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Purpose. To develop a generalized theoretical approach for describing the influence of shielding gas composition
on the geometry of the deposited layer in the WAAM process, taking into account arc thermophysics, surface phenomena,
and the thermohydrodynamics of the weld pool.

Research methods. Methods of analysis and generalization of scientific publications, the principles of heat transfer
theory and fluid mechanics with a free surface, physical modeling of thermocapillary convection, as well as a semi-
empirical mathematical description based on the introduction of integral gas-environment indices.

Results. A cause-and-effect framework describing the influence of shielding gas composition on effective heat input,
melt surface activity, and the geometric parameters of the deposited layer was developed. A gas thermophysical index
(GTI) was proposed to characterize the effect of the gas mixture on the thermal state of the arc, and a gas activity index
(GAI) was introduced to reflect the influence of active components on the thermocapillary response of the molten pool. A
structure of semi-empirical model was constructed, relating gas composition to bead width, layer height, and penetration
depth.

Sciettific novelty. An integrated approach describing the influence of shielding gas on the formation of deposited-
layer geometry in WAAM is proposed, in which the gas environment is considered as a physically meaningful process
parameter. For the first time within the framework of this formulation, a system of integral indices, GTI and GAI, has
been introduced for the formalized consideration of the thermophysical and chemical-surface channels through which

gas mixture affects the process.

Practical value. The obtained results may serve as a theoretical basis for selecting shielding gas composition, pre-
dicting deposited-layer geometry, further calibration of the model using experimental data, and developing process con-

trol algorithms for WAAM.

Key words: Wire Arc Additive Manufacturing (WAAM), shielding gas, deposited layer, bead geometry, thermoca-
pillary convection, weld pool, mathematical modeling, penetration depth.

Introduction

Wire Arc Additive Manufacturing (WAAM) is con-
sidered one of the most promising directions in additive
manufacturing of large-scale metallic components due to
its high deposition productivity, efficient material utiliza-
tion, and the possibility of employing conventional arc
welding equipment integrated with robotic motion systems
[1-4]. Particular interest in WAAM is driven by its suita-
bility for producing complex-shaped parts in mechanical
engineering, energy systems, transportation, and aerospace
industries, where, in addition to productivity, geometric ac-
curacy, stability of layer-by-layer deposition, and control-
lability of the thermal state of the process are of decisive
importance [1-4].

One of the central scientific and technological chal-
lenges of WAAM is the formation of the deposited layer
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geometry. Bead width, layer height, and penetration depth
directly influence the dimensional accuracy of the manu-
factured component, interlayer repeatability, accumulation
of geometric deviations, surface waviness, and the extent
of subsequent machining. In a multilayer process, even mi-
nor deviations in the geometry of an individual pass may
lead to significant deterioration in the overall quality of the
component. Therefore, the problem of predicting and con-
trolling layer geometry parameters is among the key issues
for the further development of WAAM as an industrial
manufacturing technology [2-4].

Among the factors determining the geometry of the
deposited layer, the composition of the shielding gas occu-
pies a significant role. The gaseous environment affects not
only the protection of molten metal from atmospheric con-
tamination but also the thermal state of the arc, the mode
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of electrode metal transfer, and wetting and flow condi-
tions within the molten pool [5-9]. Variations in the ratio
of inert and active components in the gas mixture may alter
the spatial distribution of the heat flux, the surface condi-
tion of the molten metal, and the intensity of thermocapil-
lary convection. Consequently, these changes influence
bead shape, penetration depth, and the stability of layer for-
mation [5-9]. This represents a fundamental feature of
WAAM: the composition of the shielding gas acts not
merely as a technological condition of the process but also
as a factor governing the morphology of the deposited ma-
terial.

At the same time, the current state of research is char-
acterized by a certain inconsistency. On one hand, numer-
ous experimental studies convincingly demonstrate that
variations in shielding gas composition significantly influ-
ence bead geometry and the quality of multilayer deposi-
tion [5-7]. On the other hand, in most existing WAAM
models, the shielding gas is either considered only indi-
rectly through process parameters or treated as an auxiliary
experimental condition without being introduced into the
analytical description of the process as an independent
physically meaningful variable [2—4, 10, 11]. As a result, a
discrepancy arises between the experimentally confirmed
significance of the gaseous environment and its insufficient
integration into theoretical models describing layer geom-
etry formation.

Another gap lies in the fact that many existing ap-
proaches consider separately the thermophysical influence
of the gas on the arc and the surface phenomena occurring
within the molten pool. In reality, however, these mecha-
nisms act simultaneously in the WAAM process and deter-
mine the final layer morphology as the result of the coupled
interaction of heat transfer, fluid flow, and surface forces
[8-11]. For this reason, empirical selection of gas mixtures
alone is insufficient for effective control of deposition ge-
ometry. Instead, a generalized approach is required that
would relate the composition of the shielding gas to effec-
tive heat input, the thermocapillary response of the molten
pool, and the principal geometric parameters of the depos-
ited layer.

