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The prediction model has been developed for steel weld metal mechanical properties as a function of Aux ingredients such as Cay, Mg(), CaF,
and Al (), in submerged arc welding carned ow at fixed welding parameters. The results of quantitative measurements of mechanical pmperties
on eighteen weld metal samples were utilized for developing the prediction equations of mechanical properties applying statistical design of
experiment for mixtures. Among the flux ingredients, Mg appears to be important on its own in influencing the mechanical properties. The ather
ingredient Cal} appears to be most important as it intercts with CaF, md AlLO, in influencing weld metal mechanical properties. The prediction
equations have heen checked for adequacy by performing tests on submerged are welds using randomly designed Aux and found satisfactory. The
15 O-response curves wene developed for weld metal impact toughness o show the output levels at different percemtage of fux ingredients.

Kevwards  Acicular ferrite; Binary antagonism: Binary synergism: Carbon eguivalent: Extreme vertices design: Flux ingredients: Oxygen

content: Prediction model: Statistical experiments.

[NTRODUCTION

Submerged arc welding (SAW) is preferred over other
arc-welding processes such as MMAW, GTAW, and
GMAW due to its high deposition rates, excellent surface
finish and ease of automation [1]. However, inherent
advantages of the SAW process can be limited by high
dilution and low cooling mte which have a tendency to
promote low toughness microstructure in the weld metal
[2, 3]. Nevertheless, it appears that satisfactory mechanical
properties can be obtained through proper selection of flux
composition for a given base plate and filler wire. Therefore,
there is a need for efficient flux selection in order to provide
consistent weld quality because quality assurance schemes
for catical applications are becoming increasingly stringent.

Several phenomena associated with the flux behavior
during SAW have made if more complicated to control
the weld metal composition which ultimately controls the
mechanical properties of weld metal. Therefore, many
studies [4-9] have tried to understand the behavior of fAux
in order to control weld metal chemistry. The effects of
individual flux ingredients as well as their interaction effects
on weld metal composition have been investigated by the
authors [10, 11].

Along with the composition, weld metal mechanical
properties are also influenced by its microstructure. Several
microstructural constituents that can be obtained in weld
metal of C-Mn steel are grain boundary ferrite (GBF), side
plate ferrite (SPF), polygonal fernte (PF), and ferrite with
aligned second phase (FAS, also known as upper bainite)
[12, 13]. It has been recognized that increasing the amount

of acicular ferrite (AF) provides both increased toughness
and improved strength of the weld joint [14, 15]. Factors
such as alloy hardenability, oxygen content, inclusion
characteristics and cooling rate play a very imporant
role in determining different microstructure constituents in
weld metal [16-18). Oxyeen has a fundamental role in
SAW chemistry and transformation behavior, which in turn
controls microstructure of the weld metal [19, 20]. The
effects of individual flux ingredients as well as their binary
interactions on the formation of microstructural constituents
in weld metal of C—Mn steel have also been investigated by
the authors [21].

In the present studies on submerged arc welding,
experimental models have been developed to predict
and quantify the effect of each flux ingredient (CaQ,
MgO, CaF,, and AlLLO;) and their binary interactions on
weld metal mechanical properties with the application of
statistical design of mixture experiments, in particular,
extreme vertices design. The aim is 1o develop satisfactory
regression models as shown schematically in Fig. 1,
involving proportions of flux ingredients and weld metal
mechanical properties, so that the fluxes can be effectively
used to achieve target values of the weld metal mechanical
properties in the interacting and constrained submerged arc
welding atmosphere. The direct relations between the flux
ingredients and mechanical properties will be a useful tool
for the flux designer for better SAW flux consumables
to reach the desired wvalues of weld metal mechanical
properties.

PLANNING OF THE EXPERIMENTS
Extreme Vertices Design Algorithm

In experiments using a mixture of g components, the
components are expressed as a fraction x of the total
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Figure .—General model of a process or system in statistical mixture design
experment.

mixture, and the response is a function of the proportions
of the components and not the total amount of mixture. The
extreme vertices design that was used for experimentation
[22-24] consisted of the ten admissible vertices of the
polyhedron, seven centroids of the seven two-dimensional
faces and the overall centroid. Thus although ten coefficients
of the quadratic regression model (as shown in Eq. (1)) for
the response characteristics were required to be estimated,
18 design points were deliberately chosen for getting better
estimates of the coefficients and error. The above design
was obtained by following the two step procedures of
Mclean and Anderson [23]. After having generated 4 =
2971 = 32 possible combinations of the four components,
it was found that there were ten admissible vertices which
satisfied the constmint for the mixture total as the lower
and upper bounds of each component proportion. The seven
two-dimensional faces of the polyhedron were found by
erouping the vertices of the polyhedron into groups of three
or more vertices where each vertex had the same value x;
for one of the four components. Thus, the coordinates of the
seven two-dimensional faces which satisfied the constraints
are the design points sl. 11 to 17, The design point sl
no. 18 was the overall centroid which was the average
of all ten vertices. The trace (x'x)”', where x represents
the complete design matrix of the given design was also
small. In 3-D space the constraint design regent is shown in
Fig. 2{a) which represents the mixture space in the present
experiment.

y= iﬁj_{j + Z Z !’J"’.ﬁl-‘l._l_'j_[j {1}

Snee [25] also gave the algorithm for selecting the subsets
of extreme vertices for fitting quadmatic models of the
following form in the constrained mixture spaces.

{CaFy)
(a)

XY  Synergism

Response

1 0.5 0
ﬁ 0 0.5 1
Mixture

Fisure 2—(a) The construined factor space inside the tetrahedon describing
the experimental space: (b) Synergism and antagonism of binary mixture.

The regression coefficients 3, and 3, are the least-square
estimates in the fitted model, and y is the response varable.

The percentage wariation of a given response
characteristic is measured by the term B*, which is evaluated
from the relation

where S5E is sum of square of emrors, S8T is total sum-of-
squares.

