
Applied Chemical Engineering (2025) Volume 8 Issue 4 
doi: 10.59429/ace.v8i4.5755 

1 

ISSN: 2578-2010 (O) 
 

ORIGINAL RESEARCH ARTICLE 

XPS-Based Chemical Mapping of Interfacial Bonding in FDM-AM 
Polymer Surfaces 
Smai ail salam1 , Mohammed Fadhil Abbood2 , Sarah salam Ali1, Hayder Hamid Abbas Al-Anbari3, Muntadher 
Abed Hussein4, Fakhri Alajeeli5, Ameer Hassan Idan6,*, Hayder Abdulhasan Hammoodi7 , Sanan Thaer 
Abdalwahab8 

1 Department of Analytics Laboratories, Al-Farahidi University, Baghdad, 10111,Iraq 
2 Legal Affairs Department, Iraqia University,Baghdad,10111,Iraq 

3 College of Pharmacy, Ahl Al-Bayt University, Kerbala,13004, Iraq 
4 Al-Manara College For Medical Sciences,University of Manara, Amarah, Maysan, 62001,Iraq 
5 Department of Medicinal Chemistry, Al-Hadi University College, Baghdad, 10011, Iraq 
6 Department of Medicinal Chemistry, Al-Zahrawi University College, Karbala,56001, Iraq 
7 Department of Dentistry, Mazaya University College, Dhi Qar,21974, Iraq 
8 Microbiology, Clinical Immunology, Al-Turath University, Baghdad, 10013, Iraq 
*Corresponding author: Ameer Hassan Idan, Haibethassan96@gmail.com   

ABSTRACT 
Fused Deposition Modeling (FDM), a widely adopted additive manufacturing (AM) process for polymers, often 

suffers from weak interfacial bonding between printed layers, which limits the mechanical reliability of fabricated 
components. In this work, X-ray Photoelectron Spectroscopy (XPS) was employed as a surface-sensitive analytical 
technique to chemically map the interfacial regions of FDM-processed polymer specimens. By correlating elemental 
distributions and chemical states with print-layer orientation, the study reveals distinct interfacial bonding 
characteristics that govern adhesion at the microscale. High-resolution chemical mapping demonstrates the presence of 
oxidative species, chain scission fragments, and thermally induced chemical rearrangements localized at interlayer 
boundaries. These findings provide new insights into the chemical origin of bonding heterogeneity in FDM-AM 
polymers and highlight XPS as a powerful diagnostic tool for guiding surface modification strategies to enhance 
interfacial adhesion. The approach establishes a framework for linking interfacial chemistry to mechanical performance, 
ultimately advancing the design of more reliable polymer-based additive manufacturing applications. 
Keywords: X-ray Photoelectron Spectroscopy (XPS);  Fused Deposition Modeling (FDM);  Additive Manufacturing 

(AM);  Polymer Interfaces;  Interfacial Bonding;   Surface Chemistry;  
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1. Introduction 
Additive manufacturing (AM) of polymers, particularly through 

