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Abstract: Powder-bed arc additive manufacturing (PBAAM) is a low-cost alternative powder bed fusion process that uses a TIG arc as 

heat source. This study systematically investigates the effect of electrode diameter (𝜑 = 0.6, 0.8 and 1.0 mm) on single-track 

morphology and process window in inclined-bed PBAAM of 316L stainless steel powder. Twenty-seven full-factorial combinations of 

three current levels (I = 20, 25, 30 A) and three travel speeds (v = 2, 3, 4 mm/s) were evaluated using an image analysis framework 

based on Otsu thresholding with expert manual correction. Maximum gap length (𝐿𝑔𝑎𝑝) and width coefficient of variation (𝐶𝑉 =  𝜎𝑤/

𝑤̄ ) metrics were compared across six threshold scenarios (S1–S6); S5 (𝐿𝑔𝑎𝑝) = 0.50 mm, 𝐶𝑉 = 0.15) was identified as the most 

appropriate combination based on physical justification and literature consistency. Process map analysis revealed travel speed v as the 

most critical parameter governing the process window: at v = 2 mm/s, 9/9 combinations (100%) produced continuous tracks; at v = 4 

mm/s, only 5/9 (56%) were continuous. Multiple linear regression models achieved R² = 0.626 for mean track width w̄ and 𝑅² = 0.562 

for 𝐶𝑉. Electrode diameter φ significantly affects track width (𝛽𝜑  = 0.762, 𝑝 = 0.019) but has no significant linear effect on width 

uniformity CV (𝑝 = 0.955); 𝐶𝑉 is primarily governed by I and v. The 𝜑 = 0.8 mm electrode confined all Fragmented/Balling 

combinations to v = 4 mm/s only and produced approximately 35% lower mean 𝐶𝑉 (0.184) than the other two electrode diameters for 

continuous tracks. 
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1. Introduction 
Metal additive manufacturing technologies have gained 

widespread adoption across high-value sectors including 

aerospace, biomedical, energy and tooling due to their 

ability to fabricate geometrically complex components 

directly from digital models in a layer-by-layer manner 

(DebRoy et al., 2018; Frazier, 2014).Powder bed fusion 

(PBF) methods stand out among these technologies for 

dimensional accuracy and microstructure control; 

however, the high equipment and operating costs of laser- 

and electron-beam-based systems limit their adoption by 

small and medium-sized enterprises and research 

institutions (Frazier, 2014; Dejene and Lemu, 2023). 

Powder bed arc additive manufacturing (PBAAM) has 

attracted growing interest as a low-cost alternative in 

which a tungsten inert gas (TIG) arc replaces the laser or 

electron beam (Moreira et al., 2020; Dong et al., 2021). 

Three primary control variables govern single-track 

formation: electrode diameter 𝜑 (mm), welding current 𝐼 

(A), and travel speed 𝑣 (mm/s) (Lancaster, 1987). The 

combination of these three variables jointly determines 

single-track morphology, track continuity and width 

uniformity (Moreira et al., 2020; Dong et al., 2021). 

Continuous and stable single-track formation is the 

fundamental prerequisite for reliable multi-layer PBAAM 

fabrication. Process instabilities at the single-track level, 

including balling, lack of fusion and porosity, propagate 

cumulatively into subsequent layers (Yadroitsev et al., 

2007; Li et al., 2012). Systematic single-track 

investigations are an integral part of process window 

development for any PBF variant (Katagiri et al., 2023; 

Wang et al., 2023). Previous PBAAM studies have examined 

the effects of I, v and layer thickness on single-track 

morphology (Çelikel and Balci, 2026). Balcı and Alibeyoglu 

(2026) demonstrated that the inclined-bed experimental 

approach enables efficient identification of continuity 

thresholds as a function of layer thickness within a single 

campaign. 

Two key metrics are used to quantify single-track 

morphology. The maximum gap length 𝐿𝑔𝑎𝑝 (mm), 

measured by sliding-window analysis of the binary image, 

serves as an objective indicator of track continuity. The 

coefficient of variation of width 𝐶𝑉 =  𝜎𝑤/𝑤̄  provides a 

normalised descriptor of geometric uniformity, where 𝑤̄  
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(mm) is the mean track width and 𝜎𝑤  (mm) is its standard 

deviation. Image-based analysis methods enable objective 

and reproducible measurement of both metrics (Martucci 

et al., 2021). Çelikel and Balcı (2026) established an image 

classification framework based on Otsu thresholding with 

expert manual correction on the same PBAAM system and 

demonstrated high agreement with expert visual labels. 