In the present experiment a flux ingredient (x;) has four
constituents; viz., x, = Ca0, x, = Mg0O, x, = CaF,, and
x, = ALO,.
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Binary Synergism and Antagonism

The concept of binary synergism and antagonism is
quite different from the individual effect. The binary
synergism/antagonism implies that the response (weld metal
acicular ferrite content) obtained due to binary mixture is
more than/less than the average of that response produced by
two pure flux ingredients forming the same binary mixture.
This is shown schematically in Fig. 2(b). The positive and
negative sign of the coefficients [, in Eq. (1) indicates an
increase or decrease of that response variable (y) by the flux
ingredients (x;), respectively. Similarly either positive or
negative sign of coefficients [ ; in Eq. (1), indicates binary
synergistic or antagonistic effect of the flux mixture (xx;)
on the response variable.

EXPERIMENTAL PROCEDURE

Eighteen reagent grade agglomerated fluxes as given in
Table 1 were prepared by varying the ingredients CaO,
Mg, CalF,, and ALO, as per formulations based on
statistical design. Bead-on-plate weld deposits at constant
cument (400amp), voltage (26V), speed (4.65 mm/sec) and
electrode extension (23mm) were made on 100mm x
250mm = [8mm low-carbon steel plate with each of the
fluxes using 3.15 mm-diameter low-carbon steel filler wire
in the SAW process.

Chemical Composition Analvsis

Chemical constituents such as carbon, manganese,
silicon, sulfur, phosphorous, and nickel of the base metal,
filler wire and weld metal were analyzed using an
optical emission spectrometer { OES) operated by Quantovac
method, manufactured by Jarell As. Atom Comp. (Model
730, Cat No. 96-786). Oxyegen and nitrogen contents were

TapLe | —resign mainx of Hux used in submerged arc

welding.
Mixture varahles composition

Sample Ca(y Mg} CaF, AL,
Mo, W) W) (wi) (wi%)
Pl 13.00 13.00 10.00 1K
P2 15.00 15.00 4000 101.0X]
P3 15.080 3240 101.(X) X260
P4 15.00 17.00 .1 200
P5 15.00 3240 2460 8.0
] 3500 15.00 1.0 21,00
P 1700 15.00 EURLY 8.0
] 3500 15.00 200 #.00
P 29.60 3240 110K ERLY
Pl 3500 27.00 100X £.00
P11 2443 2314 24.43 £.00
P12 15.67 15.67 RRIEY LK. ]
P13 2592 4.3 100 19.72
Pl4 2340 15.000 2440 17.20
P15 19.87 3240 14.86 1287
Plé 15.00 223 492 17.72
P17 3500 19.0K) 14.(X) 12.00
PLE 2267 2163 21483 14007

Caher additions toedgheen nos. of fux samples Wik S0, =
10O W% Fe-Mn = 4.0 Wirt: Benonie = 2,00 Wi Fe-5i =
3.0 Wik Ni-Powder = 1100

P. KANJILAL ET AL.

measured using a Leco interstitial analyzer. Cylindrical
machined samples of 3mm diameter and Ymm length
were used for this purpose. The chemical compositions of
filler wire, base metal and weld metal samples are given
separately in Table 2.

Microscopic Examination

Each of the eighteen samples were cut transversely to
the weld direction and prepared for microscopic studies
on the weld metal zone. Samples were examined first
under optical microscope, and wvarious microstructural
constituents were identified. Quantitative measurement
of the microstructural constituents was performed by
conventional two-dimensional point counting using an
ELECO automatic point counter. The resulis are given in
Table 3.

Evaluation of Weld Metal Mechanical Properties

Tensile and Charpy impact test samples were prepared as
per dimensions specified in ASTM ESM [26] and ASTM
E23 [27], respectively. Tensile tests were carried out on
weld metal samples using an Instron Universal testing
machine (Model 530, capacity [00KN) at a cross head
speed of 0.01 mm/s and a strain rate of 0.05 mm/sec. Impact
toughness of each of the eighteen weld metal samples was
evaluated by conducting Charpy *V" notch impact tests
at —20°C. Hardness testing on weld metal samples was
done using a Vickers hardness testing machine using a
30k load and 136° diagonal pyramid indenter on polished
and flat samples. The weld metal mechanical properties
such as yield strength (Y S), ultimate tensile strength (UTS),
elongation percentage (% El). impact toughness and Vickers
hardness (VHN) are given in Table 4.

Scanning Efeciron Microscopic Study

Fractured surfaces of tensile tested and Charpy impact
tested samples were examined in a scanning electron
microscope (SEM; Hi-tech 5-415A; operated at 20KV) at
both high and low magnification.

ResurTs
Development of Prediction Equations for Weld Meial
Mechanical Properties

Using experimentally determined weld metal mechanical
properties as given in Table 4, adequate quadratic regression
models in canonical form were developed for the weld
metal mechanical properties (viz, Y5, UTS, %El, impact
toughness and VHN) as a function of wi%% of flux
ingredients {CaQ, Mg, CaF,, and Al.0.) using the model
of constrained statistical mixture designs. Predictors are
individual flux ingredients, i.e., CaQ, MgO, Cal, - AL,
and their binary mixtures, ie., Ca0 - MgO, Ca0 - CaF,,
Ca0 - ALO;, MgO - CaF,, MgO - Al,O;, and CaF, - ALO,.
The prediction equations developed are as follows:

