels in the all-weld-metal region 
were selected for investigation: E70T-4 
(high-aluminum welding consumable) 
and E71T-8 (low-aluminum welding con- 
sumable) (Ref. 14). These electrodes rep- 
resent the extremes of the typical alu- 
minum range for FCAW-S deposits in this 
research. Welding parameters are sum- 
marized in Table 1. The two welds were 
made with significantly different welding 
heat inputs, which were necessitated by 
the respective electrode diameters and 
were representative of actual usage. 
Transverse macrosections were taken 
from each weld. Bulk weld metal chem- 
ical compositions were determined using 
a BAIRD Model DV 4 emission spec- 
trometer and LECO analysis equipment. 
Samples for carbon, sulfur and aluminum 
analyses were taken by collecting chips 
after drilling at the same locations. Total 
aluminum content was determined by 
atomic absorption spectroscopy follow- 
ing dissolution in aqua regia/hydrogen 
fluoride and fuming in perchloric acid. 
The final compositions of the welds are 
given in Table 2. 

Thermodynamic Calculations 

In this paper, interest is in solidifica- 
tion and subsequent solid-state transfor- 
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Table 1 - -  Welding Conditions 

High-Aluminum Low-Aluminum 
E70T-4 E71T-8 

Electrode diameter 0.120 (3) 0.078 (2.0) 
[in. (mm)] 
Tip-to-work distance 2.75 (70) 0.75 (19) 
[in. (mm)] 
Voltage 31-36 19-20 
Amperage 525-590 270-280 
Wire feed rate 225-250 (95-106) 120 (51) 
[in./min (mm/s)] 
Heat input 86-98 (3.4-3.8) 54-58 (2.1-2.3) 
[kJ/in. (kJ/mm)] 

Table 2 1 Weld Metal Compositions 

Weld C Mn Si 

E70T-4 0.234 0.50 0.28 
E71T-8 0.149 0.64 0.30 

AI Ni Ti O N 

1.70 0.02 0.003 0.006 0.064 
0.53 0.01 0.058 0.030 0.033 

mation. Therefore, equilibrium calcula- 
tions were limited to liquid steel, austen- 
ite, ferrite (both ~3-ferrite and (~-ferrite) 
and cementite. These calculations essen- 
tially consider the Gibbs free energy of 
various phases as a function of tempera- 

ture and composition. The phase equi- 
libria between these phases are calcu- 
lated by using the minimization of free 
energy. This is schematically illustrated in 
Fig. 1 for Fe-AI binary system. The dia- 
gram shows a schematic variation of the 

free-energy composition diagram at a 
temperature for the equilibrium between 
~3-ferrite and austenite. Computational 
methods and thermodynamic data can 
be used to extend such calculations to 
multicomponent systems with multiple 
phases. The calculations in this work 
were performed using commercial soft- 
ware (ThermoCalc TM software version L) 
(Ref. 15). The calculations considered the 
elements Fe, C, Mn and AI. The effects of 
other minor elements were not consid- 
ered because they do not lead to gross 
changes in phase stability. It is important 
to note that nitrogen has a large effect on 
the phase stability, even in small con- 
centrations. However, previous work 
showed most of the nitrogen will be re- 
moved from the liquid as nitrides (Ref. 
13). Further details on thermodynamic 
calculations can be found in Ref. 1 6. 

K i n e t i c  C a l c u l a t i o n s  

Thermodynamic calculations con- 
sider only the phase stability of various 
phases as a function of temperature and 
composition. However, they do not de- 
scribe the effect of weld cooling and sub- 
sequent reaction kinetics. Therefore, 

g- 
o 

g3 ¢ -  

LU 

t~ 
L L  

1400 - 

1300 - 

, 1200  - " ................................. 

a-Ferrite ~ - 1100- 

1000 - 

9 0 0  - 

I I I 

0 .0  0 .5  1.0 1.5 

Aluminum (wt.%) 

I 
2.0 

Fig. I - -  Schematic illustration of phase equilibria between 5-ferrite and 
austenite in Fe-AI system at a given temperature. 
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Fig. 2 - -  A - -Schemat ic  geometry used in the di f fusion-control led 
sol idi f icat ion simulations; B - -  schematic i l lustration of  various 
stages of microstructural evolution modeled by the diffusion-controlled 
growth calculations. 
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Fig. 3 - -  A - -  Micrograph from the unrefined region of the high-aluminum weld showing the skeletal 6-ferrite microstructure; B - -  a high-magni- 
fication micrograph showing the c~-ferrite plates and pearlite (marked by arrows) that formed from the austenite. 