In this context, the present work is aimed at develop-
ing a generalized theoretical description of the influence of
shielding gas composition on the geometry of the deposited
layer in WAAM. Within this framework, the gaseous envi-
ronment is considered as a physically meaningful process
parameter associated with arc thermophysics, the surface
activity of the molten metal, and the thermo-hydrodynamic
state of the weld pool.

Analysis of research and publications

The initial stage of research development in the field
of WAAM was associated with the formation of a general
understanding of this technology as a high-productivity
type of wire-based additive manufacturing for metallic
components. Fundamental review studies demonstrated
that WAAM possesses significant advantages for large-
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scale parts due to high deposition rates, efficient material
utilization, and the possibility of integrating standard arc
welding power sources with robotic motion systems. At the
same time, these studies clearly outlined the main limita-
tions of the process, including insufficient geometric accu-
racy, surface waviness, instability of bead shape, the influ-
ence of thermal history, and the need for additional quality
assurance measures [1-5]. Thus, at the initial stage, scien-
tific attention was mainly focused on the general techno-
logical capabilities of WAAM and on the challenge of
achieving stable product quality.

Further development of the research area was associ-
ated with the transition from a general technological de-
scription to the analysis of individual factors determining
the morphology of the deposited layer. In this context, par-
ticular importance was given to studies devoted to the in-
fluence of process parameters, heat input, motion trajec-
tory, interlayer temperature, and cooling conditions on
bead width, layer height, and penetration depth. At this
stage, deposition geometry began to be considered not
merely as a geometric outcome of the process but as an in-
tegral indicator of heat and mass transfer, solidification ki-
netics, and the stability of multilayer buildup [2-5, 12, 13].
However, even in these studies, the composition of the
shielding gas generally remained either a background con-
dition or a variable recorded experimentally without fur-
ther inclusion in a physically meaningful analytical de-
scription.

A separate and more application-oriented stage of re-
search consists of studies directly addressing the influence
of shielding gas in WAAM. For stainless steels, a method-
ology has been proposed for selecting multicomponent Ar-
based gas mixtures taking into account the regularity of
metal transfer, geometric characteristics, and metallurgical
features of deposited walls [6]. For wire arc additive pro-
cesses based on Ar-CO, mixtures, experimental studies
have shown that changes in gas composition affect the ther-
mal regime, the local morphology of the deposit, and the
quality of building different geometries [7]. In large-scale
additive manufacturing of martensitic 410 steel, it was es-
tablished that the type of gas mixture influences not only
microstructure and mechanical properties but also process
stability, which is directly related to deposition morphol-
ogy [8]. For aluminum thin-walled WAAM structures, the
importance of additional shielding has been demonstrated,
affecting the regularity of metal transfer, surface cleanli-
ness, and geometric quality [9]. The body of these works
indicates that shielding gas in WAAM can no longer be re-
garded as a secondary factor. However, most of these stud-
ies are predominantly experimental and are focused on spe-
cific materials, mixtures, and operating regimes.

The physical foundations of such influence were es-
tablished earlier in classical studies of arc welding. The
work of Pires, Quintino, and Miranda demonstrated that the
composition of gas mixtures significantly affects arc sta-
bility, metal transfer modes, and the process characteristics
of Gas Metal Arc Welding (GMAW) [10]. In the study by
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Lu, Fujii, and Nogi, it was shown that even small additions
of O, or CO; to argon alter the oxygen content in the mol-
ten metal and may lead to a change in the character of Ma-
rangoni convection, thereby affecting weld pool shape and
penetration depth [11]. A comprehensive analysis of the in-
fluence of various shielding gases on metal welding pro-
cesses was presented in the work of Kah and Martikainen
[14]. For WAAM applications, these studies are of funda-
mental importance, as they explain the mechanism of the
gas environment not only through arc energetics but also
through changes in the surface state of the molten metal
and the restructuring of flow patterns within the weld pool.
This marks the origin of the scientific direction linking gas
composition with macroscopic layer geometry through the
thermohydrodynamics of the molten pool.

The next important stage in the development of re-
search is associated with numerical and analytical model-
ing of WAAM. In particular, Bai et al. developed a three-
dimensional model of heat transfer and molten pool flow
for multilayer PAW-based WAAM, demonstrating the de-
cisive role of interlayer thermal history, melt pool hydro-
dynamics, and cooling conditions in the formation of the
geometry of subsequent layers [12]. Oliveira, Santos, and
Miranda summarized the fundamental welding concepts
relevant to fusion-based additive manufacturing, including
rapid thermal cycles, solidification, defect formation, and
residual stress development [13]. However, even in ad-
vanced numerical approaches, the shielding gas is typically
considered indirectly through the heat source model, pro-
cess parameters, or experimentally specified conditions ra-
ther than being introduced into the model as an independ-
ent physically meaningful variable. Consequently, current
models describe the thermal and hydrodynamic states of
the process relatively well but still do not provide a gener-
alized analytical relationship linking gas composition, arc
conditions, surface phenomena, and layer geometry.