Yield strength (YS; in MPa)
= —12.1431 Ca0 + 16.1571 MgO 4 2.5666 CaF,
— 2.2240 ALO, + 0.0878 CaO - MgO + 0.5069 CaO
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Sample Carbon Muanganese Silicon Sulfur Phosphomus Mickel Oy pen Mitrogen
N, Pt et (Wit ) Pt a5 {ppm) {ppm)
Base metal 0.22 0.77 0.25 (.03 0.0z Mil 350 5
Filler wire 0.10 0.56 .05 002 0.1 Mil 380 L]
Weld metal samples
No. P1 (.07 (.56 01,340 (.042 (L.025 0.21 500 92
MNao. P2 .07 (1520 (.210 142 (.028 RN 310 a5
Mo, P3 (.07 e (1.280 (.00 0.025 .20 520 113
Nao. P4 (L0060 0,470 0.170 0034 0.023 0.17 S0 ]
No. P5 (L.068 (16X (1248 (L0444 0024 0.27 530 b ]
No. P6 (.0498 670 (1.229 0.028 0021 .24 380 3a
No. F7 0072 (488 0.270 (1040 (1.026 (.32 4490 38
No. PR (.07 0.580 (1.200 0028 022 .29 4810 xn
Mo, P49 (L0658 (.69 1,260 0.027 0.023 0.23 330 k1|
Ma. P10 (L063 (15400 0.193 L34 (.02 (.31 480 X
Na. P11 0073 0.700 0,120 0.021 0050 11501 300 32
Mo, P12 0.0495 (L6l 01.150 0.037 (L7 .34 350 43
Mo, P13 (L0084 (1.6 0. 160 (L6 0.032 .30 320 52
No. P14 (.08 (.748 (1.258 0.031 0077 .78 300 3a
No. P13 .04 (LB 0.370 (1020 (.04 0.59 320 38
Nao. P16 0.061 0.507 1.200 0024 0.025 0.05 i T6
Nao. P17 0.082 1.595 0.273 0015 0.045 .33 470 45
No. PIE (L058 0517 .16l (023 (.052 0.29 S 1

- CaF, + 0.6429 Ca0 - ALO, — 0.3743 MgO - CaF,

— 02713 MgO - ALO, — 0.0063 CaF, - ALO,  (3)
Ultimate tensile strength (UTS; in MPa)
= —7.95374 CaO 4 20.16304 MgO +4.24123 CaF,

+6.74286 ALO, — 0.02189 CaO - MgO

+0.48070 CaO - CaF, +0.50277 Ca0 - ALLO,

— 0.38560 Mg O - CaF, — 0.48676 MgO - AL O,

—0.12777 CaF, - ALO, (4)

TanLE 3 —Microstructure content of eighteen weld metal samples.”

Micmstructun: (%)

Sample Mo. GBF SPF PF AF FAS
Pl 7 19 x 13 4
Pz 38 19 x 12 4
P3 3 1% 3 13 f
P4 M 17 a0 14 3
P5 38 17 x 13 3
P 2 16 24 24 4
Py M 0 25 16 3
PR k1 1] 2 19 3
PQ X 17 X 28 Li]
P10 k1 19 X 1] 3
PL1 4 L4 bl 35 7
P12 X 15 o 26 Li]
P13 X 12 n I8 L]
Pl4 s 1 25 k11 7
P15 25 14 I8 5 8
Pl& M 21 3 10 4
P17 32 14 28 20 Li]
P1E RE] 19 8 16 4

*GHF = Grain Boundary Fertie; SPF = Side Plate Fertite; PF = Polygonal Ferrise;
AF = Acicular Ferrite; FAS = Ferrite with aligned second phase (Upper bainine).

Percent elongation (%)
= (.254828 Ca0D + 0.321535 MO + 0.143739 CaF,
+ (0.832866 ALO, — 0.002358 Ca(r - MgO

+ 0008743 CaO - CaF, — 0.002561 Ca0 - ALO,
+ 0.006140 Mg - CalF, — 0.013905 MgO - AL O,

— 0.027976 CaF, - ALO, (5)
Charpy impact toughness at —20°C (in joules)
= —3.31038 Ca0 4 0.62389 MgO — 0.26209 Cal,
— 0.84441 ALO, + 0.06680 CaO - MgO
TapLE 4 —Mechanical properties of eighteen weld metal samples.”
Pemcent Impact Wickers
Y5 TS elongation toughness hardness
Sample No.  (MPa)  (MPa) (%) at —2FC{I]  (VHN)
Pl 54 464 M5 L] 1601
P2 285 428 N 98 [t
P REL B L] 192 10.5 157
P4 X0 425 1740 9.8 175
P3 M8 46l M2 T8 161
P Ma 485 4 222 198
P X8 431 19.7 137 165
] s 458 40 14.4 164
P4 M6 455 i 16.7 157
Pl 36 436 n2 14.7 175
Pl 352 474 196 nd 184
P12 326 455 178 15.8 157
k] a7 472 217 235 170
P4 3al 496 176 25.5 198
P15 397 535 0 241 i1
P16 86 385 134 9.1 152
P17 X4 450 2 14.2 64
Pl 285 435 259 L6 153

*¥& = Yield surength; UTS = Uhinete tensile stnengh.
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TasLe 5—Predominant effect of Aux ingredients and their hinary mixunes on weld metal mechanical properties and Mn/5i value.

Predominant effects

Pure Aux ingredient

Binary mixtures of fux ingredient

{Response charactenstics) Inerease Decremse Synergism Antagonism

Yield strength {¥5) (MPa) Mg (), CaF, Cal} Cat-CaF,, Cal-Al Oy Mp(-CaF, MgO-Al0,
Ultimate tensile strength {UTS) (MPa) Mgy, CaFa, Al CaQy CaO-CaF,, Ca0-4l,0, MpO-CaF;, MgO-Al Oy, CaF;-Al 0y
Elongation percent { %) Al — -— CaF,- Al

Impact toughness at -30°C (1) — Caly, AlOy,  CaO-MgO, CaO-CaF,, CaO-AlLD, Mg()-CaF,

Vickers hardness {(VHN) Mg (), CaF, — Ca0-CaF,, Ca0-Al,0, Mp(-CaF; MgO-Al0y

Mn'Si value — Cal) Cal-Mglr —

+ 010098 CaO - CaF, +0.12913 Ca0 - AlLO,

— 0.03063 MgO - CaF, — 0.02394 MgO - Al,O,

— 0.00737 CaF, - ALO, (6)
Wickers Hardness (VHN)

= —2.34444 Ca0 + 7.64144 MgO + 1.90546 CaF,

+ 0.57330 ALO, — 0.03336 CaO - MgO

+ 0.13376 CaO - CaF, + 0.24826 Ca0 - ALLO,

—0.13902 MgO - CaF, — 0.17757 MgO - Al,O,

+ 0.00903 CaF, - ALO, (7

The model summary, i.e., significant level, standard error,
“t" statistic, confidence interval for each predictor, text
of whole mixture model and ANOWVA for each response
characteristic (Eqs. (3-7)) are given in Appendix 1.

