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Abstract

Further development of manufacturing methods
and metallic alloys is crucial for creating next-
generation energy production systems with
enhanced strength, toughness, creep resistance,
and/or corrosion resistance. For wire-based
additive manufacturing (AM), wire materials are
often cheaper than powdered metal, impurity
contents are easier to control, deposition rates
are substantially higher than those of powder-
based AM, and wire arc AM is backed by decades
of experience in multipass welding, cladding,
and build-up repairs. To further expand the
capabilities of wire arc additive manufacturing,

a multiwire gas tungsten arc welding AM system
was developed to independently introduce two
commercially available nickel-based alloys, Alloy
617 and Alloy 740H, as weld wires into a single weld
pool, thereby introducing chemical composition
gradients with the intent of altering local material
properties. This research analyzed weld metal
dilutions and evaluated the composition profiles at
different proportions of nickel alloy filler wires. The
work demonstrated that multiwire gas tungsten
arc-directed energy deposition can deposit
graded compositions predictably via a simple
mathematical analysis based on mass balance.
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Introduction

Commercial power generation facilities benefit from
economies of scale, and individual components, such as
valve bodies, turbine casings, steam headers, and piping,
are quite large, weighing thousands of kilograms with wall
thicknesses potentially exceeding 75 mm (2.95 in.). These
items are generally one-of-a-kind, special-order items that
require extensive engineering and planning, resultingin long
manufacturing lead times. Usually, these large components
are cast, which, though near net shape, require ancillary com-
ponents (gating, runners, sprues, risers, pouring basins, etc.).
For example, a power plant valve body, ~ 2700 kg (6000
Ibs), requires on the order of 7700 kg (17,000 Ibs) of metal
to be cast (Ref. 1), requiring about 5000 kg (11,000 lIbs) to
be recycled.

Additive manufacturing (AM) techniques can reduce lead
time and recycle material because mold and die design are
not required, and ancillary components can be eliminated.
Wire-based arc methods offer deposition rates of upwards
of10 kg/h, typically higher than those of other wire-based or
powder-based directed energy deposition (DED) methods,
such as laser or electron beam energy sources, which have
deposition rates of <1 kg/h (Refs. 2-4). Also, wire-based
additive methods exhibit deposition efficiencies approaching
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Fig. 1 — A pipe-shaped deposit graded from nickel to Hastelloy N using multiwire GMA-DED for molten salt
applications: A — Side; B — top; C — cross-sectional views.

Table 1 — Multiwire GTA-DED Deposition Parameters

Weld Conditions
Parameters

High Heat Input Low Heat Input

Avg. Current (A) 275 175
Voltage 12 12

Peak Current (A) 300 200

Peak Current Pulse Width (s) 0.5 0.5

Background Current (A) 250 150

Background Current Pulse Width (s) 0.3 0.3

Travel Speed (mm/min) 102 102
Electrode Type EWLa-1.5 EWLa-1.5

Electrode Preparation 30 degincluded angle, truncated 30 deg included angle, truncated

Shielding Gas 75% Ar/25% He 75% Ar/25% He
Shielding Gas Flow Rate (in./min) 12 12
Gas Cup Size 10 (15.8-mm orifice) Size 10 (15.8-mm orifice)

Heat Input (kJ/mm) 1.95 kd/mm 1.24 kd/mm
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100% while powder-based DED methods generally exhibit
< 50% deposition efficiency (and recycling powder can cause
issues with defect generation [Refs. 5-7]). The cost of wire
is also considerably less than the same alloy in powder form:
e.g., Type 316L stainless steel wire costs approximately three
times less than powder based on a15 kg quantity (Refs. 8, 9).
Although powder-based additive methods have the advan-
tage of higherresolution, this is not overly important for large
power generation components.

WELDING JOURNAL

Large components were additively fabricated in the 1970s
and 1980s using the submerged arc welding (SAW) process
(Refs.10-12), with Babcock and Wilcox developing a gas
metal arc welding (GMAW) process referred to as “shape
melting” or “free-form fabrication” (Refs.12,13) in the late
1980s and early 1990s. Recent additive manufacturing devel-
opments include gas metal arc directed energy deposition
(GMA-DED) (Refs. 14, 15) that leverages long-established
welding process knowledge and inexpensive welding equip-
ment, essentially creating multipass welding without the



Table 2 — Composition of Materials from the Material Certifications

Chemical Compositions (wt-%)

Ni Cr Co Mo Fe
Sﬁj“k?if;; 5410 2220 160 860 160
VC!%VV?/?; 5424 2181 157 900 167
’w%ﬁﬁz 5000 2430 2040 033 016
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Fig. 2 — Overview of the multiwire GTA-DED system
showing the dual wire feed guicle relative to the
GTAW torch.

constraint of awelding groove, relying on surface tension and
heat flow to build net-shape or near-net-shape geometries.
Wire arc additive manufacturing (either gas tungsten arc
directed energy deposition [GTA-DED] or GMA-DED, [Ref.
16]) has been mostly limited to deposition using a single
welding wire.