It is also important to highlight studies specifically
evaluating the influence of shielding gas on the geometric
quality of WAAM. The work of Gur¢ik, Kovanda, and Ro-
han directly focused on the effect of shielding gas on the
geometrical quality of WAAM technology [15]. Together
with the aforementioned WAAM studies, this confirms the
relevance of the problem from the standpoint of layer ge-
ometry control rather than solely from the perspectives of
metallurgy or mechanical properties. At the same time,
comparison of these results shows that existing solutions
are predominantly either purely experimental or technolog-
ical-empirical in nature and do not provide a reduced phys-
ically interpretable model suitable for parametric predic-
tion and further optimization of gas mixture composition.

Thus, a critical analysis of previous and contempo-
rary publications allows several key stages to be identified:
- first, the establishment of WAAM as a high-productivity
technology characterized by challenges related to geomet-
ric accuracy and stability [1-5];

- second, the accumulation of experimental data on the in-
fluence of specific gas mixtures on deposition morphology
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and material properties [6-9, 15];

- third, the development of fundamental concepts concern-
ing the role of shielding gas through metal transfer modes,
surface tension effects, and Marangoni convection [10, 11,
14];

- fourth, the development of thermohydrodynamic models
of WAAM, in which the gas environment has not yet be-
come a full-fledged parameter of a generalized description
[12, 13]. This last circumstance defines the unresolved part
of the overall problem.

The unresolved aspect of the problem is the absence
of a generalized analytical approach in which the composi-
tion of the shielding gas would be incorporated into the
process description as a parameter simultaneously charac-
terizing its thermophysical influence on the thermal state
of the arc and its chemical-surface influence on the ther-
mocapillary response of the molten pool. This limitation
prevents the transition from empirical selection of gas mix-
tures to physically grounded prediction of bead width,
layer height, and penetration depth under WAAM condi-
tions. Therefore, the role of the present work in addressing
this problem lies in the development of a reduced theoreti-
cal approach in which the gaseous environment is parame-
terized through integral indices and linked to the geometry
of the deposited layer through the thermohydrodynamic
state of the molten pool. Such a research direction is both
relevant and justified, as it combines a fundamental me-
chanical interpretation with the prospect of further experi-
mental optimization and engineering application of the
model.

Research objective

The objective of this study is to develop a generalized
theoretical approach for describing the influence of shield-
ing gas composition on the geometry of the deposited layer
in the WAAM process. To achieve this objective, the fol-
lowing tasks were formulated: to establish a cause-and-ef-
fect framework describing the influence of the gaseous en-
vironment on the thermal state of the arc and the thermoca-
pillary response of the molten pool; to introduce integral
indices characterizing the thermophysical and chemical-
surface properties of the gas mixture; and to construct the
structure of a semi-empirical model for describing bead
width, layer height, and penetration depth.

The criteria for evaluating the quality of the obtained
results include the physical validity of the approach, the in-
ternal consistency of the model, and its suitability for fur-
ther parametric identification. The limitations of the study
are determined by its theoretical nature, the use of a re-
duced analytical description, and its focus on arc-based
WAAM processes operating in shielding gas environ-
ments.

Materials and research methodology

The material of the study consists of scientific publi-
cations devoted to WAAM technology, the influence of
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shielding gas composition on arc processes, thermocapil-
lary phenomena in the weld pool, and thermohydrody-
namic modeling of molten pools [1-15]. The analysis in-
cludes review studies on WAAM [1-5], investigations of
the influence of shielding gas in WAAM [6-9, 15], works
on classical welding processes addressing the effects of gas
mixtures on arc behavior, metal transfer, and weld pool
morphology [10, 11, 14], as well as studies on numerical
modeling of heat transfer and molten metal flow [12, 13].

The research methodology is based on a sequential
transition from the analysis of known physical mechanisms
to the development of a reduced analytical model. At the
first stage, literature data were systematized concerning the
influence of shielding gas composition on bead geometry,
arc stability, metal transfer, and flow behavior in the mol-
ten pool. At the second stage, these patterns were physi-
cally generalized with the identification of two principal
channels through which the gaseous environment influ-
ences the process: the thermophysical channel and the
chemical—-surface channel. At the third stage, a cause-and-
effect framework of the process was established, and inte-
gral indices were introduced to parameterize the identified
mechanisms of influence. At the final stage, the structure
of a semi-empirical model was constructed to describe
bead width, layer height, and penetration depth.

The study employed the method of scientific litera-
ture analysis, physical modeling of the process based on
the principles of continuum mechanics, and a semi-empir-
ical mathematical description. The analytical method was
used to identify stable and physically justified relationships
describing the influence of He, CO,, and O; on the thermal
state of the arc, the surface activity of the molten metal, and
the geometry of deposition [6-11, 14, 15]. Physical mod-
eling was applied to determine the principal mechanisms
governing the formation of layer geometry, which are re-
duced to variations in effective heat input, the thermocapil-
lary response of the molten pool, and the mass balance of
deposited metal [11-13]. The semi-empirical approach was
used to formalize the relationship between gas mixture
composition and the main geometric characteristics of the
deposited layer.