Electrode diameter 𝜑 is a critical parameter distinguishing 

TIG-based PBAAM from other PBF processes. Decreasing 𝜑 

concentrates the arc into a narrower footprint, increasing 

local energy density per unit current; increasing φ 

broadens the arc profile and distributes energy more 

homogeneously (Kou, 2003; Lancaster, 1987). Despite this 

direct physical influence on the process window, φ has not 

been systematically investigated as an independent 

variable in PBAAM. In the prior study by Balcı and 

Alibeyoğlu (2026) 𝜑 = 1.6 mm was selected based on 

qualitative observation without a systematic quantitative 

comparison, representing a clear research gap that the 

present study addresses. 

The specific novelty of this work is that electrode diameter 

is treated as an independent process variable in TIG-based 

PBAAM for the first time within a full-factorial single-track 

framework. Unlike previous studies in which electrode 

diameter was selected qualitatively or kept constant, the 

present study quantitatively links φ to track width, 

continuity, width uniformity and process-window 

boundaries. Therefore, the study provides a directly 

applicable electrode-diameter selection criterion for 

inclined-bed PBAAM of 316L stainless steel. 

 

2. Materials and Methods 
2.1. Experimental System and Powder Material 
All experiments were conducted using the custom-built 

PBAAM system described in detail in previous studies 

(Balcı and Alibeyoglu, 2026; Çelikel and Balci, 2026) at 

Kafkas University Department of Mechanical Engineering. 

The system comprises a TIG power source and a three-axis 

(𝑋 − 𝑌 − 𝑍) stepper-motor motion platform. High-purity 

argon shielding gas was supplied at a constant flow rate of 

6 𝐿/𝑚𝑖𝑛 through a gas lens. The electrode-to-powder-bed 

stand-off distance was fixed at 𝐿 = 0.5 mm, a critical 

dimension affecting arc ignition stability that was 

determined through systematic screening experiments by 

Çelikel and Balci (2026)(Figure 1). 

 

 
 

Figure 1. Schematic representation of the PBAAM experimental setup: a) top view; b) front view. 

 

Gas-atomised 316L stainless steel powder was used as 

feedstock with particle size range 15–53 µm (D10: 18.7 

µm; D50: 31.1 µm; D90: 51.7 µm). Chemical composition 

(wt.%): Cr 16.83; Ni 10.93; Mo 2.27; Mn 0.67; Si 0.66; C 

0.008; P 0.033; S 0.005; Fe balance. Substrate plates (316L 

SS, 2 mm thick, 10 × 140 mm) were ground and 

ultrasonically cleaned prior to each experiment. 
2.2. Electrode Diameters and Experimental Matrix 
Lanthanated tungsten electrodes (2% 𝐿𝑎₂𝑂₃) were 

evaluated at three diameters of 0.6, 0.8 and 1.0 mm. For 

each electrode diameter, three current levels of 20, 25 and 

30 A and three travel speeds of 2, 3 and 4 mm/s were 

applied in a full-factorial design, yielding 27 parameter 

combinations in total. The current range was restricted to 

20–30 A, as continuous melting cannot be sustained below 

20 A and melt pool expansion becomes uncontrolled above 

30 A (Çelikel and Balci, 2026). Travel speed was bounded 

between 2 and 4 mm/s, since severe discontinuities 

emerge at all electrode diameters above 4 mm/s (Balcı and 

Alibeyoglu, 2026). Each combination was tested once. This 

single-repetition design is acknowledged as a limitation of 

the experimental campaign. However, the objective of the 

present work was process-window screening rather than 

formal repeatability quantification. In addition, each single 

track was evaluated over the full calibrated active region, 

providing a large number of spatial width measurements 

along the scan direction. The use of Otsu thresholding, 

expert manual correction and sliding-window metrics 
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therefore supports internally consistent comparison 

among the 27 parameter combinations. Future work will 

include repeated trials to quantify experimental 

uncertainty. The detailed experimental matrix is presented 

in Table 1. 

 

Table 1. Full-factorial experimental matrix (3³ = 27 

combinations). φ: electrode diameter (mm); I: welding 

current (A); v: travel speed (mm/s) 
 

φ (mm) I (A) v (mm/s) 

0.6 

0.8 

1.0 

20 / 25 / 30 2 / 3 / 4 

20 / 25 / 30 2 / 3 / 4 
20 / 25 / 30 2 / 3 / 4 

 

2.3. Inclined-Bed Setup and Image Calibration 
One end of the substrate plate was elevated to create a 

linearly varying powder layer thickness profile (Figure 2), 

described by equation 1; 
 

t(x) = 0.4 × (x/140) [mm] (1) 
 

where x (mm) denotes position along the scan direction 

and t(x) (mm) denotes local powder layer thickness 

(equation 1). The thickness increases from approximately 

zero at x = 0 to 0.40 mm at x = 140 mm. This approach 

enables data collection across a wide thickness range 

within a single experimental campaign, facilitating 

identification of parameter-specific critical thickness 

thresholds (Balcı and Alibeyoglu, 2026). After each 

experiment, the solidified track was imaged from above 

using a Sony Mark 5 camera with an ND filter (ISO 80, 

f/2.8, 1/12,000 s), and the horizontal resolution was 

calibrated to 87.2 µm/pixel using known substrate 

dimensions. 