Feeding two or more wires of different compositioninto the
weld pool allows for depositing alloys of unique composition,
i.e., multiwire arc additive manufacturing. Independently
varying the wire feed rates enables the deposition of func-
tionally graded materials (FGMs) and the placement of
specific alloys in desired locations without abrupt compo-
sitional changes. SAW is often used to deposit numerous
electrodes into a single weld pool with deposition rates up
to 300 kg/h (Ref.13). However, a flux must be contained over
the weld pool, and high heat input results in coarse, highly
segregated microstructures. Additionally, some alloys may
lack an appropriate flux, e.g., Inconel Alloy 740H, a high-tem-
perature, nickel-based alloy with high levels of aluminum and
titanium. Twin wire arc additive manufacturing methods via
GMAW or gas tungsten arc welding (GTAW) (Refs. 17,18) elim-

Al Ti Mn Si C Nb
110 0.40 0.10 0.10 0.05 =
1.08 0.34 0.08 0.07 0.08 =
1.38 1.38 0.28 013 0.02 1.41

inate the need for a flux. However, the use of only two wires in
these methods limits the wide range of compositional flexi-
bility required to avoid undesirable phases. Additionally, the
overall heatinput with GTAW is not influenced by filler metal
feed rates (i.e., a constant current process with controlled
voltage) and is inherently more stable due to reduced spat-
ter generation (i.e., composition loss) compared to GMAW.

Numerous alloys exist that optimally address either struc-
tural or corrosion requirements of components. Depositing
such alloys together, asin arc cladding, effectively addresses
both corrosion and structural requirements without the need
to develop a new alloy. However, differences in the properties
between cladding and substrate can resultin unacceptable
distortion and/or cracking (Refs.19, 20). Multiwire GTA-DED
can smooth sharp transitions in composition, as shown in
Fig.1, thereby reducing the severity of distortion, the poten-
tial for cracking, and the formation of undesirable brittle
phases (Ref. 21).

This paper presents the results obtained from a prototype
two-wire GTA-DED system, as well as the factors that affect
the as-deposited composition profile. Only the relative feed
rate ratios of the wires are varied for two heat input condi-
tions. Asimple dilution model was developed to predict local
composition profiles arising from changes in wire feed rates
and heat input.

Experimental Approach

A second wire feeder was integrated into an automated
GTAW system, as shown in Fig. 2., as GTAW decouples the
dependence of welding current and heat input from the weld
wire feed rate unlike GMAW. The entire multiwire GTA-DED
process was controlled by an internally developed LabVIEW
software program. Deposits were made using pulsed GTAW
with automatic voltage control (AVC) with the specific param-
eters shown in Table 1. The deposition rate was set to nearly
1kg/h. This is not a maximum deposition rate for GTAW but
was chosen based on equipmentand sound weld procedures.
Specifically, the GTAW process was chosen over other pro-
cesses due to its constant current characteristics, which
allow for independent control of the wire feed rate without
changing other process parameters. For instance, multiwire
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Fig. 3 — Schematic of the multiwire GTA-DED deposit showing the weld wire feed changes and metallographic
sectioning locations. Samples, ~21 mm long, were extracted at locations containing each step change in the

filler wire feed rates.

Table 3 — Weld Wire Deposition Information for Each Section of the Deposit

Wire Feed Percentages

Variables
100% 617 75% 617 50% 617 25% 617 0% 617
0% 740H 25% 740H 50% 740H 75% 740H 100% 740H
617 Feed Rate (m/min) 1.96 1.47 0.978 0.489 0.0
617 Deposition Rate (mm3/min) 2006.8 150541 1003.4 501.7 0.0
617 Deposition Rate (g/min) 16.8 12.6 8.4 4.2 0.0
740H Feed Rate (m/min) 0.0 0.635 1.27 1.91 2.54
740H Deposition Rate 0.00 489.4 978.8 1468.2 1957.6
(mm3/min)
740H Deposition Rate (g/min) 0.0 7.9 11.8 15.8
Total Filler, V2! (mm3/mm)* 19.75 19.63 19.51 19.39 19.27
Total Filler (g/mm)* 0.165 0163 0.160 04158 04155
617 . . . . .
Weight 1.00 0.76 0.52 0.26 0.00
Fraction 740H 0.00 0.24 0.48 0.74 1,00

*At a travel speed of 101.6 mm/min

GMAW or multiwire SAW are based on constant voltage power
supplies that adjust the current (heat input) in response to
changes in wire feed speed.

Two high-temperature, nickel-based weld wires, Inconel
Alloy 617 (solution-strengthened alloy) and Inconel Alloy
740H (y’-strengthened alloy), were used. Although similar
in composition (both contain 20-24% Cr and significant
amounts of Al and Ti), the significant differences in cobalt
(Co) and molybdenum (Mo) concentrations allowed the
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effects of dilution to be quantified. Deposits were made on
an Inconel Alloy 617 base plate approximately 50 mm thick,
50 mm wide, and 200 mm long. The composition of these
materials is shown in Table 2 in weight percent (wt-%).