To describe the influence of the gaseous environment,
two integral indices were introduced. The gas thermophys-
ical index (GTI) characterizes the generalized influence of
the gas mixture on the thermal state of the arc, whereas the
gas activity index (GAI) reflects its influence on the sur-
face state of the molten metal and on the conditions gov-
erning thermocapillary convection. Within the proposed
model, effective heat input is considered as a function of
process parameters and GTI, while the thermocapillary re-
sponse of the molten pool is described as a function of GAL.
Bead width and penetration depth are represented as func-
tions of the thermal state and flow behavior in the molten
pool, whereas layer height is determined through the mass
balance of deposited material and the geometry of the
cross-section.
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The reliability and validity of the obtained results are
ensured by the physical interpretability of all model param-
eters, the consistency of the model with the conservation
laws of mass, energy, and momentum, and its agreement
with established trends reported in the literature for inert,
helium-containing, and active gas mixtures [6-12, 14, 15].
The proposed approach has a theoretical character and is
intended to describe the macrogeometry of the deposited
layer at the level of integral characteristics. It does not re-
place full three-dimensional numerical modeling but pro-
vides a conceptual foundation for further calibration and
application in predictive and optimization tasks for the
WAAM process.

Research results

In this study, the results were obtained through the
construction and analytical investigation of a semi-empiri-
cal model describing the formation of the geometry of a
single deposited bead in WAAM. Within the proposed for-
mulation, the composition of the shielding gas is taken into
account through two integral parameters, namely the gas
thermophysical index GTI and the gas activity index GAI,
which represent, respectively, the thermophysical and
chemical—-surface channels through which the gaseous en-
vironment influences the deposition process. This ap-
proach makes it possible to establish a functional relation-
ship between the properties of the gas environment, the
thermal state of the arc, the thermocapillary response of the
molten pool, and the principal geometric characteristics of
the formed layer.

In what follows, the geometry of the current bead is
described by four principal cross-sectional parameters:
bead width w, layer height h, penetration depth p and wet-
ting angle 6. The width w is defined at the level of the sur-
face of the previous layer, the height h - as the distance
from this surface to the apex of the current bead, and the
penetration depth p - as the distance from the same refer-
ence surface to the lowest point of the fusion zone. The
wetting angle @ characterizes the geometry of contact be-
tween the current layer and the previous one and reflects
the spreading conditions of the liquid metal over the depo-
sition surface. In the model, this parameter is of fundamen-
tal importance, since it is through @ that the geometry of
the bead cross-section is made consistent with the mass
balance of the deposited metal.

The construction of the model is based on the assump-
tion that the influence of shielding gas on deposition geom-
etry is realized through variations in two governing com-
ponents of the process. The first is associated with changes
in the thermal state of the arc and the effective heat input
to the deposition zone, while the second is associated with
changes in the surface state of the molten pool and the char-
acter of thermocapillary flow. Accordingly, the model sep-
arately describes the energetic mechanism and the surface-
hydrodynamic mechanism of bead geometry formation.

The basic energetic characteristic of the process is
taken to be the linear heat input
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Q=1 :_:’ (1)
where @, is the linear heat input, J/m; n, is the thermal
efficiency coefficient of the process; U is the arc voltage,
V; I is the welding current, A; and v, is the torch travel
speed, m/s.

Taking into account the influence of the gaseous en-
vironment, the effective linear heat input is written as
Qefr = Qi1+ ¢, (GTI - 1)], )
where Q. is the effective linear heat input, J/m; ¢4 is the
sensitivity coefficient of heat input to changes in the ther-
mophysical properties of the gas mixture.
The chemical-surface influence of the shielding gas is
taken into account through the thermocapillary response
function
Yy = tanh[y(GAI — GAI_], 3)
where ¥, is the dimensionless thermocapillary response
function; GAI, is the critical value of the gas activity in-
dex; and y is a parameter determining the steepness of the
transition between flow regimes in the molten pool.
To account for the energy required for metal melting,
a characteristic linear scale is introduced:

Qefr

L, = ’—

m PHm

where L,, is the characteristic melting scale, m; p is the
metal density, kg/m?; and H,, is the effective specific en-

thalpy of melting, J/kg.
Then the bead width is described by the relation

(4)

w = Kw Lm(l - dwlpM)’ (5)
and the penetration depth by
p=K,L,(1+d,¥y), (6)

where K,,, K, d,,, d,, are dimensionless model parame-
ters. Equation (5) reflects that an increase in the melting
scale broadens the bead, whereas an increase in ¥, that
is, a transition toward inward flow, limits its lateral spread-
ing. Equation (6), in contrast, shows that the same transi-
tion promotes deeper penetration due to the concentration
of heat and mass transfer in the axial zone.
The cross-sectional area of the bead is determined
from the mass balance:
1

Abz_

1
PVt

()
where A, — is the cross-sectional area, m?; and rn is the

deposition mass rate, kg/s.
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To establish the relationship between 4, w, h and
the bead cross-section is approximated by a symmetric cir-
cular segment. In this case, the cross-sectional area is

W2 .
Ay = oo (0 — sinBcos0), (8)
where 0 is expressed in radians, and the bead height is de-

termined by
0
h=Ztan-,
2 2

9)

Thus, the wetting angle 0 enters the model as a geo-
metric parameter through which the mass balance and the
cross-sectional shape are closed. This makes it possible to
determine the layer height not as an independent quantity,
but as a consequence of the simultaneous action of mass
input, bead width, and wetting conditions.