 

 
Figure 2. Schematic representation of the inclined-bed setup. 

 

2.4. Image Processing and Two-Stage Classification 

Framework 
The image processing pipeline comprises five sequential 

steps. First, the raw top-view image is converted to 

greyscale. Second, Otsu global thresholding is applied, 

where white pixels represent solidified material and black 

pixels represent material absence (Otsu, 1979). Third, 

expert manual correction is applied where automated 

thresholding fails to accurately delineate melt boundaries, 

an approach validated by Çelikel and Balci on the same 

system (Çelikel and Balci, 2026). Fourth, the active melting 

region is identified from the first white-pixel column at 

position 𝑥𝑠𝑡𝑎𝑟𝑡 (mm) to the last white-pixel column at 𝑥𝑒𝑛𝑑 

(mm), giving an active region length of 𝐿𝑎𝑐𝑡𝑖𝑣𝑒 = 𝑥𝑒𝑛𝑑 −

𝑥𝑠𝑡𝑎𝑟𝑡 (mm). Fifth, track width 𝑤̄(𝑥) (mm) is measured by 

transverse binary projection at each position x within the 

active region. 
A sliding window of ±15 mm is applied at each x. The 

longest continuous zero-width sequence within the 

window is recorded as the local maximum gap 

length 𝐿𝑔𝑎𝑝 (𝑥) (mm). Mean width 𝑤̄  (mm), standard 

deviation σ𝑊 (mm) and coefficient of variation CV are 

computed as (Montgomery, 2017) (equations 2-4): 
 

𝑤̄  =  (1/𝑛)  ·  ∑ᵢ 𝑤̄(𝑥ᵢ) (2) 

𝜎𝑤 = √[ (
1

𝑛 − 1
) ·  ∑ᵢ (𝑤̄(𝑥ᵢ) − 𝑤̄ )2]  

(3) 

CV = 𝜎𝑤/ 𝑤̄ (4) 

where n is the total column count in the active region. The 

two-stage classification rule is applied independently at 

each x; 𝐿𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (mm) and 𝐶𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 are the gap and CV 

thresholds, respectively (equations 5-7): 
 

𝐿𝑔𝑎𝑝(𝑥) >  𝐿 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  →”Fragmented / Balling” (5) 

𝐿𝑔𝑎𝑝(𝑥) ≤  𝐿 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑎𝑛𝑑 𝐶𝑉 > 𝐶𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

→  "𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 − 𝑈𝑛𝑠𝑡𝑎𝑏𝑙𝑒" 

(6) 

𝐿𝑔𝑎𝑝(𝑥) ≤  𝐿 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑎𝑛𝑑 𝐶𝑉 ≤ 𝐶𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑

→  "𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑜𝑢𝑠 − 𝑆𝑡𝑎𝑏𝑙𝑒" 

(7) 

Independent application at each 𝑥 enables zone-wise 

regime detection within a single track; regime boundaries 

are reported in terms of 𝑡(𝑥). All computations were 

performed in Python 3 (Pedregosa et al., 2011). 

2.5. Threshold Sensitivity Analysis and Scenario 

Selection 
To systematically evaluate the sensitivity of classification 

outcomes to threshold selection, six scenarios (S1–S6) 

were constructed by combining two gap threshold values 

of 0.09 and 0.50 mm with three CV threshold values of 

0.12, 0.15 and 0.20, and applied to all 27 combinations 

(Table 2). Each scenario was evaluated independently 

without a priori preference, with scenario selection 

deferred to the Results section based on comparative data. 

The threshold values were derived from literature. A gap 

threshold of 0.09 mm represents the minimum gap 

criterion reported in laser PBF studies, while 0.50 mm 

corresponds to approximately 15–25% of the mean track 

width at arc scale (Balcı and Alibeyoglu, 2026). A CV 

threshold of 0.12 follows laser PBF standards (Martucci et 
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al., 2021), and 0.20 reflects the upper bound reported for 

DED and arc-based systems (Sampson et al., 2020). 

 

Table 2. Threshold sensitivity analysis scenarios 

Sn. 𝐿𝑔𝑎𝑝  CV (mm/s)  Source 

S1 

S2 

S3 

0.09 0.12 (Martucci et al., 2021) 

0.09 0.15 (Çelikel and Balci, 2026) 

0.09 0.20 (Sampson et al., 2020) 

S4 0.50 0.12 (Balcı and Alibeyoglu, 2026) 

S5 ★ 0.50 0.15 (Çelikel and Balci, 2026) 

S6 0.5 0.2 (Sampson et al., 2020) 

★ = combination selected in the results section. 