The combined wire volume feed rate added to the weld
poolwas kept constantat 2cm?®/min (equivalentto ~1kg/h.
Only the relative fractions of two weld wires varied along the
deposit. The measured Alloy 740H wire diameter was 0.991
mm (0.039 in.), while the measured Alloy 617 wire diameter
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Fig. 4 — A — Transverse section of the multiwire GTA-DED deposit (25% Inconel Alloy 617 and 75% Inconel Alloy
74OH 1.95 kd/mm); B — the image analysis data used to calculate the dilution.
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Fig. 5 — Longitudinal view of the specimen used to capture the step change in weld wire feed rates (from 25%
Alloy 740H on the left to 50% Alloy 740H on the right). The dashed lines indicate the locations for EDS analysis

(i.e., top, middle, bottom, and base metal).

was 1143 mm (0.045 in.). The maximum wire feed speeds
when depositing 100% of alloys 740H and 617 were 2.5 m/
min (100 ipm) and 2.0 m/min (77 ipm), respectively. Both
wires were fed into the leading edge of the weld pool at an
approximately 30 deg angle from the plate surface.

A single weld bead was deposited (i.e., bead-on-plate)
to understand the factors affecting the multiwire GTA-DED
process. The fraction of each weld wire fed into the weld pool
was abruptly changed at the locations indicated in Fig. 3, as
shown by the longer, dashed lines, with the associated weld
wire deposition information provided in Table 3.

The dilution was measured midway between the loca-
tion corresponding to step changes in the wire feed rate to
analyze the “steady-state” dilution (where transient com-
position changes due to the preceding or subsequent feed
rate step change were assumed to be minimal). Dilution was
determined using image analysis on optical micrographs as
shownin Fig. 4, and the percent dilution was calculated using
Equation 1. The dilution measurements were performed on
partial, transverse sections, as opposed to the entire weld
fusion zone, to also produce a centerline, longitudinal view for
analyzing the composition gradient. Nearly half of the fusion
zone was analyzed for dilution, and the same fraction of the
fusion zone was analyzed for each location. In the 100% 617
section, a dilution measurement on a full cross section was
compared to the corresponding partial cross section, which
produced the same dilution value.

A
Actual % Dilution = —2%° « 100%
Nugget
Q)
A —A
— Nugget T +100%
ANugget

Where:
A,... = area of weld metal within the base metal, mm?
A = total area of weld metal, mm?2

Nugget

A, = area of weld metal reinforcement, mm?

Specimens ~ 21 mm long were cut from the deposit to con-
tain the location of each wire feed rate step change as shown in
Fig. 3. Longitudinal views of these specimens allowed charac-
terization of the composition profile across each step change.

Transverse and longitudinal samples were prepared by
standard metallographic methods and were subjected to
a final electropolishing step (ethanol-6.7% perchloric acid,
10% 2-butoxyethanol, and 10% water at 0°C and 25 V for
5-155s). Room-temperature (20°C) electrolytic etching (using
a10% solution of oxalic acid at 2.5 V for ~ 30 s) revealed a
microstructure in both the Inconel Alloy 617 base plate and
the multiwire GTA-DED deposit. In some cases, structures
were better revealed using a 1:1 mixture of concentrated
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hydrochloric acid and 30% hydrogen peroxide, achieved
by submersion for ~ 20 s (Fig. 4).

The composition profile at the top, middle, bottom, and
within the base metal of the longitudinal sections, as shown in
Fig. 5, were determined using standardless energy dispersive
spectroscopy (EDS) analysis in the scanning electron micro-
scope (SEM - FEI Quanta FEG 650, EDAX® Octane Elect Plus
silicon drift detector (SDD) with EDS data analysis performed
in TEAM™ software version 4.5.1). EDS analysis points were
collected along lines at the top, middle, and bottom of the
deposit, as well asalong aline in the base metal for each field
of view. The SEM was set to an accelerating voltage of 20 kV, a
spotsize of 3.0 pm, and a working distance of 10 mm to achieve
anx-ray count rate of approximately 100,000 counts/s. A30-s
dwell time was used to collect x-ray data at each analysis point.

Since the longitudinal specimens were on the order of 21
mm long, numerous fields of view in the SEM along the length
of the specimen were analyzed. These views were manually
stitched together to determine the location of each EDS point,
measured from the left edge of the specimen, and allowed
the composition as a function of distance from the left edge
of each specimen to be plotted.