~ i i ~ : ~ : ~ ~  ~ ,~Z~'~ 20~m , 

Fig. 4 - -  A - -  Micrograph from the unrefined region of the low-aluminum weld showing classic (x-ferrite microstructure; B - -  high-magnification 
micrograph showing the higher fraction of  low-temperature o~-ferrite plates and pearlite (marked by arrows) that formed from the austenite. 

one-dimensional, dif fusion-control led 
sol id i f icat ion calculations were per- 
formed to evaluate the solidification and 
subsequent diffusion-controlled growth 
of austenite and 5-ferrite after solidifica- 
tion. It is important to note we need not 
consider the nucleation of solids in these 
calculations because the solidification 
continues epitaxially from the heat-af- 
fected zone. The calculations ignore the 
effect of dendrite tip undercooling due to 
uncertainty in estimating them for these 
unique steel compositions under weld- 
cooling conditions. The calculations as- 
sume local equilibrium at the interface 
between phases and consider diffusion in 
liquid and solid phases. In addition, a 
constant dendrite arm spacing of 200 lum 
was assumed for the calculations. The 
calculations were performed using Dic- 
Tra software (Refs. 17, 18) and standard 
solid solution and mobility databases 

(Refs. 15, 18). 
The schematic illustration of the 

geometry used for diffusion-controlled 
growth calculations is shown in Fig. 2. 
This geometry considers a small volume 
element, as shown in Fig. 2A. Various 
stages of microstructure evolution con- 
sidered in this calculation are shown in 
Fig. 2B. 

At the start of solidification, the cal- 
culation considers the growth of both fer- 
rite and austenite phases into liquid steel. 
One of the phases is chosen based on 
thermodynamic feasibility. 

In the welds under consideration, the 
8-ferrite is expected to form first and grow 
into the liquid. With further cooling, 
5-ferrite grows and partitions alloying el- 
ements into the liquid. The calculations 
monitor this partitioning and allow for 
the formation of austenite at the liquid/ 
5-ferrite interface based on comparative 

thermodynamic feasibility. 
At a critical temperature, the austen- 

ite will start growing into both liquid and 
~-ferrite. This condition is similar to a 
peritectic reaction that is expected in 
these steels. 

With further cooling, the liquid steel 
will be consumed by this austenite 
growth. It is important to note that, at 
these conditions, the calculations are 
tracking the movement of both 8-ferrite- 
austenite and liquid-austenite interfaces 
based on diffusion in liquid, austenite, 
and 6-ferrite. 

At the end of solidification, the calcu- 
lations are continued further to consider 
the equilibration between the austenite 
and 5-ferrite. Calculations were stopped 
as soon as the temperature reached 

1600 K. The calculations allow for the 
prediction of the amount of residual 
~-ferrite that may remain at room tem- 
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Fig. 5 - -  A - -  Quasi-binary Fe-AI diagram for the high-aluminum weld 
(the dotted l ine represents the actual bulk aluminum concentration) 
considering Fe, AI, Mn and C interactions; B - -  equil ibrium phase 
fractions of  ferrite and austenite as functions of  temperature for the 
same weld metal. 

Fig. 6 - -  A - -  Quasi-binary Fe-AI diagram for the low-aluminum weld 
(the dotted line represents the actual bulk aluminum concentration); 
B - -  equil ibrium phase fractions of  ferrite and austenite as functions 
of  temperature for the same weld metal. 

perature. The calculations were per- 
formed for both the welds given in Table 
2 and for two different linear weld cool- 
ing rates of 1 and 10 Ks -1. 

R e s u l t s  

Weld Metal  Microstructure 

The as-welded microstructure of a 
high-aluminum weld is shown in Fig. 3. 
The microstructure shows classic skeletal 
~3-ferrite grains-- Fig. 3A. This is in agree- 
ment with previous research (Refs. 7-12). 
High-magnification micrographs (Fig. 
3B) also show there are small islands 
containing ~-ferrite plates and pearlitic 
microstructure. This suggests that, in 

these welds, some amount of austenite 
(30-40%) should be present after solidi- 
fication at elevated temperature. This 
austenite decomposes to Widmanst~tten 
ferrite plates and also pearlitic structure 
during further cooling. 