The predominant effect of individual flux ingredients
(increase or decrease) and their binary mixture (either
synergism or antagonism) on weld metal mechanical
properties were determined by considering their significant
values (¢ and P) at 95% confidence level as given in
Appendix 1, and corresponding prediction Egs. (3-7). The
results are summarized in Table 5. Since the prediction
results of weld metal percent elongation (%El) and
Vickers hardness (VHN) are not good fits, as evident
from their B° values (Appendix 1), these two responses,
i.e.. weld metal percentage elongation and hardness, are
not considered for further discussion. Similarly to weld
metal mechanical properties, the predominant effect of
flux ingredients and their binary mixtures on submerged
arc weld metal chemistry and microstructural constituents
were also determined by the investigators in their previous
studies [11, 21] under identical experimental conditions by
developing prediction equations for weld metal chemical
composition and microstructural constituents.

Discussion

Fluxes in the SAW process control the weld metal
mechanical properties by their influence upon the chemical
composition and microstructure of the weld metal. The weld
metal Y5, UTS and impact toughness increase with an
increase in alloying elements, viz., carbon (up to 0. 10wt%),
manganese (up to 1.3wi%), silicon (up to 03wi%) and
nickel (up to 3.5wi%) by wvarous mechanisms such as

(1) solid solution hardening, (2) grain refinement and
(3) refinement of micro structure [28-31]. Oxygen can
affect ¥S and UTS by its (1) control over weld metal
microstructure through the formation of inclusions [13-16]
and (2) its controlling effect on elements C, Mn and Si
during slag metal reaction [30-32]. The basic requirement
of improved toughness in low-alloy steel weld metal
is associated with the amount of acicular ferrite in the
microstructure [12-16]. Intragranularly formed randomly
oriented short needles of acicular ferrite as shown in
Fig. 3 were observed in sample Pl4 which contains
maximum acicular ferrite content (36%) in the present
study. Furthermore, the weld metal Mn/Si ratio should be
high, and S level should be low in omder to obtain high
impact toughness [33].

Ejffect of Flux Ingredients on Weld Metal
Chemical Composition

A detailed investigation was carried out by the authors
to determine the effect of flux ingredients on weld metal
chemical composition under identical working conditions
[11]. The prediction equations developed for weld metal
chemical constituents in terms of flux ingredients are
given in Appendix 2. The predominant effects of flux

-
|

e
. g

Figure 3 —Optical  Microstucture of Sample P14 showing  randomly
dispersed needles of acicular ferite (AF). Grain boundary fertes are also
seen in the microstructuns.
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TansLe f.—Pradominant effect of Aux ingredients and their binary mixtures on weld metal chemical composition [11] and microstructural constituents [21].7

Predominant effects

Pure flux ingredient

Binary mixtures of fux ingredient

{Response charactenstics) Increase [Drecrease

Synergism Antagonism

Oy gen { ppm) Cal), CaF,, AlO, —
Mangmese {wif) Mg O Caly
Silicon {wt%) Ca(), MgO, CaF, Al0, -
Sultur (wi) Ca0), Mg, CaF,, Al,O, —

Mickel {wt%) Mg CaQ), CakF,,
Carbon (witf) Mg O-Cak, —
GBF Cal, Al -
SPF — —
PF Cal) —
AF —_ Cal)
FAS —_ -

Mg(O-CaF,, MgO-Al Oy, CaF,-Al, 0y
CaO-CaF,, Ca0-Al, 0y

CaO-CaF,, Ca0-Al, 0
Ca(-CaF,, Call-Al, 0Oy

Ca0-Mg(), CaO-CaF, , Ca0-Al, 0,
MgO-CaF,, MgO-Al 0y

— Ca0-MgOy, MpO-CaF,, MgO-AL0,

— Ca-Mg(), CaO-CaF,, CaO-Al, Oy, MgO-Al, O,
Mg(-CaFs, MzO-AlL 0,

CaO-Mgly, MgO-CaF,, MgO-AlLO,

— CaO-CaF,, Cal-Al Oy

Cal- ALy

Mz O-Al, 0, CaO-CaF,, CaO-Al Oy

Cal)-CaF,, Ca0-Al, O, =

Ca0-Al0), —

*Microstructural conatituents: GBF = Gramn Boundary Ferrite; SPF = Side Plate Farie; FF = Polygonal Ferrite; AF = Acicular Fermite; FAS = Ferrile with Aligned Second Phase

{Upper Bainite).

ingredients and their binary mixture on weld metal chemical
constituents are given in Table 6. Flux ingredients control
the weld metal chemical composition by combined etffects
of several mechanism; viz., slag metal reactions, viscosity
of flux, atmospherdc entrainment in the molien weld
pool, electrochemical reactions, formation of complex
compounds, thermodynamics as well as kinetics of slag
metal reaction, weld bead geometry, and so on. The
mechanisms pertaining to each of the chemical constituents
have been elaborated in Kanjilal et al. [11].