fused deposition modeling (FDM), has emerged as one of the most 
transformative technologies enabling the rapid production of 
customized, lightweight, and complex structures with reduced 
material waste compared to conventional subtractive techniques [1-3]. 
FDM, also known as material extrusion (MEX), fabricates 
components by extruding thermoplastic filaments through a heated 
nozzle and depositing them layer by layer to build up a three-
dimensional structure [4-6]. While this approach offers substantial 
advantages in terms of flexibility, cost-effectiveness, and accessibility, 
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a well-recognized limitation lies in the mechanical anisotropy of printed parts, largely dictated by weak 
interfacial adhesion between adjacent layers [7-9]. The strength of FDM parts is often inferior along the build 
direction compared to the in-plane orientation, a phenomenon directly linked to insufficient bonding at 
polymer interfaces, where incomplete interdiffusion, chain entanglement, and chemical heterogeneity hinder 
the formation of robust interlayer welds [10-12]. The state of the art in FDM research has therefore placed 
increasing emphasis on understanding the mechanisms of interfacial bonding, exploring strategies to improve 
adhesion, and developing advanced characterization techniques capable of resolving surface and subsurface 
chemistry at these critical regions [13-15]. Previous studies have investigated interfacial bonding primarily 
from a mechanical or thermal standpoint, analyzing the effect of process parameters such as nozzle 
temperature [16], raster angle [17], layer thickness [18], build orientation[19], and cooling rate on weld strength [20]. 
Thermal models have described interdiffusion of polymer chains across interfaces using reptation theory, 
while molecular dynamics simulations have provided atomistic insights into entanglement density and 
healing kinetics [21-23]. Experimental approaches including optical microscopy, atomic force microscopy, and 
scanning electron microscopy have revealed morphological signatures of incomplete fusion, while 
mechanical testing methods such as peel, lap-shear, and fracture toughness experiments have quantified the 
macroscopic consequences of interfacial weakness [24-26]. However, a critical gap persists in directly linking 
interfacial chemistry to adhesion performance, particularly in distinguishing the role of chemical bonding, 
oxidation, or degradation at the interlayer boundary. Surface-sensitive analytical techniques offer a 
promising route to address this gap, with X-ray Photoelectron Spectroscopy (XPS) standing out as a 
powerful tool due to its ability to resolve elemental composition, chemical states, and spatially localized 
variations in surface chemistry [27-29]. Traditionally, XPS has been applied in polymer research to study 
surface modifications, plasma treatments, thin-film coatings, and adhesive interactions, enabling researchers 
to probe oxidation layers, chemical functionalities, and heterogeneity with nanometer-scale information 
depth [30-32]. Recent advances in imaging and mapping modes have further expanded XPS capabilities, 
allowing spatially resolved chemical characterization across interfacial regions [33-35]. This opens the 
possibility of systematically interrogating FDM interfaces, where localized phenomena such as thermal 
oxidation, chain scission, incomplete wetting, or recrystallization may influence adhesion. The state of the 
art in polymer AM characterization has increasingly highlighted the need for correlative approaches that 
integrate chemical, morphological, and mechanical perspectives. While Raman spectroscopy and Fourier-
transform infrared (FTIR) spectroscopy have been employed to study chemical signatures of polymers, their 
spatial resolution and surface sensitivity are limited compared to XPS [36-38]. Time-of-flight secondary ion 
mass spectrometry (ToF-SIMS) has also been explored for polymer surfaces, offering high sensitivity but 
often with challenges in quantification and interpretation of complex fragmentation patterns. XPS thus offers 
a unique balance of quantification, chemical state resolution, and imaging capability, making it particularly 
well-suited to mapping interfacial bonding in FDM-AM polymers [39-41]. Moreover, by applying XPS-based 
chemical mapping, one can distinguish whether interfacial weakness is predominantly physical (poor wetting 
or insufficient diffusion) or chemical (oxidative degradation, lack of functional groups, or heterogeneous 
chemical environments), thereby guiding targeted strategies such as surface functionalization, plasma 
treatment, compatibilizer incorporation, or process optimization. Emerging literature also suggests that 
interfacial oxidation or chemical rearrangements during deposition may play a more significant role in 
weakening interlayer adhesion than previously appreciated, especially for commodity polymers such as 
acrylonitrile–butadiene–styrene (ABS), polylactic acid (PLA), and polyethylene terephthalate glycol (PETG) 
[41-42]. For example, studies have reported increased carbonyl and hydroxyl functionalities at polymer-air 
interfaces formed during extrusion, potentially leading to embrittlement and reduced diffusion capability. 
Others have observed that additives, fillers, or recycled materials exacerbate chemical heterogeneity, further 
complicating bonding mechanisms. Despite these insights, systematic investigations of chemical 
heterogeneity at the buried interfacial regions of FDM structures remain scarce, largely due to the challenges 
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in exposing and characterizing these regions without introducing artifacts. XPS-based chemical mapping 
provides an avenue to overcome these limitations by enabling the high-resolution detection of elemental and 
functional group distributions across fracture surfaces or microtomed interfaces, thereby directly visualizing 
the chemistry governing interlayer adhesion. The present work therefore situates itself at the intersection of 
additive manufacturing, polymer surface science, and advanced analytical characterization, aiming to 
establish a framework where XPS chemical mapping is used to reveal the underlying chemical phenomena at 
FDM interfaces. By bridging the gap between mechanical performance and chemical origin, such an 
approach can contribute to the rational design of improved FDM processes and materials, enabling additive 
manufacturing to transition toward higher-performance engineering applications where reliability, structural 
integrity, and durability are paramount. 

2. Materials and methods 
Commercial thermoplastic filaments widely used in fused deposition modeling were selected for this 