To evaluate morphological repeatability, the standard
deviation of width was used:

oy = ’%Zliv:ﬂwi - w)?,

where w; are the local width values, w is the mean width,
and N is the number of considered cross-sections. Within
the developed model, a,, is used as an integral indicator of
formation stability, sensitive to changes in the molten pool
flow regime.

The resulting system of relations

(10)

{x;} = GTI, GAI > Qfp, ¥y > w,p — 6 > h— ag,(11)

defines the complete structure of the model and provides a
basis for the analytical investigation of the influence of
shielding gas on the morphology of a single bead.

From Eq. (2), it directly follows that

a
Wit = @,cy > 0.

acri (12)

Therefore, for positive ¢, an increase in GTI leads to
an increase in the effective linear heat input. Then, from

Eq. (4),

Ly
py== >0, (13)
and from Eg. (5),
aw
Py (14)

This means that an increase in the gas thermophysical
index, corresponding to a stronger thermophysical effect of
the gas mixture on the arc, leads to bead widening.

From Eq. (6), it simultaneously follows that

ap
2611 >0, (15)
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that is, penetration depth also increases with increasing
GTI. However, within the framework of the model, this ef-
fect is determined primarily by the increase in the melting
scale L,,, rather than by a restructuring of surface flows.

For constant m, p and v, the cross-sectional area 4,
remains constant according to Eq. (7). Therefore, an in-
crease in w at constant A, is possible from Eq. (8) only due
to a decrease in the wetting angle:

a0

el (16)
Further, from Eq. (9),

oh

Fyo 7)

Hence, an increase in GTI within the model leads to
the formation of a wider, lower, and less convex bead with
a smaller wetting angle.

For the thermocapillary response function, Eq. (3)
yields

aw
FX; = ysech?[x(GAI — GAI_)] > 0.

(18)
This means that, with increasing GAI the system
monotonically transitions from a regime of predominantly
outward flow to a regime of inward flow.
From Eqg. (5), one obtains

ow
2 <0, (19)
and from Egq. (6),
ap

Thus, an increase in gas activity leads to a narrowing
of the bead and an increase in penetration depth. This is a
direct consequence of the fact that inward flow reduces lat-
eral spreading of the metal and promotes axial concentra-
tion of the heat flux.

Since, at constant A, bead narrowing must be com-
pensated by an increase in the convexity of the cross-sec-
tion, Eq. (8) implies

a0
Soal (21)
Then, from Eq. (9),
oh
Soal (22)

Thus, within the framework of the model, an increase
in GAI leads to the formation of a narrower, higher, and
more convex bead with a larger wetting angle and greater
penetration.

Expression (18) reaches its maximum under the con-
dition
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GAI = GAI,. (23)

This means that precisely in the vicinity of GAI =
GAI ., the geometric parameters of a single bead are most
sensitive to variations in gas composition. Hence, the
model predicts a nonlinear, threshold-type character of the
influence of active gas components on layer morphology.
Outside this region, the sensitivity decreases, since the
tanh function approaches saturation.

A combined analysis of Egs. (5)—(9) shows that the
geometry of a single bead is determined by the competition
between two mechanisms. The first mechanism is associ-
ated with an increase in GTI, which raises the effective
heat input, the melting scale, and the bead width. The sec-
ond mechanism is associated with an increase in GAI,
which, through ¥, alters the character of surface flows,
narrows the bead, increases its convexity, and deepens pen-
etration.

An important result follows from this: the same bead
width may be obtained for different combinations of GTI
and GAI, but with different values ofp, 8 and h. Therefore,
the morphology of the deposited layer cannot be correctly
described by the single parameter w alone; instead, it is
necessary to consider the interrelated system

{w, h, p, 6}. (24)

The developed model further implies that the greatest
instability in geometric formation should manifest itself in
the vicinity of the critical region GAI,., where the sensi-
tivity of width and wetting angle to gas composition is
maximal. It is precisely in this region that local fluctuations
in the thermocapillary response will exert the strongest in-
fluence on a@,,, i.e., on waviness and geometric repeatabil-
ity from layer to layer.