Results

Dilution

Dilution, determined according to Equation 1, as a func-
tion of the fraction of Inconel Alloy 740H wire added to the
deposit, is shown in Fig. 6A. For comparison, the measured
weld penetration and weld toe widths are also shown in Figs.
6B and C. Dilution is lowest in the segment where only Alloy
617 weld wire was deposited (i.e., 0% Alloy 740H in Fig. 6A).
Dilution is greater in all segments where Alloy 740H wire was
added to the weld pool. The dilution at the high heat input
condition is greater than the low heat input condition using
the same wire feed speeds, since more energy is available to
melt the substrate. In general, dilution for both heat inputs
does not vary extensively from one step change to the next
since the weld wires and substrate materials only differ in
the amounts and types of minor alloying additions.

Composition Profiles

Since solidification occurred under non-equilibrium con-
ditions and post-deposit heat treatment was not performed,
considerable microsegregation is present, as shownin Fig. 7.
Figure 8A shows a plot of the Co concentration around the
step change in weld wire feed rates from 25% Alloy 740H to
50% Alloy 740H at the low heat input level. No evidence for
enrichment or depletion of Co in the top versus the bottom
of the deposit was observed. This observation implies the
weld pool/deposit was well mixed, and the compositions at
the top, middle, and bottom for a given location could be
averaged to obtain a more accurate representation of the
bulk composition.

Therefore, EDS points within 1000 pm intervals (vertical,
gray dotted lines in Fig. 8B) are averaged and plotted as a
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Fig. 6 — Plot of the measured dilution: A —
Penetration; B — weld width; C — versus the volume
fraction of Alloy 740H wire added to the deposit for
the high and low heat inputs.

function of distance, i.e., the filled black circles in Fig. 8B.
The average elemental concentration for an interval included
a minimum of three, and as many as ten EDS points within
the interval. Similarly, the average position within the inter-
val was determined by averaging the locations of the EDS
points within the interval. Using this averaging approach,
the concentration of Co and Mo around each step change
was plotted for the high heat input (Figs. 9 and 10) and low
heat input conditions (Figs. 11 and 12). Because an average
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of numerous measurements was used to obtain chemical
composition information, the effects of a small SEM spot
size for measuring interdendritic segregation or elemental
depletion in a dendrite core should have been minimized to
yield arepresentative average composition within the 1000
um interval. Additionally, error bars representing the 95%
confidence interval have been added to each data point.
Microsegregation in the as-solidified weld material contrib-
uted to the relatively large error bars in these plots.

Comparison of plots shown in Figs. 9-12 show that the
high heat input condition resulted in less compositional
changes that are spread out over longer distances — the Co
and Mo concentration changes by about1wt-% across each
step change for the high heat input condition compared to
concentration changes on the order of 1.5 wt-% at low heat
input. Furthermore, more than ~ 20,000 pm was required
to approach steady state Co and Mo concentrations under
the high heatinput condition compared to only ~15,000 um
for the low heat input. A steady state composition or condi-

tion results once there is sufficient time or distance for the
weld pool composition to equal the relative proportions of
base metal and both filler metals being introduced into the
pool. Thisis adirect consequence of greater dilution and an
increase in weld pool size as heat input increased.

Based on the Co and Mo concentration, profiles reaching a
theoretical dilution value for each wire feed rate, Figs.11and
12, indicate that a steady state composition was achieved for
the low heat input. The high heat input condition required
more than 21,000 um from the step change, and thus, the
“start” of the first three step changes was not captured in
the metallographic specimen, as shown in Figs. 9 and 10.
Since the weld pool for the high heat condition was on the
order of 23 mmin length, the metallographic sectioning kerf
width was on the order of 3 mm, and step changes were made
every 25 mm, slight errors in positioning during sectioning
could have prevented the start of the transition associated
with the step change from being captured within the metal-
lographic mount for the high heat input condition. The change
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Fig. 9 — Composition profile for Co near each step
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Table 4 — Chemical Compositions for the High Heat Input (1.95 kJ/mm) Deposit

Relative Weld Wire Feed Rates

617-25% 740H Co Mo Cr
Measured — EDS* 12.79 7.29 2215
Steady State — Predicted 12.48 7.88 22.29
617-50% 740H Co Mo Cr
Measured — EDS* 13.86 711  22.09
Steady State - Predicted 13.35 7.03 2254
617-75% 740H Co Mo Cr
Measured - EDS* 14.44  6.63 22.56
Steady State — Predicted 14413 6.26 2277
617-100% 740H Co Mo Cr
Measured - EDS 1516 573 2275
Steady State — Predicted 15.49 495 2313

High Heat Input Element Concentrations, wt-%

Nb Fe Al Ti Mn Si Cc
0415 1.56 0.76 0.68 0.55 0.238 =
0.14 1.48 112 0.48 (Ol 0.09 0.06

Nb Fe Al Ti Mn Si Cc
0.25 1.28 1.2 0.63 0.34 018 =
0.28 1S58 115 0.58 013 01 0.05

Nb Fe Al Ti Mn Si C
0.39 1.21 141 1.02 0.56 0.06 =
0.41 119 118 0.68 0.15 0.M 0.04

Nb Fe Al Ti Mn Si Cc
0.33 1.03 1.22 0.99 0.42 0.07 =
0.62 0.96 1.22 0.83 018 0N 0.04

*Not captured at the steady-state condition based on the weld pool and the metallurgical section lengths

resulting in lower dilution. Conversely, as the welding torch
approaches the end of the substrate, heat removal ahead
of the weld pool becomes limited by convection across the
end of the substrate rather than conduction through the
substrate. Therefore, the substrate temperature is expected
torise, leading to greater dilution. The substrate temperature
in the vicinity of the weld pool throughout the experiment
must be monitored and/or modeled to gain a more accurate
understanding of the dilution behavior shown in Fig. 6A.