 

2.6. Process Map and Linear Regression Models 
Two complementary analyses were performed. (i) Process 

map: regime labels assigned to each 𝜑 − 𝐼 − 𝑣 combination 

were visualized as a colour-coded matrix, making process 

window boundaries directly visible (Schwerz and Nyborg, 

2021; Scipioni Bertoli et al., 2017) and identifying which 

parameter disrupts continuity under which conditions — 

an approach widely used in WAAM literature (Raut and 

Taiwade, 2021; Williams et al., 2016). (ii) Multiple linear 

regression: two models were fitted with φ (mm), I (A) and 

v (mm/s) as independent variables and w̄ (mm) and CV as 

separate responses (equations 8 and 9): 

 

𝑤̄ ̅̅ ̅ =  𝛽0 + 𝛽𝜑 ⋅ 𝜑 +  𝛽𝐼 ⋅ 𝐼 + 𝛽𝑣 ⋅ 𝑣 (8) 

𝐶𝑉 =  𝛾0 + 𝛾𝜑 ⋅ 𝜑 + 𝛾𝐼 ⋅ 𝐼 +  𝛾𝑣 ⋅ 𝑣 (9) 

where 𝛽₀ and 𝛾₀ are intercepts; 𝛽𝜑, 𝛽𝐼 , 𝛽𝑣 and 𝛾𝜑 , 𝛾𝐼 , 

𝛾𝑣 are regression coefficients for φ, I and v on w̄ and CV, 

respectively. Model fit was assessed by R² and coefficient 

significance by t-test (α = 0.05) (Montgomery, 2017). All 

computations were performed in Python 3 (Pedregosa et 

al., 2011). 
 

3. Results 
3.1. Binary Image Analysis and Active Region Detection 
All 27 combinations were successfully binarized using Otsu 

thresholding with expert manual correction where 

required. Active region start 𝑥𝑠𝑡𝑎𝑟𝑡 ranged from 0.4 to 7.0 

mm and end 𝑥𝑒𝑛𝑑 from 120 to 133 mm across all 

combinations. Small 𝑥𝑠𝑡𝑎𝑟𝑡 values confirm that melting 

begins immediately after arc ignition in the thin powder 

region (t ≈ 0); 𝑥𝑒𝑛𝑑 values consistently below 140 mm 

reflect exhaustion of melting capacity in the thick powder 

region. Binary images and sliding-window local regime 

profiles for each electrode diameter are presented in 

Figures 3–5, with horizontal axes scaled in x (mm) and 𝑡(𝑥) 

(mm). Coloured bands indicate Stable (green), Unstable 

(yellow) and Fragmented (red) zones. 

 

 
 

Figure 3. Single-track morphology images and local regime profiles presented vertically for six threshold scenarios (S1–S6) 

obtained under inclined-bed conditions at different current and travel speed parameters for electrode diameter φ = 0.6 

mm: a) I = 20 A, v = 2 mm/s; b) I = 20 A, v = 3 mm/s; c) I = 20 A, v = 4 mm/s; d) I = 25 A, v = 2 mm/s; e) I = 25 A, v = 3 mm/s; 

f) I = 25 A, v = 4 mm/s; g) I = 30 A, v = 2 mm/s; h) I = 30 A, v = 3 mm/s; i) I = 30 A, v = 4 mm/s. 
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Figure 4. Single-track morphology images and local regime profiles presented vertically for six threshold scenarios (S1–S6) 

obtained under inclined-bed conditions at different current and travel speed parameters for electrode diameter φ = 0.8 

mm: a) I = 20 A, v = 2 mm/s; b) I = 20 A, v = 3 mm/s; c) I = 20 A, v = 4 mm/s; d) I = 25 A, v = 2 mm/s; e) I = 25 A, v = 3 mm/s; 

f) I = 25 A, v = 4 mm/s; g) I = 30 A, v = 2 mm/s; h) I = 30 A, v = 3 mm/s; i) I = 30 A, v = 4 mm/s. 
 

 
 

Figure 5. Single-track morphology images and local regime profiles presented vertically for six threshold scenarios (S1–S6) 

obtained under inclined-bed conditions at different current and travel speed parameters for electrode diameter φ = 1.0 

mm: a) I = 20 A, v = 2 mm/s; b) I = 20 A, v = 3 mm/s; c) I = 20 A, v = 4 mm/s; d) I = 25 A, v = 2 mm/s; e) I = 25 A, v = 3 mm/s; 

f) I = 25 A, v = 4 mm/s; g) I = 30 A, v = 2 mm/s; h) I = 30 A, v = 3 mm/s; i) I = 30 A, v = 4 mm/s. 