Thus, the analytical investigation of the developed
model has shown that

GTIT= Qe ,whptoLhL (25

GAIT=> Yy L,wlp1,01 R, (26)

GAI = GAI_, = maximum sensitivity w, h, p, 0 to gas
composition. 27)

Therefore, the principal result of the study is the de-
velopment and analytical treatment of a dimensional model
for the formation of the geometry of a single deposited
bead in WAAM, in which bead width, layer height, pene-
tration depth, and wetting angle are linked into a unified
system through mass balance, effective heat input, and the
thermocapillary response of the molten pool. The obtained
relationships define the nature of the influence of shielding
gas composition on bead morphology and provide a basis
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for further experimental calibration of the model and phys-
ical interpretation of the results.

In the present study, the proposed model was formu-
lated for Fe-based WAAM, primarily for steel systems, in
which the influence of shielding gas composition on bead
width, penetration depth, wetting angle, and layer height
can be generalized within the framework of a thermophys-
ical-surface formulation.

For the practical interpretation of the obtained de-
pendencies, Table 1 presents the generalized character of
the influence of typical shielding gas environments on the
geometry of a single deposited bead in Fe-based WAAM.
The table reflects the expected morphological trends within
the framework of the developed model.

Discussion

The obtained results indicate that the influence of
shielding gas composition on the geometry of the deposited
layer in WAAM should be considered as the result of the
combined action of two physically distinct mechanisms.
The first mechanism is associated with changes in the ther-
mal state of the arc and the effective linear heat input, while
the second is related to variations in the surface state of the
molten pool and the character of thermocapillary flow.
Such a separation makes it possible to move beyond a
purely technological interpretation of the gaseous environ-
ment and to consider it instead as a control factor that di-
rectly affects the morphology of an individual bead.

It should be emphasized that the applied interpreta-
tion of the model presented here primarily concerns Fe-
based WAAM, for which the influence of shielding gas on
the geometry of a single bead can be generalized through
thermophysical and chemical-surface mechanisms.

From the standpoint of process physics, the obtained
relationships for @.sf, w and p are consistent with the fact
that the thermophysical properties of the gas mixture deter-
mine not only the overall level of supplied energy but also
the character of its spatial distribution in the arc region.
Within the framework of the model, an increase in the ther-
mophysical index GTT leads to an increase in the effective
linear heat input and, consequently, in the characteristic
melting scale L,,. This can be interpreted as an expansion
of the thermal influence zone and an increase in bead
width. Such a result is physically plausible for gas mixtures
with higher thermophysical potential, particularly those
containing helium, where the plasma column and heat flux
become more distributed, resulting in a wider and less con-
vex bead.

At the same time, the model shows that an increase in
GAI affects not the energetic component of the process, but
primarily its surface-hydrodynamic component. Through
the function ¥, this reflects a transition from a regime of
predominantly outward flow to a regime of inward redis-
tribution of the molten metal. Within this formulation, an
increase in GAI naturally leads to a decrease in bead width
and an increase in penetration depth. The physical meaning
of this result lies in the fact that active components of the
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gaseous environment, by altering the surface state of the
melt, affect the sign and magnitude of the thermocapillary
gradient and, consequently, the direction of surface flows
in the molten pool. As a result, heat and liquid metal be-
come concentrated in the axial zone, which promotes the
formation of a narrower but more deeply penetrated bead.

In the developed model, the wetting angle 8 does not
serve as a secondary or merely illustrative parameter. On
the contrary, it is precisely through this parameter that the
geometry of the bead cross-section is made consistent with
the mass balance of the deposited metal. This means that a
change in width w at constant mass input cannot be con-
sidered in isolation from a change in cross-sectional shape.
If GTI increases and the bead widens, then, at constant 4,
this must be accompanied by a decrease in 0, that is, by the
formation of a flatter profile. If, by contrast, GAI increases
and the bead narrows, this should lead to an increase in 0
and to more pronounced convexity. For this reason, inclu-
sion of the wetting angle in the model is necessary for a
mechanically consistent description of the layer height h.

The obtained equation for h has important methodo-
logical significance. Unlike many empirical approaches in
which layer height is specified by a separate regression re-
lationship, in the present work it is determined through the
cross-sectional area, bead width, and wetting angle. This
makes the description physically consistent: layer height is
not an independent variable but rather a consequence of the
combined action of heat input, surface phenomena, and
mass transfer. From this standpoint, the developed model
better corresponds to the real nature of WAAM, where the
geometry of a single layer cannot be adequately described
by a single parameter without taking into account the shape
of the cross-section. The presence of the parameter GAI .,
in the model means that the influence of active components
of the gas mixture on bead geometry has a threshold char-
acter. The maximum sensitivity of geometry to gas compo-
sition is realized precisely in the vicinity of GAI,., where
the derivative d¥,;/dGAI reaches its maximum. In phys-
ical terms, this corresponds to the region in which a change
in the surface state of the melt produces the most intensive
restructuring of flow in the molten pool. For WAAM, this
is particularly important because, in a multilayer process,
even a moderate variation in the geometry of a single pass
accumulates and affects the dimensional accuracy of sub-
sequent layers.