In contrast, the low-aluminum weld 
showed no indication of skeletal ~3-ferrite 
morphology but instead exhibited classic 
columnar grains delineated by (~-ferrite 
s t ruc tu re -  Fig. 4. Original austenite 
columnar grains were transformed into 
grain-boundary c~-ferrite structure, Wid- 
manst~itten ferrite and a small amount of 
pearlite. This suggests that the low-alu- 
minum weld should be 100% austenite 
at high temperature. One can also ob- 
serve the microstructure obtained with 

low-aluminum welds, which is fine, and 
therefore, may exhibit better mechanical 
properties (Ref. 13). Such a large change 
in microstructure with differences in alu- 
minum and carbon concentration is in- 
triguing (Table 2). 

Phase Equilibria 

The results from phase equilibrium 
calculations are presented in Figs. 5 and 
6. The quasi-binary Fe-AI diagram (Fig. 
5A) shows an overview of phase stability 
for the high aluminum weld metal. It is 
important to note these calculations con- 
sider the effects of C and Mn also. The 
phase diagram for a high-aluminum weld 
indicates that, as the weld cools, the liq- 
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Fig. 7 -  Predicted phase fractions in the h igh-a luminum weld as a funct ion o f  time. A - -  1 Ks-l; B - -  10 Ks -1. 

uid will first solidify as 8-ferrite. On fur- 
ther cooling, the alloy will enter two- 
phase ferrite + austenite region. Subse- 
quent cooling will allow for equilibration 
between ferrite and austenite over a large 
temperature range (1709 to 1043 K). ~ As 
cooling continues below ~1000 K, the 
weld is expected to decompose into a 
mixture of ferrite and cementite. The 
above sequences can also be summa- 
rized in the form of phase fraction for this 
weld in Fig. 5B. An interesting observa- 
tion is the reversal of austenite stability 
below and above 1400 K. These calcula- 
tions clearly show a high-aluminum 
weld will not yield 100% austenite at 
high temperature, and are in qualitative 
agreement with the experimental mi- 
crostructure, which shows the presence 
of skeletal (3-ferrite. 

In contrast, the calculations for the 
low-aluminum welds (Fig. 6) show a dif- 
ferent behavior. The summary of calcula- 
tions (Fig. 6B) indicates the liquid will so- 
lidify as ~3-ferrite first as the weld cools. 
Continued cooling of this weld will in- 
duce austenite formation from the liquid. 
Immediately after the solidification, there 
is a temperature range over which the 
8-ferrite and austenite may coexist; how- 
ever, on cooling below 1728 K, the 
whole weld is expected to form 100% 
austenite. On further cooling to 1165 K, 
the ~-ferrite is expected to grow at the ex- 
pense of austenite and to transform com- 
pletely into ferrite and small amounts of 
cementite. The above results are also in 
qualitative agreement with the experi- 
mental microstructure, which shows 
only the presence of classical (z-ferrite 
microstructure. 

1 Relation between K and °F: °F = IK x (9/5)1 
- 460. 

Diffusion-Controlled 
Growth Kinetics 

Thermodynamic 
calculations des- 
cribed the observed 
microstructure evo- 
lution successfully. 
However, there is a 
need to describe 
these microstructure 
evolutions as func- 
tions of weld cooling 
rates. This is needed 
to evaluate the sensi- 
tivity of microstruc- 
tural constituents to a 
wide range of weld- 
ing-process parame- 
ters. In this regard, 
thermodynamic cal- 
culations do not 
yield any insight. 
Therefore, the microstructure evolutions 
in these two welds were simulated for lin- 
ear cooling rates of 1 and 10 Ks -1 by using 
the methodology described earlier. 