 

3.2. Six-Scenario Comparison and Scenario Selection 
The Stable, Unstable and Fragmented distributions 

obtained by applying S1–S6 to all 27 combinations are 

summarised in Table 3. Scenarios S1 and S2, both using a 

gap threshold of 0.09 mm, classify 13 combinations as 

Fragmented. This outcome arises because gaps of 

approximately 0.09 mm, equivalent to one pixel, can 

originate from image noise or partial fusion zones and do 

not represent genuine physical discontinuity. Scenario S3, 

which combines the same gap threshold with a CV 

threshold of 0.20, produces 13 Stable classifications. A CV 

threshold of 0.20 assigns a Stable label to tracks with CV 

values as high as 0.267, which exhibit clearly irregular 

width profiles on visual inspection and cannot be 

considered geometrically stable. Scenario S4, using a CV 

threshold of 0.12, yields only one Stable combination, as 
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this value was calibrated for laser PBF systems and is 

systematically exceeded by the wider and more dynamic 

arc melt pool. Scenario S6 contains the same physical 

inconsistencies as S3. 

Scenario S5, combining a gap threshold of 0.50 mm with a 

CV threshold of 0.15, is the only physically defensible 

combination. A gap threshold of 0.50 mm corresponds to 

15–25% of the mean track width at arc scale and is directly 

adopted by Balcı and Alibeyoğlu (2026) and Çelikel and 

Balcı (2026) . A CV threshold of 0.15 is less strict than the 

laser PBF lower bound of 0.12 yet stricter than the DED 

and arc-based upper bound of 0.20, reflecting the more 

dynamic nature of arc melt pools (Kou, 2003; Lancaster, 

1987), and was validated on the same system by Çelikel 

and Balcı (2026). All subsequent analyses are based on S5 

labels. 

The suitability of S5 arises from the combined use of a 

physically meaningful gap threshold and a moderate 

width-uniformity threshold. The 0.50 mm gap threshold 

avoids classifying one-pixel image artefacts as true 

discontinuities, while 𝐶𝑉𝑡ℎ = 0.15 is sufficiently strict to 

reject visibly irregular arc tracks but not as restrictive as 

laser-PBF-based criteria. Thus, S5 simultaneously captures 

continuity and geometric uniformity at the millimetre-

scale melt-pool width typical of TIG-based PBAAM. 

 

Table 3. Distribution of Continuous-Stable, Continuous-Unstable and Fragmented/Balling classifications for S1–S6 across 

all 27 combinations and selection justification 
 

Sc. 
𝐿𝑔𝑎𝑝 

threshold (mm) 
𝐶𝑉𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 Stable Unstable Fragmented Note 

S1 0.09 0.12 1 13 13 Noise-sensitive 

S2 0.09 0.15 3 11 13 Noise-sensitive 

S3 0.09 0.20 13 1 13 CV too loose 

S4 0.50 0.12 1 21 5 CV too strict 

S5 ★ 0.50 0.15 3 19 5 Physical + lit. 

S6 0.50 0.20 13 9 5 CV too loose 

★ = combination selected in the results section. 

 

3.3. Regime Classification with S5 Labels and 

Electrode-Based Assessment 
Under S5, 3 out of 27 combinations are classified as 

Continuous-Stable (𝐶𝑉 ≤ 0.15, 𝐿𝑔𝑎𝑝 =0), 19 as Continuous-

Unstable and 5 as Fragmented/Balling. The CV, L_gap and 

w̄ values together with regime labels for all 27 

combinations are given in Table 4, and electrode-based 

summary metrics are presented in Table 5. 
For 𝜑 = 0.6 mm, Fragmented/Balling was observed only at 

I = 25 A and v = 3 mm/s (𝐿𝑔𝑎𝑝 = 0.61 mm). All 

combinations at I = 30 A produced continuous tracks, with 

the lowest width variability recorded at I = 30 A and v = 2 

mm/s (𝐶𝑉 = 0.096). Mean track width and mean CV for 

continuous tracks were 1.35 mm and 0.282, respectively. 
For 𝜑 = 0.8 mm, Fragmented/Balling was confined 

exclusively to v = 4 mm/s across all three current levels. At 

v = 2 and 3 mm/s, continuous tracks were obtained at all 

current levels including I = 20 A. The mean CV of 0.184 for 

continuous tracks is approximately 35% lower than the 

corresponding values for the other two electrode 

diameters, representing a meaningful advantage in width 

uniformity. Mean track width was 1.72 mm. 
For 𝜑 = 1.0 mm, the fewest Fragmented occurrences (1 out 

of 9) and the highest Stable count (2 out of 9, both at I = 30 

A) were obtained. However, at I = 20 A, CV values ranged 

from 0.381 to 0.549, representing the highest instability 

observed across all 27 combinations. Mean CV and mean 

track width for continuous tracks were 0.281 and 1.64 mm, 

respectively. 