Effect of Flux Ingredients on Weld Metal
Microstructural Constitients

Under similar experimental conditions, prediction
equations were also developed for weld metal micro-
structural constituents in terms of flux ingredients [21].
The details of the equations are given in Appendix 2.
The predominant effect of flux ingredients and their binary
mixtures on weld metal microstructural constituents are
also included in Table 6. The formation of microstructural
constituents depends on weld metal chemical composition
and inclusion characteristics when welds are performed
using constant welding parameters [34]. Weld bead
geometry  also  influences formation of microstructure
constituents, especially acicular ferrite [34).

Weld Metal Yield Sirength

It is apparent from the results of Table 5 that flux
ingredient Ca0 decreases weld metal yield strength, but
two ingredients, i.e., MgO and CaF,, increase weld metal
yield strength. Flux mixtures CaO - CaF, and CaO - ALO,
have binary synergistic (increasing) effects on weld metal
yield strength, whereas mixtures MgO - CaF, and MgO -
AL Q) have binary antagonistic (decreasing) effects on Y'S
(Table 6).

The decreasing effect on YS by Ca0 may be expected
since Ca0 increases weld metal oxygen as well as decreases
weld metal manganese and nickel content. Similady, the
increasing effect on YS by MgO is not unexpected, since
MgO increases weld metal manganese and nickel content

in weld metal. The binary synergism (increasing effect) of
CaQ - CaF,; and Ca® - Al O, mixtures on YS could also be
due 1o (1) binary synergism of Ca0O - CaF, and Ca0 - ALLO,
mixtures on weld metal manganese and nickel content, (2)
binary synergism of Ca0 - ALO; mixture on weld metal
carbon content, andfor (3) binary antagonism of CaQ - CaF,
and Ca0 - ALQO, mixtures on weld metal oxygen content
{Table 6). Again, binary antagonism (decreasing effect) of
Mg - CaF, and MgO - ALO, mixtures on ¥YS could be due
to (1) binary synergism (increasing effect) of MgO - CaF,
and MgO - ALO, mixtures on oxygen content andfor (2)
binary antagonism (decreasing effect) of MgO - CaF, and
Mg - ALO, mixtures on manganese, silicon, nickel and
carbon content (Table 6).

The increase of weld metal YS with hardenability
measuring expression, ie., carbon equivalent (Table 7),
as shown in Fig. 4{a) indicates the effect of chemical
constituents such as C, Mn, Nion weld metal Y5, Similarly
the decrease of YS with oxygen content, as shown in
Fig. 5(a) also indicates the effect of oxygen content, or, more
precisely, weld metal inclusion content, on the YS values.
It has been already reported that inclusion volume fraction
increases with increasing oxygen content, which ultimately
coarsens weld metal microstructure [13]. However, it is
observable in Figs. 4(a) and 5{a) that there are variations
of ¥YS even at a fixed value of carbon equivalent (CE)
and oxygen content, which probably indicate that other
mechanisms, in addition tw CE and oxygen content, are
involved in controlling weld metal ¥'S. For example, sample
P15 shows higher YS (397 MPa) compared to sample P13
{337 MPa) at an oxygen content {~320ppm) of weld metal.
It is interesting to note from Table 6 that sample P15 has
higher CE (0.267) than sample P13 (0.207). Furthermore,
they also differ in microstnictural constituents; in particular,
the acicular ferrite content, which is significantly greater
in sample P15 (33%) than sample P13 (28%). Therefore,
the higher Y5 of sample PI5 is atinbuted to the higher
CE, which probably caused the higher AF content in
the microstructure. Similarly, sample P11 shows higher
¥S (382MPa) than sample Po (346MPa) at a given CE
(0.225); and they differ in oxygen content (300ppm for
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Figure 4.—Effect of carbon equivalent (CE) on weld metal mechanical
properties for different samples: {a) yield strength {¥5), (b) ultimate tensile
strength (UTS), and (c) champy impact toughness at —2{FC.

P11 and 380ppm for P6) and microstructural constituents,
in particular AF content (24% for sample P6 and 33% for
P11). Therefore, for a given CE value, the higher ¥S in
sample P11 is associated with lower oxygen content and
more AF content.
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Figure 5—Effect of oxygen content on weld metal mechanical properties for
different sumples: (a) yield strength {Y5), (b} ultimate tensile strength (UT5),
and {c) champy impact toughness at —2{FC.

Weld Metal Ultimaie Tensile Strength

CaQ decreases weld metal UTS, but other flux
ingredients, e.g., MgO, CaF,, and AlLO, increase UTS.
Flux mixtures Ca0 - CaF, and CaO - ALLO, have a
binary synergistic (increasing) effect on weld metal
UTS. However, other flux mixtures, ie., MgO - CaF,,
MgO - ALLO,, and CaF,-Al,O; have a binary antagonistic
{decreasing) effect on LTS (Table 6).
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The increasing UTS with increase in MgO may be
expected since MgO increases weld metal Mn, 5i, C, and
MNi content (Table 6), and these elements are found to
increase UTS. Similarly, ALO, increases weld metal Si
content which ultimately contributes to an increase in UTS.
CaF, also increases weld metal Si and C content which
also contribute to an increase in UTS (Table 6). The binary
synergistic (increasing) effect of flux mixtures Ca0 - CaF,
and Ca0 - ALO, on weld metal UTS may be explained by
their (1) binary synergistic effect on weld metal Mn, Ni,
and C content and (2) binary antagonistic effect on weld
metal oxygen content. Similady, the opposite effect, i.e.,
binary antagonistic effect of Aux mixtures MgO-CaF, and
MgO-ALO, on weld metal UTS may be explained by their
(1) binary antagonistic effect on weld metal Mn, Si, Ni and
C content and (2) binary synergistic effect on weld metal
oxygen content (Table 6).