The calculated phase fractions in the 
high-aluminum welds as functions of 
time for both cooling rates are shown in 
Fig. 7. For both cooling rates, the primary 
solidification was as 8-ferrite. Moreover, 
toward the final stages of solidification, 
the austenite was found to nucleate at the 
liquid/8-ferrite interfaces and to grow into 
both the (3-ferrite and the liquid. The only 
difference between the two different cool- 
ing rates was the fraction of the residual 
6-ferrite that remains stable at 1600 K. At 
1 Ks -I, the ferrite content (53%) was lower 
than that calculated for 10 Ks -1 (65%). 
Therefore, results indicate that, as the 
cooling rate increases, a large amount of 
5-ferrite will be retained in the weld at 
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Fig. 8 - -  Comparison o f  predicted ferrite fraction in the high-alu- 
m inum weld for equi l ibr ium and different coo l ing rates. 

room temperature. This result can be fur- 
ther clarified by comparing the 8-ferrite 
fraction predicted from these calculations 
and equilibrium calculations, as shown in 
Fig. 8. The results show the deviation from 
the equilibrium ferrite fraction will be 
more as the cooling rate increases. The 
6-ferrite fraction in the high-aluminum 
weld (Fig. 3) was measured to be 0.596. 
During this measurement, care was taken 
to exclude the transformation products 
from the austenite in-between the 8-ferrite 
grains. The measured 8-ferrite fraction 
value is in agreement with the predicted 
values in Fig. 8. It will be of interest to 
evaluate the (3-ferrite fraction at different 
cooling rate conditions by employing 
low-heat-input welds. 

The calculations for the low-alu- 
minum welds showed the alloy would 
solidify as (3-ferrite for both cooling rates 
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Fig. 9 - -  Predicted phase fractions in the low-aluminum weld as a function of  time. A - -  1 Ks-l; B - -  10 Ks -1. 

- -  Fig. 9. After some fraction of ~-ferrite 
formation, the austenite was calculated 
to nucleate at the liquid/5-ferrite inter- 
face and to grow into both ~-ferrite and 
liquid. However, in contrast to a high- 
aluminum weld, the weld is expected to 
form 100% austenite for both cooling 
rates. The only difference was found to be 
the time required for the austenite con- 
tent to reach 100%. 

Discussion 

The present results have an immense 
impact on the optimization of weld metal 
systems. Assuming the design of a weld- 
ing process involves the selection of weld 
metal composition and process parame- 
ter ranges to obtain a particular desired 
microstructure and properties, such pre- 
dictive calculations could be instrumen- 
tal. Further, they offer an alternative to the 
traditional trial-and-error method of pro- 
ducing experimental weld compositions 
and a process parameter matrix and eval- 
uating these welds by microstructural ob- 
servations, tensile testing and impact test- 
ing (Ref. 2). This method, however, is 
time-consuming and expensive. 

An alternative methodology would be 
to use computational methods to evalu- 
ate the microstructure development over 
a wide range of compositions and 
process parameters. After these calcula- 
tions are performed, a narrow weld- 
metal composition matrix and process 
parameter range can be tested experi- 
mentally for confirmation of the predic- 
tions and for standardization. The present 
results clearly demonstrate the potential 
of this alternative design methodology. In 
this method, there are three basic steps. 

1 ) Cont ro l  o f  ox ide  and  n i t r ide  forma- 
t ion. In the first step, thermodynamic and 
kinetic calculations can be used to de- 
scribe the oxide and nitride reactions in 

the weld metal. This 
has been a topic of 
study in earlier work 
by the authors and 
other researchers 
(Refs. 19-22). For ex- 
ample, in a previous 
paper by the authors, 
the inclusion forma- 
tion that takes place 
during the FCAW-S 
process was de- 
scribed (Ref. 13). 
This work showed 
that the nitriding 
conditions lead to 
larger residual alu- 
minum in the weld 
metal compared to 
the oxidizing condi- 
tions. This phenome- 
non was attributed to 
the thermodynamic interactions of dis- 
solved aluminum, nitrogen and oxygen 
in the weld metal. In situations where 
continued addition of aluminum does 
not lead to any oxidation reactions, these 
interactions essentially produce more 
AIN precipitates. However, if aluminum 
concentration is reduced, one can pro- 
mote the oxidation reactions and thus re- 
duce the residual aluminum in the liquid 
steel. This control is not simple, and one 
needs to perform detailed thermody- 
namic and kinetic analysis to steer the 
oxidation, or nitriding reactions, in the 
weld pool. 