The developed model also leads to another important
implication: the same value of bead width may be achieved
by different combinations of GTI and GAI, but with differ-
ent values of p, h and 6. This means that focusing on only
one morphological parameter, for example bead width, is
insufficient for evaluating the quality of the gaseous envi-
ronment. A gas mixture that provides an acceptable value
of w, does not necessarily ensure optimal penetration, wet-
ting angle, or formation stability. That is why, in the pre-
sent work, the morphology of a single bead is considered
as a system of interrelated parameters {w, h, p, 8}, rather
than as a set of independent quantities.
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Table 1 — Applied interpretation of the model for typical shielding gas environments in Fe-based WAAM

shil-l)(/j?:lcgalgas Expected Expected Dominant mechanism Expected geometry Applied interpretation for
b GTI level GAl level within the model of a single bead Fe-based WAAM

environment

Pure argon reference | very low Baseline thermal state w — medium; h — Can be treated as the baseline in-

(Ar=99.9- of the arc under mini- medium; p — ert atmosphere for comparison

100%) mal chemical-surface moderate; 6 — with He-containing and active-
influence medium gas mixtures

Ar-He, He- elevated low Strengthening of the whhl;p1;0] A wider, lower, and less convex

enhanced in- thermophysical channel: bead is expected. Such mixtures

ert environ- increase in Qqzr and Ly, are suitable when enhanced

ment (Ar + spreading of molten metal and a

10-25% He) flatter layer profile are required

Ar+low Oz | closeto moderate Strengthening of the wlihthpt, 61 Can be interpreted as a con-

addition reference chemical-surface chan- trolled means of narrowing the

(Ar +1-2% or slightly nel and modification of bead and increasing penetration

02) increased the thermocapillary gra- without moving to a strongly ac-
dient tive atmosphere.

Ar + low close to moderate / wlhTp 101 | Thisis a practically important

moderate reference | moderately | Chemical-surface influ- range for Fe-based WAAM: the

COz addition | or slightly | elevated ence of the active com- bead becomes narrower, higher,

(Ar+2-5% | increased ponent with enhanced and more deeply penetrated; in

CO2) inward thermocapillary many cases, this range provides
flow a useful compromise between

geometry and stability

Ar + ele- moderate high Dominance of the wll,h 11 A narrow, more convex, and

vated CO2 chemical-surface mech- | 6 11 deeply penetrated bead is ex-

content anism and strong re- pected. This range is associated

(Ar +8-12% structuring of molten- with higher morphological sensi-

CO2) pool flow tivity to disturbances and re-

duced repeatability

Combined elevated moderate Competition of two w — moderate/con- | This is the most flexible cate-

Ar-He-ac- mechanisms: (GTI) trollable; h — mod- | gory for bead-shape control,

tive gas envi- tends to widen the bead, | erate; p 1; 6 - since it allows sufficient heat in-

ronment whereas (GAI) tendsto | close to medium or | put to be combined with a con-

(Ar +10- narrow it and increase moderately in- trolled surface-driven effect

20% He + penetration creased

0.5-2% CO2

or Ar + 10—

20% He +

0.5-1% O>)

The parameter a,,, which characterizes formation re-
peatability, is not directly included in the main system of
analytical equations in this study; however, the model
makes it possible to interpret its behavior. Since, in the vi-
cinity of GAI., bead geometry is most sensitive to small
changes in the gaseous environment, it is precisely in this
region that increased nonuniformity of formation and a rise
in a,, can be expected. Thus, the model not only describes
the average geometric parameters of a single bead, but also
provides a physical explanation of why the stability of the
multilayer process may deteriorate under conditions close
to critical thermocapillary restructuring.

At the same time, the results should be interpreted
with due regard for the limits of applicability of the pro-
posed formulation. The model is reduced in nature and
does not fully account for arc unsteadiness, the discrete na-
ture of droplet transfer, the temperature dependence of all
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metal and gas properties, or the specific features of partic-
ular alloys, which may influence the critical value GAIL,..
It also does not replace a full three-dimensional CFD de-
scription of the process. Nevertheless, precisely as an ana-
Iytical generalized framework, it has a significant ad-
vantage: it makes it possible to consider shielding gas com-
position as a model parameter rather than merely as a back-
ground experimental condition.

Therefore, the modeling results show that the for-
mation of the geometry of a single deposited bead in
WAAM is governed by the competition between two
mechanisms: the expansion of the melting scale under the
influence of the thermophysical properties of the gas, and
the restructuring of thermocapillary flow under the influ-
ence of its chemical activity. It is this competition that de-
termines whether a wider and flatter bead is formed, or a
narrower, higher, and more deeply penetrated layer. This
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constitutes the principal physical significance of the devel-
oped model and underlies its suitability as a basis for fur-
ther experimental calibration.

Conclusions

A semi-empirical model describing the formation of
the geometry of a single deposited bead in WAAM has
been developed, in which the compaosition of the shielding
gas is incorporated through two integral parameters: the
gas thermophysical index GTI and the gas activity index
GAI. The proposed approach makes it possible to relate the
properties of the gaseous environment to the effective heat
input, the thermocapillary response of the molten pool, and
the geometry of the bead.