Weld metal UTS has also been correlated with carbon
ﬁquu.'ajf:nt (CE), the values of which are given in Table 6.
The increase of UTS with CE as shown in Fig. 4(b) clearly
indicates the mle of hardening elements (such as C, Mn,
and Ni) on weld metal UTS. As expected, weld metal
UTS decreases with the increase of oxygen content, as
shown in Fig. 5(b). This is due to coarsening of the weld
metal microstructure with an increase in oxygen content
[14]. However, it appears from both Figs. 4(b) and 5(b)
that UTS wvares considerably, even at a fixed value of
CE and oxygen content. These phenomena indicate that,
apart from CE and oxygen, other factors may influence the
weld metal UTS. For example, at a given oxygen content
{320ppm), sample P15 has higher UTS (5335MPa) than
sample P13 (472MPa). Like Y'S, the higher UTS of sample
P15 is attributed to higher CE, which probably causes higher
AF content. Furthermore, the presence of some pearlite
in between GBF in sample P15 as observed in a TEM
micrograph (Fig. 6) may increase the UTS value. Similady,
sample P13 shows a higher UTS (472MPa) than sample
P17 (450MPa) at a given CE (0.202), and they differ in
oxygen content (320ppm for P13 and 470ppm for P17)
and microstructural constituents (Table 3), in particular AF
{28% for P13 and 20% for P17) and GBF content (27% for
P13 and 32% for P17). Therefore, for a given CE value,
higher UTS in sample P13 is associated with lower oxygen
content and more AF (8% more) as well as lower GBF
content (5% less).

On the other hand, it is interesting 1o note that samples
P15 and P14, having almost the same CE value of 0.266
and level of oxygen (320ppm), as given in Table 2,
showed different UTS walues. Higher UTS in sample P13
than P14 could be due to lower sulfur and phosphorous
content (Table 2). Sulfur and phosphorous usually promote
metallurgical stress concentration and provide sites for the
nucleation of microvoids during tensile loading. Relatively
larger microvoids of sample P14 [Fig. 7(a)] compared to
sample P15 (Fig. 7(b)) clearly indicate the role of sulfur in
fracture under tensile loading.

Weld Metal Toughness

Results in Table 5 show that flux ingredients Ca0 and
Al 0, decrease weld metal Charpy impact toughness. Flux

Sarmple P15

Fisure 6.—TEM micrograph showing nucleation of some pearlite in hetween
large veins of grmin boundary ferrite.

mixtures Ca0Q - CalF,, Ca0 - ALO, and CaO - MgO have
a binary synergistic (increasing) effect on weld metal
impact toughness. The effect of Ca0 - MgO is much less
in comparison with other mixtures, e.g.. CaO - CaF, and
Ca0 - AL, O, as is evident from their respective coefficients
of estimate in the prediction equations of weld metal Charpy
impact toughness (Eq. (7)). However, the flux mixture
MgO - CaF, has a binary antagonistic (decreasing) effect on
weld metal Charpy impact toughness (Table 5.

The decrease in impact toughness with increasing in CaQ
in the flux may be expected because Ca0) increases weld
metal oxygen content { Table 6) which minimizes AF content
in the microstructure [ 14—16]. On the other hand, the binary
synergism (increasing effect) of CaQ . CaF, and CaO -
Al O, mixture on weld metal toughness could be attributed
to (1) binary synergism of CaQ - CaF, and Ca0 - ALO,
mixtures on weld metal manganese, nickel and carbon
content and (2) binary antagonism (decreasing effect) of
Ca0 - CaF, and Ca0- Al O, mixtures on weld metal oxygen
content. The probable reasons for these observations have
been discussed in previous work [11]. Furthermore, both
of these flux mixtures, e, Cad - CalF, and CaO - ALO,
have a binary synergistic (increasing) effect on weld metal
acicular ferrite content (Table 6), which always improves
weld metal Charpy impact toughness [12-16]. The binary
antagonism (decreasing effect) of the MgO - CaF, flux
mixture on Charpy impact toughness may be attributed to its
binary synergism (increasing effect) on weld metal oxygen
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Sample P15

Figure 7.—5EM micro photograph of tensile fractured samples: {a) P14
showing fine dimples alongwith few large voids, (b) P15 showing fine dimples
alongwith small voids,

content and binary antagonism on weld metal Mn, Si, Ni,
and C content (Table 6). The increase in oxygen content
is directly associated with the increase in volume fraction
of inclusions and consequent decrease in acicular ferrite
content [13-16]. Furthermore, MgO - CaF, has a binary
antagonistic (decreasing effect) effect on acicular ferrite
content { Table 6) which decreases Charpy impact toughness.

Although the weld metal toughness increases with
increasing carbon equivalent (CE) and decreases with the
ereater oxygen content, as shown in Figs. 4(c) and 5(c),
respectively, the wanation of toughness, even at a fixed
value of CE and oxygen content, probably indicates that
some other factors in addition to CE and oxygen content
are responsible for controlling weld metal toughness. The
weld metal of sample P11 has maximum toughness (261)
although it has lower carbon equivalent (CE 0.225) than
sample P15 (CE 0.266). Both samples P11 and P15 have
the same percentage of microstnictural constituent acicular
ferrite. It therefore appears that the higher oxygen content
{(20ppm more) in P15 over P11 is responsible for a slight

P. KANJILAL ET AL.

TanLe T—Weld metal carbon equivalent {CE) and
Mn to Si ratio (Mn/Si) for eighteen samples.”