3.4. Process Map and the Decisive Role of Travel Speed 
The process map reveals travel speed v as the most critical 

parameter governing the process window (Table 6). At v = 

2 mm/s, all 9 combinations (100%) produced continuous 

tracks across every φ and I level, with stable tracks at 

every I = 30 A condition (3/3). At v = 3 mm/s, 7/9 (78%) 

remained continuous; Fragmented behaviour emerged at φ 

= 0.6 mm · 25 A and φ = 1.0 mm · 20 A, and stability at I = 

30 A dropped to 2/3. At v = 4 mm/s, only 5/9 (56%) were 

continuous, all four Fragmented occurrences concentrated 

at φ = 0.8 mm, and no stable tracks remained at I = 30 A 

(0/3). The monotonic collapse of the I = 30 A stability 

margin (3/3 → 2/3 → 0/3) confirms that increasing v 

erodes the process window even at the most favourable 

current setting. 
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Table 4. Classification of all 27 combinations with S5 labels. CV: coefficient of variation (𝜎𝑤/w̄); 𝐿𝑔𝑎𝑝 : maximum gap length 

(mm); w̄: mean track width (mm) 
 

φ (mm) I (A) v (mm/s) 𝐿𝑔𝑎𝑝 (mm) w̄ (mm) Regime 

0.6 20 2 0.00 1.66 Continuous-Unstable 

0.6 20 3 0.35 0.93 Continuous-Unstable 

0.6 20 4 0.35 0.65 Continuous-Unstable 

0.6 25 2 0.00 1.61 Continuous-Unstable 

0.6 25 3 0.61 — Fragmented-Balling 

0.6 25 4 0.44 0.97 Continuous-Unstable 

0.6 30 2 0.00 2.18 Continuous - Stable 

0.6 30 3 0.26 1.24 Continuous-Unstable 

0.6 30 4 0.00 1.54 Continuous-Unstable 

0.8 20 2 0.00 1.67 Continuous-Unstable 

0.8 20 3 0.00 1.58 Continuous-Unstable 

0.8 20 4 0.52 — Fragmented-Balling 

0.8 25 2 0.00 1.75 Continuous-Unstable 

0.8 25 3 0.00 1.60 Continuous-Unstable 
 

0.8 25 4 0.61 — Fragmented-Balling 

0.8 30 2 0.00 2.19 Continuous-Unstable 

0.8 30 3 0.00 1.52 Continuous-Unstable 

0.8 30 4 0.96 — Fragmented-Balling 

1.0 20 2 0.44 1.33 Continuous-Unstable 

1.0 20 3 0.52 — Fragmented-Balling 

1.0 20 4 0.26 1.31 Continuous-Unstable 

1.0 25 2 0.00 1.83 Continuous-Unstable 

1.0 25 3 0.17 1.34 Continuous-Unstable 

1.0 25 4 0.26 1.44 Continuous-Unstable 

1.0 30 2 0.00 2.19 Continuous-Stable 

1.0 30 3 0.00 1.90 Continuous-Stable 

1.0 30 4 0.00 1.80 Continuous-Unstable 

 

Table 5. Summary metrics by electrode diameter under S5 labels considering continuous tracks only 

φ (mm) Continuous-Stable Continuous-Unstable Fragmented-Balling w 𝑎𝑣𝑔 (mm) CV𝑎𝑣𝑔  Min. CV 

0.6 1/9 7/9 1/9 1.35 0.282 0.096 

0.8 0/9 5/9 4/9 1.72 0.184 0.157 

1.0 2/9 6/9 1/9 1.64 0.281 0.134 
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Figure 6. Process map: regime label under S5 (Continuous -Stable = green, Continuous -Unstable = yellow, Fragmented-

Balling = red) for each φ × I × v combination. Rows: v; columns: I; panels: φ. 

 

Table 6. Continuity summary by travel speed and Continuous-Stable combination counts at I = 30 A 

v (mm/s) Continuous tracks Fragmented-Balling % Continuous 
Continuous- 

Stable at I = 30 A 

2 9/9 0/9 100% 3/3 

3 7/9 2/9 78% 2/3 

4 5/9 4/9 56% 0/3 

 

3.5. Regression Model Results 
The width regression model expresses mean track width w̄ 

(mm) as a function of electrode diameter φ (mm), welding 

current I (A) and travel speed v (mm/s) (equation 10): 
 

𝑤̄ = 0.354 + 0.762.𝜑 + 0.05. 𝐼 − 0.233. 𝑣 [𝑚𝑚] (10) 

The model achieves 𝑅² = 0.626, indicating that 62.6% of 

the variance in w̄ is explained by the three parameters. All 

coefficients are statistically significant at 𝛼 =  0.05: 𝜑 (𝛽 =

 0.762, 𝑝 =  0.019), 𝐼 (𝛽 =  0.050, P < 0.001) and 

𝑣 (𝛽 =  −0.233, 𝑝 <  0.001) (Table 7). Increasing 

electrode diameter and current widens the track, while 

increasing travel speed narrows it, consistent with findings 

reported in WAAM (Raut and Taiwade, 2021; Williams et 

al., 2016) and LPBF literature (Z. Dong et al., 2019). 
The CV regression model is expressed as (equation 11): 
 