2) Weld  compos i t i on  control .  In this 
step, thermodynamic calculations can be 
used to establish the baseline weld metal 
composition qualitatively. Boundary lim- 
its can be designed to influence a partic- 
ular microstructure evolution. The results 
given in Figs. 5 and 6 are examples of this 
step. Immediately, it is noticeable that the 
selection of weld metal composition in 
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Fig. 10 - -  Calculated phase boundary between two-phase (~-ferrite 
and austenite) and single-phase austenite regions at 1400 K and 1600 
K with a base composition of  the high-aluminum weld. 

this manner is not an independent step; 
rather, it depends on step 1. Neverthe- 
less, one can modify other alloying ele- 
ments that may not directly take part in 
the oxidation or nitriding reactions in the 
liquid steel. In the present case, the can- 
didate alloying additions might be Ni, 
Mn, Cr and Si, which are protected by 
aluminum and do not take part in the ox- 
idation or nitriding reactions. An exam- 
ple calculation was performed for a high- 
aluminum weld at 1400 K to show the 
phase fields as functions of Ni and Mn 
addition - -  Fig. 10. This calculation 
shows one could promote the austenite 
stability more efficiently by adding nickel 
than by adding manganese. This weld 
metal composition also significantly af- 
fects the weld microstructure and the 
properties of welds made with mixed 
processes (i.e., SMAW and FCAW-S) (Ref. 
23). These mixed-process techniques will 
yield widely varying weld composition 
due to dilution effects. 
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3) Welding process parameter con- 
trol. In this step, the kinetic calculations 
can be used to set parameter boundary 
limits for the welding process so that one 
can achieve the required microstructure 
within those limits for a given weld-metal 
composition. The results given in Figs. 
6-8 are the examples of this step. This 
wi l l  be a crucial parameter if a particular 
weld-metal composition is very close to 
the austenite and austenite + 8-ferrite 
phase boundary. For example, if the alu- 
minum concentration was reduced to 1.4 
wt-% in the high-aluminum weld, it is in- 
deed possible to reach 100% austenite 
over a temperature range of 1414 to 1551 
K - -  Fig. 5. However, the formation of 
100% austenite wi l l  depend on how fast 
the weld metal cools. If the cooling rates 
are fast, then there wi l l  not be sufficient 
time for ~5-ferrite to transform completely 
to austenite and residual skeletal 5-ferrite 
morphology may be observed. Therefore, 
to obtain a 100% austenite weld, under 
the given conditions, the lower l imit of 
the weld heat input (or the highest cool- 
ing rate) must be maintained in the weld 
metal region. It is important to note that, 
in the present calculat ions, the weld 
cool ing rates considered are typical of 
those experienced by FCAW-S processes. 
Further work is necessary to extend this 
work to very low heat input conditions. 

Conclusions 

Weld metal microstructures were in- 
vestigated in commercial FCAW-S steel 
welds with two different aluminum con- 
centrations. The weld wi th  high alu- 
minum concentration exhibited a skele- 
tal columnar 8-ferrite microstructure. The 
weld with low aluminum concentrations 
exhibi ted classic ~-ferrite plates and 
pearlite microstructure. 

Thermodynamic calculat ions sug- 
gested this microstructure development 
would be related to phase stability of liq- 
uid, B-ferrite and austenite. The calcula- 
tions indicated the primary solidification 
mode wi l l  be ferrite and that austenite 
wi l l  form during subsequent cooling in 
both welds. In the high-aluminum weld, 
the transformation from B-ferrite to 
austenite was found to be incomplete 
due to the higher stability of B-ferrite. This 
led to a skeletal columnar ~i-ferrite mor- 
phology reminiscent of ~-ferrite columnar 
dendrites formed during weld solidification. In 
contrast, for the low-aluminum weld, the 
calculations showed the B-ferrite trans- 
forms completely to austenite at high 
temperature and then decomposes to a 
low-temperature c~-ferrite morphology 
during further weld cooling. 

The effect of the weld-cool ing rate (1 
and 10 Ks -1) on weld solidification and 

on the growth of austenite and B-ferrite 
was simulated using diffusion-controlled 
growth calculations. The results showed 
that, in high aluminum welds, the weld 
cooling rate affects only the fraction of 
residual ~i-ferrite, which was found to be 
more with 10 Ks -1 than that of 1 Ks -I. Welds 
wi th  low-a luminum concentrat ions 
showed complete transformation to 
austenite from B-ferrite on weld cooling 
for both cooling rates. 

The results demonstrated that it is in- 
deed possible to use computational ther- 
modynamic and kinetic modeling tools to 
design welding consumables. 
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