Predicted Composition Profiles

The time-dependent composition of the weld pool (and
the solidified deposit) for changes in weld wire feed rates
can be analyzed using dilution analysis. The derivation of
the dilution analysis for multiwire GTA-DED follows a similar
approach to that for chemical mixing, based on mass con-
servation, as originally reported by Clark (Ref. 23). There are
three compositional inputs to the weld pool: the substrate
melted by the advancing weld pool (Alloy 617 Base), filler
wire #1 (Alloy 617 Weld Wire), and filler wire #2 (Alloy 740H
Weld Wire), while the total “flow” of composition out of the
weld is the solidifying weld pool, Fig. 13. All elemental loss
from spatter and vaporization were assumed to be negligible
for the elements reported for each composition. For spatter
only, the mass loss was assumed to be negligible due to the
stable nature of GTAW. However, the mass loss due to vapor-

ization is unknown; nevertheless, less volatile elements, Co
and Mo, were used for experimental comparison and were
assumed to have minimal vaporization loss. The composition
of the weld pool changes when the mass of elementientering
the weld pool differs from that exiting the weld pool via the
solidifying weld bead. The mass rate balance becomes that
shown in Equation 2.

weld pool
Vweld pool * Pweld pool * ACi

= (ABase * 5% At * ppoge * Cibase)
+ (Awire 1 * Vwire1 * At * Pwire 1 * CiWire 1) (2)

wire 2
+ (Awire 2 * Vwire2 * At * Pwire 2 * Ci )

Nugget
- (ANugget * S x At * PNugget * Ci )

Where:

A, = Area of wire 1, wire 2, melted base metal, or weld
nugget, mm?

S =welding travel speed, mm/min

v,= linear feed rate of wire 1 or wire 2, mm/min
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C» = steady state concentration of element, /, in the weld e e Mo Deposit Average
nugget,t=oo S 11§ | » Mo, Base metal
C/ = weight fraction of element, i, in the weld pool, base ZIO ] Copredimd profile
metal, wire 1, or wire 2 Lo AR Cio
ACerool = change in the concentration of element, i, in g 5 9% .O.O. S S EERNTE L oo, j__
the weld pool £ oo tTTtlee s [T
p,= density of base metal, wire 1, wire 2, or weld pool, 2 73 1 ) 1
kg/mm? 8 69
Vwe,dpoo,=volume of the weld pool, mm? § 5 7
The last term is defined by “nugget” in Equation 2. 4 —— —
Equation 2 is the mass rate of the element flowing out or 0 08 10000 L30og 20000

solidifying at the back of the weld pool or nugget. Dividing DISEITEE, pm

by At and rearranging results in Equation 3.

12 4 -
° © Mo Deposit Average
weld pool f_, 11 4| * Mo, Base Metal
ACi 2z Predicted profile
V * p e 10 !
weld pool weld pool CAN
At £ 1.0
.2 9 ZCMO
=) ] L -
Nugget g855-'—."'0.’'.P.'°.°“'~CM0
+ (ANugget * 8 % PNugget * C; ) = 1 *2 o Qo °
! D 79 ¢ oo © 6 o o=-=o’-
9 16 ° ° ®
E °
— Bulk ]
= (Aputk * S * poune * CF'¥) ©) O
S 5]
. 1125% 740H 50% 740H
L =
wire T T T T
+ (Awire 1 * Vwire 1 * Pwire1 * Ci ) 0 5000 10000 15000 20000
Distance, pm
wire 2
+ (Awire 2 * Vyire 2 * Pwire2 * Ci )
12 -
° © Mo Deposit Average
% 11 4|e Mo, Base metal
= 10 Predicted profile
The three terms on the right side of Equation 3 are con- = o _ o ° o e
o o ° ° o © ° o o e
. . . (=] ° ° ° ° ° °
stant with time (after the step change), so Equation 3 can S 91 .
be rewritten as Equation 4: g s1c? ¢ °
E Mo -
@ __l___o °e ° CMo
Q 7T1%% so %0 o © j
Acweld pool g p o5 o O_o_ Oy_
; E
Vweld pool * Pweld pool ( At ) O
S 5]
50% 740H 75% 740H
) = , 1s0% 740
+ (Anugget * S * Prugget * € 19 = 4; 0 5000 10000 15000 20000
Distance, pm
Where: B
° © Mo Deposit Average
3\_' 11 1| © Mo, Base metal
r_ Bulk Predicted profile
Ai = (Apuik * S * pguic * C7*) e HereC POt
= ° o
(=] % o ° o° e
. o= Q ] ®op o,°°° ® o0 0° g0 °®
+(Awirel*vwire1*pwirel*cz"mr81) E -0 .o. e e ° * °
°
% 8 CMO
ire 2 71
+ (Awire 2 * Vwire2 * Pwire2 * CiWLre ) g O\!o ? Ps ° (6
1%y ___ o Mo
=} 6 ] o—0 o ° o | © o o
Q 6 o ® o o © %0 o
S lmamen)  [oweoen
0, 0,
Assuming complete and instantaneous mixing in the weld 4 . e A00% TAOH
pool and letting the time increment become exceedingly 0 5000 10000 15000 20000
. . . . . Distance, pm
small, the governing differential equation can be written as
shown in Equation 5. Fig. 10 — Composition profile for Mo near each step
change in welding wire feed rates when deposited
d(cretarooty with the high heat input condition. Solid curves
i + B * C‘Nugg‘-’t — A[I (5) B V. B
— dar i i show the predicted composition profile. Error bars