Sample Mo CE% e

Pl 0177 1647
Pz (1164 2476
P 0.187 2214
P4 (1.1449 2765
P& (L1586 2419
P 0225 2926
b7 (L174 LE(7
P& (.186 290

P (L198 2654
Pl 0173 2798
P11 0.224 5833
P12 0217 4006
P13 0.207 3875
P14 (1.266 2899
P15 0.267 2162
Pl6 .148 2535
P17 0.202 2179
PI& (1164 3231

*Carbon equivalent (CE) = wi'k C + M"'T“" + %

decrease in impact toughness in P15(24.1]) over P11 (26J).
Furthermore, at the same CE wvalue ((0.266) a slight increase
in Charpy impact toughness in P14 (23,51 over P15 (24.1])
has been observed. Table 3 shows that sample P14 contains
slightly more AF and PF content, and less GBF, SPF and
FAS content, than P15. Again, the Mn:Si mtio in P14
(2899 is slightly higher than P15 (2.162) as given in
Table 7, both of which are probably responsible for a
slight improvement in the impact toughness of P14 over
sample P13,

It is also observable from Table 4 that sample P13 has
better toughness (23.5]) as compared with P9 (16.71),
although both of these samples have almost the same CE
value (.20 (Table 7) and oxygen content (P13 320ppm
and P9 330 ppm). Although P13 and PY have the same AF
content (285 ) as given in Table 3, SPF content is 3% lower
in P13 than P9, GBF content is 2% less in P13 than PO
and PF content 1s 7% more in P13 than P9. Furthermore,
the Mn/Si ratio (Table 6) in P13 (3.873) is more than that
of P9 (2.654). Therefore, it may be stated that an increase
in PF, a decrease in SPF and GBF and higher Mn/Si mitio
{ Table 6) may be responsible for higher toughness in sample
P13 than P9, even at the same AF content. Differing in
impact toughness between P13 and P9 is also reflected in
the SEM fractograph as sample P13 [Fig. 8(a)] shows more
{ductile fracture ) of MV C as compared to fracture in sample
P9 [Fig. 8(b)].

It is also important to note that sample Po having higher
CE (0225) and higher oxygen content (380ppm) than
sample P9 and having lower CE (0.198) and lower oxygen
content of 330ppm has a higher toughness (22.21) than P9
(16.71) as given in Table 4. Furthermore, sample P6 has
lower AF content (24%) than P9 (28%), but greater PF
content (245 ) than that of sample P9 (20%). The improved
impact toughness of sample P6 over sample P9, despite
lower AF content, may result from a higher Mn/Si ratio of
P6 (2.926) than PY (2.645). Furthermore, the decrease in
impact toughness due to a decrease in AF content could
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Fioure §—{a) SEM fmectograph of charpy impact test samples at the root of
notch showing ductile brittle tmnsition zone: {h) SEM frmctograph of champy
impact test samples at the root of the notch showing brittle fracture by Chuasi
cleavage type fui lure.

TansLe & —Randomly designed submerged arc flux composition.
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Figure 9.—Predicted results for weld metal mechanical properties (a) yield
strength, {b) ultimate tensile strength, and {c) charpy impact toughness at
—MFC.

be compensated, at least to some extent, by increasing the
polyzonal ferrite content.

Therefore, it appears that weld metal toughness is
dependent on several factors, such as carbon equivalent
(CE), oxygen content, microstructural constituents and
Mn/fSi ratio, which interact in a complex manner resulting
in final weld metal impact toughness.
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Figure 1{.—Fitted response surface (Egn. Mo, 6) contour for weld metal
impuct toughness at —20FC {Joule) for tao different Aux systems: {a) Mg
constant {2 wi%) and {b) Call constant {20 wi%).

Adeguacy of the Developed Prediction Equation

The adequacy of the prediction equation developed by
the regression model for weld metal mechanical properties
was checked by performing SAW experiments using
randomly designed fluxes. The randomly designed flux
compositions are given in Table 8. The responses which

P. KANJILAL ET AL.

were studied are weld metal mechanical properties: (1)
yield strength, (2) ultimate tensile strength, and (3) Charpy
impact toughness. The companson between experimentally
determined and predicted values of the responses is shown
graphically in Fig. 9. We observed from these figures
that there is reasonably good agreement between the
experimental and predicted results. Therefore, it can be
concluded that the prediction model is quite adequate in
describing submerged arc weld metal mechanical properies.

Contowr Plots of the Estimated Responses

The iso-response contour plots for selected responses
such as weld metal impact toughness at —20°C were
developed as an example. These are shown in Fig. 10. The
shade in each of these iso-response contour plots represents
the value of the response (impact toughness) which may be
achieved with different combinations of flux ingredients in
the present set of experiments.

ConNcLUSIONS

The weld metal responses such as mechanical properties
in submerged arc welding have been predicted in terms
of flux ingredients by developing regression equations
with the help of statistical experiments for mixture
design. Both the individual flux ingredients CaO, MgQ,
CaF,, and AlLO;, and their binary flux mixtures are shown
to be important for weld metal properties. Generally good
agreement is observed between predicted and observed
results of responses. The conclusions drwn from the present
studies on submerged arc welding at fixed levels of welding
parameters are summarized below for each of the responses.

(1) Flux ingredient CaQ improves the mechanical
properties, viz., yield strength, ultimate tensile strength
and Charpy impact toughness at 20°C by virtue of its
interaction with both CalF, and ALO,.

(i) Flux ingredient MgO, on the other hand, improves the
mechanical properties as an individual ingredient.

(iii) Interaction of MgO with CaF, and Al, O, is detrimental
to mechanical properties in general.

{iv) In addition to acicular ferrite, Mn:Si ratio also has
an important effect on Charpy impact toughness
at —20°C.

APPENDIX |

“t" value and significant level (F) of each predictor, text of whole mixture model for the responses of weld metal mechanical properties.

Respomses
Yield strength Ultimate tensile strength Elongation percent Impact toughness Vickers hardness
Predictors t Sig. (P t Sig. (P t Sig. (P} t Sig. (P t Sig. (P)
Caly —4. 284 88" RLILE L 33820 A01xsh” 105368 HGlg —B5TRM" RLACATL N —1.58440) JA18191
Mgy 4.1 3200° AN 6.21381" ALY 6356 A3an09 L1TIR] 5762 374273 RIS TN
L"il.[-': 222575 A29EL T 442814~ ALY 145933 149523 —1.66aTE 00421 ERLE. S 02427
Al —1.541495 A2E174 5633487 AN [ iE AKX —4.20063" RUITON e TJel2s A aag
Caly. MgO 75568 A5200 —.22699 B2 —23778 B12836 4.22121" TN —.54972 SEHES
Ca() - CaF, 6.13372" RLILEATNY TR RILLITLN 1.23972 219750 LA L RLALALL N 310016" ANZ08"
MgO) - CaF, —3153] 1a” ANNITRT —4 3R3TS RILLVI BT BHTET2 A9984 1 —212255" AATTON —251191" A 46267
Cald- Al T 140657 AKENNT 6. 7263 RITLE AN —. 33335 TAo03 10.534 15" RUNTERTLN 5.28135° A0
Mgld - Al —2.41020* AIE915° —5212" RITA el — 144787 526492 —1.56216 123341 =020 AN 347
CaF, - Al 0, —E475 03736 —205961" 430417 —4. 38515" RLALLAC Ty — 72358 ATH44 23143 B1T742
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Text of whaole mixture model.