𝐶𝑉 = 0.421 − 0.006.𝜑 − 0.016. 𝐼 + 0.088. 𝑣   (11) 

The model yields R² = 0.562. Welding current (γ = −0.016, 

P=0.001) and travel speed (γ = 0.088, P<0.001) are 

statistically significant, whereas the electrode diameter 

coefficient is not (γ = −0.006, P=0.955). This constitutes a 

critical finding: although electrode diameter significantly 

affects mean track width (βφ = 0.762, P=0.019), it does not 

linearly influence width uniformity as measured by CV. The 

linear component of CV is governed primarily by welding 

current and travel speed. 

 

Table 7. Multiple linear regression results 

Model Response variable βφ  / γφ  βI  / γI  βv  / γv  R² Significant factors 

w̄ w̄ (mm) 0.762* 0.050*** −0.233*** 0.626 φ, I, v 

CV  CV (−) −0.006 (ns) −0.016*** 0.088*** 0.562 I, v (φ ns) 

*P<0.05; ***P<0.001; ns= not significant 
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Figure 7. Observed vs. model-predicted w̄ values (R² = 0.626) and standardised residuals. 

 

4. Discussion 
4.1. Methodological Importance of Threshold Selection 
The six-scenario comparison demonstrates that scenarios 

S1 and S2, both employing a gap threshold of 0.09 mm, are 

excessively sensitive to noise. Gaps of this magnitude, 

equivalent to approximately one pixel, can arise from 

image noise or partial fusion zones and do not represent 

genuine physical discontinuity. Scenarios S3 and S6, which 

use a CV threshold of 0.20, assign a Stable label to tracks 

with CV values as high as 0.267. Although Sampson et al. 

report values up to 0.20 for DED systems, tracks at this CV 

level in the present study exhibit clearly irregular width 

profiles on visual inspection and cannot be considered 

geometrically stable (Sampson et al., 2020). Scenario S4, 

with a CV threshold of 0.12, was calibrated for laser PBF 

systems and is systematically exceeded by the wider and 

more dynamic arc melt pool (Lancaster, 1987). Scenario 

S5, combining a gap threshold of 0.50 mm with a CV 

threshold of 0.15, is the only combination consistent with 

the physical characteristics of this system. A gap threshold 

of 0.50 mm corresponds to 15–25% of the mean track 

width at arc scale and is directly adopted by Balcı and 

Alibeyoğlu (2026) and Çelikel and Balcı (2026). Therefore, 

the selected S5 criterion should not be interpreted as a 

relaxation of laser-PBF standards, but as a scale-adjusted 

criterion for the wider, more dynamic and millimetre-scale 

melt pools generated by TIG-based PBAAM. 
4.2. Effect of Electrode Diameter on Track Width and 

Continuity 
The regression analysis demonstrates that 𝜑 exerts a 

statistically significant positive effect on w̄ ( βφ = 0.762, 

P=0.019) but no significant linear effect on CV (P=0.955). 

This joint interpretation provides a critical physical 

insight: electrode diameter determines melt pool width but 

does not linearly control width uniformity. This is 

consistent with TIG arc physics: increasing φ broadens the 

arc footprint and reduces local energy density at constant 

current (Kou, 2003; Lancaster, 1987); the result is a wider 

but not necessarily more uniform track. Consequently, φ 

acts as a track size determinant rather than a linear 

uniformity controller. 
Nevertheless, the process map reveals that φ structurally 

shapes the process window. For φ = 0.8 mm, all 

Fragmented combinations were confined to v = 4 mm/s; 

continuity was maintained at all current levels including I = 

20 A at v = 2 and 3 mm/s. For φ = 0.6 mm, CV > 0.195 at I = 

20 A across all travel speeds indicates that low current is 

insufficient for this small electrode. For φ = 1.0 mm, CV = 

0.381–0.549 at I = 20 A shows that the enlarged arc 

footprint reduces energy density below the critical 

threshold at low current (Kou, 2003; Lancaster, 1987). At 

both extremes, I = 30 A becomes necessary to achieve 

continuity and stability. 
4.3. Roles of Travel Speed and Current 
The regression model identifies v as the most statistically 

decisive parameter for both w̄ (β𝑣 = −0.233, P<0.001) and 

CV ( γ𝑣 = 0.088, P<0.001). Increasing v simultaneously 

narrows the track and increases width variability because 

the arc-powder interaction time decreases and the melt 

pool becomes undersized, activating the balling 

mechanism (Li et al., 2012; Yadroitsev et al., 2007). The 

process map corroborates this: 100% continuous tracks at 

v = 2 mm/s vs. four Fragmented occurrences at v = 4 mm/s. 