correspond to a 95% confidence interval.
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Table 5 — Chemical Compositions for the Low Heat Input (1.24 kJ/mm) Deposit

Relative Weld Wire Feed Rates

617-25% 740H Co Mo Cr
Measured — EDS 12.92 717  20.86
Steady State — Predicted 13.09 739 22.36
617-50% 740H Co Mo Cr
Measured — EDS 14.48 5.8 21.4
Steady State — Predicted 14.58 5.93 22.78
617-75% 740H Co Mo Cr
Measured — EDS 16.05 4.25 21.77
Steady State — Predicted 1641 4.44 23.21
617-100% 740H Co Mo Cr
Measured — EDS 1748 276 22.24
Steady State —Predicted 1763 293 23.64

Table 6 — Measured Dimensions for Each Weld
Pool Volume Approximation

Weld Pool

Dimensions High Heat Input

Low Heat Input

Surface Length,

2341 15.9
2b (mm)
Surface Width, 174 13.0
2a (mm)
Weld Bead Height,
2h (mm) 3.05 2.74
Estimated Weld 642 296

Pool Volume (mm?)

Where: (Eq. 5 continued)
B = ANugget * S * pNugget
Vweld pool * Pweld pool
A
A;:r — L

Vweld pool * Pweld pool

Low Heat Input Element Concentrations, wt-%

Nb Fe Al Ti Mn Si C
0.21 1.51 0.42 0.66 0.72 0.03 =
0.24 1.39 114 0.54 0.12 0.09 0.06

Nb Fe Al Ti Mn Si C
0.39 1.25 049 0.89 0.75 0.03 =
0.48 114 119 0.71 0415 01 0.05

Nb Fe Al Ti Mn Si Cc
0.46 1.05 0.52 0.96 0.79 0.03 =
0.72 0.88 1.24 0.89 0.19 0.1 0.04

Nb Fe Al Ti Mn Si C
0.71 0.8 0.53 1.28 0.86 0.02 =
0.97 0.61 1.29 1.07 0.22 012 0.03

Finally, assuming the composition of the nugget is equal
to that of the weld pool, allows for creating Equation 6.

13

dt

d(C.WEld pool)

+ B+ Ciweld pool — A;’ (6)

The solution to this type of differential equation is shown
in Equation 7,and A" is given by Equation 8.

"

L
Crert ey = ¢ + (€2 — ¢)e @)
AY ( ! ) A S
= * *
' Vweld pool * Pweld pool Base
* Ppase * CiBase + Awire 1 * Vwire1 * Pwire 1 (8)

wire 1 wire 2
* Ci + Awire 2 * Vyire 2 * Pwire2 * Ci )

The steady state concentration C” of any element, i,
is calculated according to Equation 9, which was derived
considering that, at steady state, the mass of element, i,
entering the weld pool is equal to the mass of element, i,
leaving the weld pool as the weld nugget solidifies, moving
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—_
o

with velocity, S (i.e., Equation 2 with AC*¢P>?' = O, since the ] -go Deposit Average
g ; ; 1| Co, Base Metal
composition of the weld pool is not changing at steady state). 731" Predicted profile

_— =
[V =N
L L

(A617 " V617 " Pe17 * Ci617)

. . . (740H
+(A740H V7401 * P7aon * G )