It has been shown that the geometry of a single bead
should be considered as an interconnected system of pa-
rameters w, h, p and 8, where bead width w, layer height
h, penetration depth p and wetting angle @ are determined
by the combined action of thermal, surface, and mass trans-
fer processes. The inclusion of the wetting angle in the
model ensures consistency between the cross-sectional ge-
ometry and the mass balance of the deposited metal.

Analysis of the model has demonstrated that an in-
crease in GTI leads to an increase in effective linear heat
input, bead widening, and a reduction in bead convexity,
whereas an increase in GAI results in bead narrowing,
greater penetration depth, increased layer height, and a
larger wetting angle. It has been established that the highest
sensitivity of the geometric parameters to shielding gas
composition occurs in the vicinity of the critical value
GAI,,.

The practical significance of the obtained results lies
in providing a theoretical foundation for further calibration
of the model, for the rational selection of shielding gas
composition, and for the development of approaches to
controlling the geometry of the deposited layer in WAAM.
Further research should focus on experimental validation
of the model and on the identification of its parameters for
specific material-process—gas environment systems.
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Mema pooomu. Po3pobnennst y3a2aibHeH020 MeopemuyHo2o nioxody 00 ORUCY GNIUGY CKIAJY 3AXUCHO20 2d3Y HA
2eomempiro Hanaasnenozo wapy npu mexronozii WAAM 3 ypaxysannam mennoghizuxu oyeu, nogepxuesux seuwy ma mep-
MO2IOpOOUHAMIKU 36API0ATLHOT BAHHU.

Memoou docnidxncennsn. Bukopucmarno memoou ananizy i y3a2aibHeHHs HAYKO8UX nyOiKayill, NOJONCEeHHsE meopil

menonepenHocy ma Mexaniku piounu 3 8iIbHOI nogepxHelo, izuine MOOeTIOaHHA MEPMOKANINAPHOT KOHEeKYyil, a ma-

KOJHC MeMOO HANIBEMNIPULHOL0 MATNEMATNUYHOZ0 ONUCY I3 66e0CHHAM IHMESPATbHUX THOEKCI6 2A308020 cepedosuiyd.
Ompumani pezynomamu. Cihopmoaro NPUHUHHO-HACTIOKOBY CXeMy 8NIUBY CKIAOY 3AXUCHO20 2d3) HA eheKmusHe

MenosKIA0eHH s, NOBEPXHERY AKMUBHICHb PO3NIAGY MA 2eOMEeMPUYHI NapamMempu HANJIAG1eH020 wapy. 3anponoHo68aHo

mepmoizuunuil inoexc 2asy GT1, wo xapaxmepusye enius 2a3080i cymiui Ha meniosuii cmaw 0yeu, ma iHoexkc 2a30801

axmusnocmi GAI, axuii gidodpadicae 6nnue akmusHUx KOMHOHEHMI Ha MEPMOKANINAPHY 8i0n08i0b sanHu posniagy. Ilo-
0y008an0 cmpykmypy Hanisemnipuunoi mooeni, AKa no8 A3ye CKAA0 2a3y 3 WUPUHOIO 8aIUKA, BUCOTOIO APy Ma enuou-
HOI0 NPONIAGIEHHSL.

Hayxkoea nogusna. 3anpononosano inmezposanuti nioxio 00 onucy 6naugy 3axucHozo 2azy Ha opmyeanis zeome-
mpii Hanaasnenoz2o wapy npu WAAM, y axomy 2azoee cepedosuiye po3enadacmvcs AK QisutHo 3MicmosHull napamemp
npoyecy. Ynepuie ¢ mesicax danoi nocmanosku 68edeno cucmemy inmeepanohux inoexcie GTI ma GAI ons gpopmanizo-

8AHO20 BPAXYBAHHSA XIMIYHO-NOBEPXHEB020 MA MEPMOPIUUHO20 KAHALIE BNIUBY 2A30801 CYMIUL.

Ilpakmuuna yinuicms. Ompumani pe3yibmamu MOACYMs OYMu UKOPUCIAHI K MeOpemuyHa 0CHO8A 015 GUOOPY
CKAA0Y 3aXUCHO20 2A3Y, NPOSHO3YB8AHHS 2e0MempIi HANAABNIEHO20 Wapy, NOOATLULOL KANIOPOBKY MO0 34 eKCnepUMeH-
MATbHUMU OAHUMU MA PO3POONIEeHHS aneopummis Kepyearws npoyecom WAAM.

Kniouosi cnosa: mexnonozis 0y206020 adumusnozo eupobnuymea 3 euxopucmannim opomy (WAAM), saxuchuii
2a3, HANJAGNEHUL AP, 2e0MEMpIisi 6ANUKA, MEPMOKANIIAPHA KOHBEKYIS, 36API0GATIbHA GAHHA, MAMeMAamuiHe MOOeio-

6AHHSL, NPONNAGILEHHSL.
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