The protective role of low travel speed across all electrode 

diameters and current levels suggests that a travel speed 

ceiling should be treated as a primary constraint in PBAAM 

process window design — consistent with WAAM (Raut 

and Taiwade, 2021; Williams et al., 2016) and LPBF (Dong 

et al., 2019; Wang et al., 2023) literature. Current I exert a 

significant positive effect on w̄ (β𝐼  = 0.050, P<0.001) and a 

significant negative effect on CV (γ𝐼 = −0.016, P=0.001): all 

three Stable combinations were obtained at I = 30 A. 
4.4. Powder Thickness and Local Regime Transition 
The sliding window analysis reveals a systematic three-

zone behaviour for all electrode diameters: Stable or near-

Stable in the thin powder zone (t < 0.10 mm); Unstable in 

the intermediate zone (0.10 < t < 0.25 mm); 
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Fragmented/Balling tendency in the thick powder zone (t 

> 0.25 mm). This pattern is consistent with the critical 

layer thickness findings of Balcı and Alibeyoğlu (2026). 

The critical thickness threshold 𝑡𝑐𝑟𝑖𝑡 the t value at which 

𝐿𝑔𝑎𝑝  first exceeds 0.50 mm — varies with φ and I. The 

earliest discontinuity was at φ = 0.6 mm·25A·3mm/s (𝑡𝑐𝑟𝑖𝑡 

≈ 0.22 mm); continuity was maintained below t < 0.37 mm 

for φ = 1.0 mm·30 A combinations. Large φ combined with 

high I can melt thicker powder layers over a broader arc 

footprint, while small φ at moderate current may develop 

excessive local energy density that destabilises the arc in 

thick powder regions (Kou, 2003; Lancaster, 1987). 
4.5. Limitations and Future Work 
This study is limited to single-track level; multi-track and 

multi-layer behaviour were not investigated. Each 

combination was tested once; repeated experiments would 

enable quantitative uncertainty assessment. The linear 

regression models (R² = 0.562–0.626) offer moderate 

explanatory power; φ × I and φ × v interaction terms could 

increase this. The manual correction step introduces a 

subjective component. Future studies could extend to φ = 

1.6 mm for a unified four-diameter process map, conduct 

multi-layer PBAAM experiments to test scalability of 

single-track findings, and evaluate generalisability across 

different powder materials such as Ti6Al4V and Inconel 

625. Although repeated experiments were not performed, 

the image-based analysis generated spatially resolved 

width and continuity data along each track, which enabled 

consistent within-track and between-parameter 

comparison. Nevertheless, the absence of repetitions 

prevents direct estimation of experimental scatter, and this 

should be addressed in future repeatability studies. 

 

5. Conclusions 
The effect of electrode diameter (φ = 0.6, 0.8 and 1.0 mm) 

on single-track morphology and process window in 

inclined-bed PBAAM of 316L stainless steel powder was 

systematically investigated using Otsu-based image 

analysis with manual correction, six-scenario threshold 

analysis, a process map and multiple linear regression. The 

following conclusions are drawn. 
Six threshold scenarios were applied to all 27 

combinations and compared. A gap threshold of 0.09 mm 

was found to be excessively sensitive to image noise, while 

a CV threshold of 0.20 produced physically inconsistent 

Stable classifications. Scenario S5 (Lthreshold = 0.50 

mm, CVthreshold = 0.15) was identified as the only 

combination consistent with the physical characteristics of 

the arc system and methodologically continuous with prior 

studies. 
Process map analysis identified travel speed as the most 

critical parameter governing the process window. At v = 2 

mm/s, all nine combinations produced continuous tracks, 

whereas at v = 4 mm/s only five out of nine were 

continuous and four Fragmented occurrences were 

observed. The width regression model (R² = 0.626) 

showed that electrode diameter (β = 0.762, P=0.019), 

welding current (β = 0.050, P<0.001) and travel speed (β = 

−0.233, P<0.001) all significantly affect track width. 

Increasing electrode diameter and current widens the 

track, while increasing travel speed narrows it. 
The CV regression model (R² = 0.562) revealed that 

electrode diameter has no significant linear effect on width 

uniformity (P=0.955). Width variability is primarily 

governed by welding current (γ = −0.016, P=0.001) and 

travel speed (γ = 0.088, P<0.001), establishing electrode 

diameter as a track size determinant rather than a 

uniformity controller. 
The φ = 0.8 mm electrode confined all Fragmented 

combinations to v = 4 mm/s only and produced continuous 

tracks at all current levels including I = 20 A at v = 2 and 3 

mm/s. The mean CV of 0.184 for continuous tracks was 

approximately 35% lower than the values obtained for φ = 

0.6 mm (0.282) and φ = 1.0 mm (0.281), indicating the 

widest and most balanced process window among the 

three electrode diameters studied. 
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