—
w
L

Co Concentration, wt%

e = + (ABase S Ppase CiBase) © 12 ]
' ANugget S PNugget 11 1
o fowzam] o |
0 5000 10000 15000 20000
The weld pool volume, V, . .., was approximated as an Distance, pm
ellipsoid, Equation10. The weld pool half-width, a, and half-
length, b, are obtained from measurements on the solidified .
weld pool after immediate arc extinction upon conclusion e | :gg ];;Z[;zsli\fleAt;fmge
of the experiment, Fig. 14. The height, h, of the ellipsoidal 3;17 _ Predicted profile
weld pool was measured from the transverse cross sections 16 ] c®
as shown in Fig. 15. The measured dimensions of the weld gls /Co
pool for each heatinput are shown in Table 6. The weld pool R c° ®e0 o0 o0 -
volume was assumed to be constant for all wire feed rate E 149 ic" ./‘.'./'/
combinations. Finally, the value of the melted base metal SRE et I
(A,...) was also determined by image analysis for each wire H 12 ]
feed rate combination, as shown in Fig. 15. %“ 3o 00 %¢ % 00 00 g0 %0 °, % o, % °° %000®
S e
4 0 5000 10000 15000 20000
Viveld pool = gnabh (10) Distance, pm

==}

1[ @ Co Deposit Average
1| ¢ Co, Base Metal Cc®
—Predicted profile Co

Where:
a = half-width of weld pool, mm

—
-

—
(=}

b = half-length of weld pool, mm
h = half-height of weld pool, mm

—_
[

Using the values from Table 2, Table 3, and Table 6 in
Equation 9, the predicted steady state concentrations, C7,
for each section of the deposit, were calculated and included
in Table 4 and Table 5. Generally, the predicted steady state

[ —
LS} w
L L

Co Concentration, wt%
= =

: . ! 50% 740H 75% 740H
concentrations of the elements agree with those obtained 10 - - -
0 5000 10000 15000 20000

from EDS analysis (accuracy of EDS analysis is commonly
accepted to be approximately £5% for heavier elements
and approximately £10% for light elements [Ref. 24]).

Equations 7 and 8 were then used to create an elemental
composition profile following the step change in wire feed
speeds, with the values for C*and A" from Table 7. C° for the
transition being profiled was taken as C;* from the previous
transition (or, in the case of the first transition, C,° was the

Distance, pm

__
~N oo
a
S
[S)
( ]
(3
L]
( ]
L ]

l b4 b Pes Cz‘oa
0

(=)}
L

W
P

Co Concentration, wt%
=

composition of the base metal). The predicted concentration ] © Co Deposit Average|
profiles have been plotted as sohc;l Illneslln the pIots.of Figs. 13 ] lgfécﬁ?f:d“ﬁ?rlue
9-12, and the predicted composition fit the experimental ]

data within the limits of EDS and solidification segregation 12 18 00 %0 %00 s o L %0 0% 0, %, 0, e
variations. The positioning of the predicted concentration T R et
profiles was accomplished by minimizing the sum of the o 1% 100%740H]
squares of the difference between the experimental com- 0 5000 10000 15000 20000
position and the predicted composition on a point-by-point Distance, pm

basis, as shown in Equation 11. Fig. 11 — Composition profile for Co near each step

change in welding wire feed rates when deposited
with the low heat input condition. Solid curves
show the predicted composition profile. Error bars
correspond to a 95% conficdence interval.
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10 i 0 : .
°\° 5 §M80 ) o. y R = Z(Ciﬁ'xpenmental _ Cipredwted)z (11)
E 9! E1-..—FO. T ° 00 ® o o eo e 0
“8500 Ll e o - .O...Vo.”Q ,,',..
g 1 ° o0  © to= ¥
R \ Where:
E 6] Cuo R = sum of squares
¥ ;5] C Freerimental = composition of element i from experimental
g . 3 OMO %eposli\tlAvfrage measurements
1| * Mo, Tet : . , L
g | Pr(:,dié::fl preoﬁle C/redicted = composition of element i from the prediction
= 1lo%7a0n]
2 A P P e Finally, Equation 7 contains an exponentially decaying term
Distance, pm that controls the shape of the composition profile. The time
constant is defined as the time for the exponential term to
10 - equal e, Thus, for Equation 7, T is given by Equation 12.
S ]
o 5 A
B o © e e ° .. 2 e e o o
«8 o o °° e ° o « ° o %° o
P e _G (12)
£ I T i u
1 0
E o ] CMO ° T o0 ° O_o_Q__
-5 5 ] ° °
] t
= : Where:
S 4 3| @ Mo Deposit Average '
O " 1 « Mo, Base Metal T = time constant, min
S 3 | —Predicted profile , .
= 1[25% 740H] [50% 7408 | A/ =length constant, min™’
2 o oG IO DSON0 | 20000 At one time constant, the second term on the right
Distance, pm side of Equation 7 becomes (C°-C~) x e, or (C°- C7)
% 0.368, and the concentration transition is approximately
0 - 63% complete. After two time constants, the transition is
© about 86% complete (i.e., e2 = 0.14) and the composition
3; 9 3,00 ¢ ° L changes slowly, thereafter. If the time constant is multi-
=83 o R s o0 % e e e plied by the experimental travel speed, S =101.6 mm/min,
'S . 7CM0 alength constant, k, can be calculated and compared to
‘é‘ . the composition profilesin Figs. 9-12. Tabulated values for
b= 6 T ° Cilo T, k, and 2k for each transition have been included in Table
35 ®"e00 0 %% 7. This table shows that the time constant is independent
g 4 : oMo Deposit Avec;'ag: JRE I of the element used to calculate it. Also, a high heat input
©) o Mo, Base Metal condition resultsin alongerlength constant, k =11.3-13.0
S 3 {|-Predicted profile mm, than that at low heat input conditions, k =9.2-9.3 mm,
— P
5 3 w, R . with only small variations of k for a given heat input. Finally,
0 5000 _10000 15000 20000 the distance associated with 2k at high heat, ~ 24 mm,
Distance, pm exceeds the length of the metallographic mounts, ~ 21 mm,
and, therefore, only a portion of the transition is contained
a within the plots of Figs. 9 and 10. Interestingly, the distance
e R of 2k is very close to the length of the weld pool reported
) . . .
*; P 0%, o 6 0% 60 ® 0 o % e o o° in Table 6 and, therefore, simply measuring the weld pool
FREE N R length may provide a reasonable estimate of x. Ultimately,
S 5] this dilution analysis shows that a step change in weld wire
s ] oMo Deposit Average feed rates will oply graldually changethe comp.o'smon of the
s 10 * Mo, Base Metal weld pool over time/distance. Larger composition changes
2 5 OJMO . Predicted profile over smaller distances are favored at lower heat inputs due
8 IR TR Py pe to a smaller weld pool.
° by - ———
§3 Oooooooo '—'oio—l
[75% 7401 | [180% 74011 .
2 ; ; : ;
RS SRR L ok S Summary and Conclusions