Dependemt variable responses R 55 model df model M5 model 55 mesidual
Yield strength (Y 5) B2TSET 652660, 9 T251LE82 I8T29.67
Ultimate tensile strength (UT5) A4 13 46282 50 9 5142.500 206T0.TE
Elongation percent S24047 3116805 4 Made 820561
Impact toughness 0063 194 1008 9 256676 TIE419
Wickers haniness AL5905 75183660 9 B35.3740 10558, 75
df residual M5 residual F value P significance

Yield strength (Y 5) i) 0246721 1 Le0910 RALLEATEN]

Ultimate tensile strength (UT5) i) 4301739 1195447 ALY

Elongation percent a2 4. 5402493 TH12429 RATLEATL

Impact toughness a2 11.58132 18.62302 ALY

Wickers haniness 0 1703023 4005241 J0N5T

APPENDIX 2 — (L0007 Cal - CaF,

Oxyegen (O, ppm) = 63.305 Ca0 — 12.420 MegO

+ 6.457 CaF, 4+ 16.775 ALOQ,

— 0945 Ca0 - MgO

— 1.557 Ca0 - CaF,

— 2061 Ca0 - ALLO,

+ 0.835 MgO - CaF,

+0.767 MgO - AlLO,

+ 0.378 CaF, - ALO, (1)
Manganese (Mn%) = 0.0244 CaO + 0.0590 MgO

+ 0.0012 CaF, + 0.0024 ALO,

— 0.0004 Ca0 - MgO

+0.0012 Ca0 - CaF,

+ 0.0013 Ca0 - ALO,

— 0.0013 MgO - CaF,

— 00014 MgO - Al,O,

— 0.0002 CaF, - ALLO, (2)

Silicon (5i%) = 0.0107 CaO + 0.0520 MzO

+ 0.0083 CaF, +0.0128 ALO,

—0.0011Ca0 - MgO

— 0.0001 Ca0 - CaF,

— 0.00008 Ca0 - ALO,

— 0.0012 Mg0O - CaF,

—0.0013 MgO - Al,O,

+ 0.0002 CaF, - ALO, (3)

Sulfur (8%) = 000312 CaO + 0.00471 MgO
+ 0.00181 CaF, 4+ 0.00220 ALOD,
— 000015 Cal - MgO

— 0.00008 Ca0 - ALO,
— 0.0009 MgO - CaF,
—0.00011 MgO - ALO,
— 0.00002 CaF,

Mickel (Ni%) = —.0776 CaO + 0.0556 Mg0O

—0.0181 CaF, — 0.0058 ALO,
+0.0006 Ca0 - MgO

+0.0030 CaO - CaF,

+0.0026 CaO - ALO,
—0.0015 MgO - CaF,
—0.0018 MgO - ALO,
+0.0004 CaF, - AlO,

Carbon (C%) = —00118 CaO + 0.00656 MgO

+0.00185 CaF,
+0.00034 ALO,

— 0.00009 Ca0 - MgO
+0.00007 CaO - CaF,
+0.00017 Ca0 - ALO,
— 0.00016 MgO - CaF,
—0.00013 MgO - ALO,
— 0.00002 CaF, - ALO,

Grain Boundary Ferrite (GBF%)
= 2.6632 Ca0 4 0.1473 MgO
+ 0.7956 CaF, 4 1.2687 AlLLO,
— 0.0455 CaO - MgO — 00720 CaOQ - CaF,
— 0.0752 CaO - ALO, 4 0.0254 MgO - CaF,
+ 0.0029 MgO - ALO, — 0.0086 CaF, - ALO,
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(4)

(5)

(6)

(7)
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Side Plate Ferrite (SPF%)

1.4496 Ca0 — 0.2051 MgO

+0.4395 CaF, +0.5953 ALO,

— 0.0145 Ca0 - MgO — 0.0415 CaO - CaF,

— 0.0496 CaO - ALO, + 0.0140 MgO - CaF,

+0.0130 MgO - ALO, + 0.0038 CaF, - ALO,  (8)

Polyzonal Ferrite (PF%)

2 2848 CaO — 12764 MgO

+0.3102 CaF, +0.1683 ALO,

— 0.0135 Ca0 - MgO — 0.0540 CaO - CaF,

— 0.0646 Ca0 - ALO; +0.0461 MgO - CaF,
+0.0656 MgO - ALO, + 0.0145 CaF, - ALO,  (9)

Acicular Ferrite [ AF%)

— 4.8335 CaO + 2.0808 MgO
— 0.3680 CaF, — 0.6867 ALO,

+0.0756 CaO - MgO + 0.1551 CaO - CaF,

+0.1701 Ca0 - ALO, — 0.0731 MgO - CaF,

—0.0721 MgO - AL O, — 0.0068 CaF, - ALO,  (10)

Ferrite with aligned second phase (FAS%)

6.

—03141 Ca0 + 05034 MO
+0.0727 CaF, — 0.0957 ALO,

—0.0021 CaO - MgO + 0.0126 CaO - CaF,

+0.0192 Ca0 - ALO, — 0.0123 MgO - CaF,

— 0.0095 MgO - AL O, — 0.0030 CaF, - ALO,  (11)
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