Distance, pm
Multiple weld wires were fed into the GTAW weld pool,

demonstrating multiwire GTA-DED as a viable fabrication
method for functionally graded materials. Furthermore,
various multiwire GTA-DED parameters, particularly heat
input, have a profound effect on the composition gradi-

Fig. 12 — Composition profile for Mo near each step
change in welding wire feed rates when deposited
with the low heat input condition. Solid curves
show the predicted composition profile. Error bars
correspond to a 95% confidence interval.
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A\lugget -S-At- pNugget ’ CiNUQQEt

. " Weld Pool
VWeld Pool Pweld Pool" AC;i

3 At .~ Wire2
Awire2"Vwire2" At Pire2"Gi

Fig. 13 — Schematic depicting the masses of material flowing into the weld pool with composition C»>! and
mass of material flowing out of the weld with composition C',

Table 7 — Calculated Values for C*, A’, Time Constant, and Length Constant

Transition ; o A Time C.onstant, T, Length Constant, Two Length Constant,
b i Minutes K, mm 2K, mm
High Heat Input
Co 12.48 106.3 0117
25% 740H 1.9 23.8
Mo 7.88 67.2 0117
Co 13.35 115.6 0.116
50% 740H 1.7 23.4
Mo 7.03 60.8 0.116
Co 1413 127.3 011
75% 740H 1.3 22.6
Mo 6.26 56.4 0111
Co 15.49 121.3 0128
100% 740H 13.0 26.0
Mo 4,95 38.8 0.128
Low Heat Input
Co 13.09 143.0 0.092
25% 740H 9.3 18.6
Mo 7.39 80.7 0.092
Co 14.58 160.8 0.091
50% 740H 9.2 18.4
Mo 5.93 65.4 0.091
Co 16.10 176.8 0.091
75% 740H 9.3 18.6
Mo 4.44 48.8 0.091
Co 17.63 192.6 0.092
100% 740H 9.3 18.6
Mo 2.93 32.0 0.092
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“ Pool Length\ 2b

Weld Pool a
(assuming an
ellipsoid for simple
approximation)

Substrate

2h

Pool
Depth

B EE . | !
Pool Half-Width Low Heat Input Weld Pool

[

Fig. 14 — A —Schematic of the weld pool width, length, and height used to estimate the weld pool volume; B —
photograph of a weld pool and the respective measurements.

Fig. 15 — Macrograph of a high heat input weld section for estimating the weld pool depth, 2h, and the area of

base metal melted, A

base”

ent, offering considerable flexibility in producing desired
composition profiles. Step changes in welding wire feed
rates atalower heatinputresultedin greater compositional
change over shorter distances (up to ~ 1.5 wt-% for the Co
and Mo concentrations over 15 mm at 1.24 kJ/mm) com-
pared to higher heat input (up to ~ 1 wt-% for the Mo and
Co concentrations over 20+ mm at 1.95 kJ/mm). A simple
dilution model predicted composition profiles based on weld
wire compositions, substrate composition, and heatinput/
dilution, to allow for further design of multiwire GTA-DED
builds for tailored composition.

Although this work focused on producing functionally
graded deposits along the length of the deposit, similar
issues, arguments, and conclusions apply to gradientsin the
vertical direction made by changing deposit compositions
on a layer-by-layer basis. Therefore, gradient analysis and
composition prediction are possible in three dimensions.
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