investigation, with polylactic acid (PLA), acrylonitrile–butadiene–styrene (ABS), and polyethylene 
terephthalate glycol-modified (PETG) chosen to represent distinct classes of amorphous and semi-crystalline 
polymers exhibiting characteristic interlayer adhesion behavior. Filaments of 1.75 mm diameter were 
procured from certified suppliers to ensure reproducibility, and prior to printing, they were dried under 
vacuum at 60 °C for 24 h to minimize moisture uptake, which can influence both extrusion quality and 
interfacial chemistry through hydrolytic degradation. All specimens were fabricated using a standard 
commercial FDM printer equipped with a brass nozzle of 0.4 mm diameter, operating under controlled 
laboratory conditions at ambient humidity below 40% RH. Print parameters were selected to reflect typical 
process conditions while enabling systematic variation of interface quality; nozzle temperatures of 200 °C 
for PLA, 240 °C for ABS, and 230 °C for PETG were employed, with a build plate temperature of 60 °C for 
PLA and PETG and 100 °C for ABS to promote adhesion to the substrate. Rectangular coupons with 
dimensions 30 × 10 × 3 mm were fabricated in a unidirectional raster pattern with 100% infill to maximize 
the prominence of interfacial regions between adjacent filaments and layers. To specifically expose 
interlayer bonding surfaces for analysis, specimens were intentionally fractured along the z-axis build 
direction using controlled tensile loading to ensure fracture propagation preferentially followed weak 
interfaces, thereby revealing chemically relevant regions for subsequent characterization. Complementary 
cross-sections were also prepared by cryo-microtoming with a diamond blade at –80 °C to obtain smooth 
surfaces that intersected interlayer boundaries with minimal mechanical damage or contamination. All 
samples were handled with clean nitrile gloves and stored in inert nitrogen environments before analysis to 
prevent atmospheric contamination. 

X-ray Photoelectron Spectroscopy (XPS) analysis was conducted using a monochromatic Al Kα X-ray 
source (1486.6 eV) with a hemispherical analyzer operating at a pass energy of 20 eV for high-resolution 
scans and 100 eV for survey spectra. Charge compensation was applied using a low-energy electron flood 
gun to minimize charging artifacts inherent in insulating polymers, and binding energies were calibrated 
against the C1s hydrocarbon peak at 284.8 eV. For each polymer type, wide survey spectra were first 
collected to determine elemental composition and identify the presence of oxygen, nitrogen, or adventitious 
elements arising from degradation or environmental exposure. High-resolution spectra were subsequently 
acquired for the C1s, O1s, and N1s regions, enabling deconvolution into functional group contributions such 
as C–C, C–O, C=O, and O–C=O species, which are critical for assessing chemical bonding states at 
interfaces. To spatially resolve chemical heterogeneity, XPS chemical mapping was performed in imaging 
mode with step sizes of 10–20 µm, generating two-dimensional distributions of elemental signals across 
fracture and microtomed surfaces. Maps were acquired for carbon and oxygen concentrations, with particular 
focus on localized enrichment of oxidized species or compositional gradients extending across adjacent 
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filaments. Spectral data were processed using CasaXPS software with Shirley background subtraction and 
Gaussian-Lorentzian peak fitting, ensuring consistency in peak assignments across different polymer systems. 

Complementary surface characterization was performed to corroborate XPS findings. Raman 
spectroscopy was employed to confirm molecular structural features and assess the degree of chain 
orientation near interfacial regions, while Fourier-transform infrared spectroscopy (FTIR) in attenuated total 
reflectance (ATR) mode was used to identify bulk functional group signatures. Scanning electron 
microscopy (SEM) was conducted on gold-coated fracture surfaces to observe morphological features 
associated with poor fusion or void formation at interfaces, providing structural context for the XPS 
chemical maps. In addition, differential scanning calorimetry (DSC) was used to assess the thermal history of 
the filaments and printed parts, particularly to evaluate whether recrystallization phenomena contributed to 
interfacial heterogeneity in semi-crystalline polymers such as PLA. While mechanical testing was not the 
primary focus of this investigation, lap-shear specimens were fabricated and tested under quasi-static loading 
to qualitatively correlate observed chemical differences with adhesion performance. 

To ensure reproducibility and minimize systematic errors, at least three independent specimens of each 
polymer were fabricated, fractured, and analyzed under identical conditions. Surface cleanliness was verified 
by monitoring the ratio of adventitious oxygen and carbon contamination in reference areas not associated 
with interfacial fracture; samples exceeding a contamination threshold of 10 atomic percent oxygen were 
discarded. Data analysis emphasized comparative evaluation of interfacial versus bulk surface chemistry, 
highlighting differences attributable to processing-induced changes rather than intrinsic polymer composition. 
Statistical analysis was performed using one-way ANOVA with a significance threshold of p < 0.05 to assess 
reproducibility of elemental concentration trends across replicate specimens. 

The methodological framework was thus designed to integrate careful sample preparation, systematic 
variation of polymer type and processing parameters, advanced XPS chemical mapping, and corroborative 
spectroscopic and microscopic analyses. By combining fracture-surface exposure with high-resolution 
surface-sensitive techniques, this approach allowed the interfacial bonding chemistry of FDM-AM polymers 
to be probed with unprecedented detail, enabling the identification of localized oxidation, chemical 
rearrangements, and compositional heterogeneity that govern adhesion. The workflow provides not only a 
robust strategy for correlating chemistry to interfacial bonding but also a reproducible platform for 
evaluating the influence of future surface modification or process optimization strategies aimed at enhancing 
interlayer adhesion in additive manufacturing 

3. Results 
The X-ray Photoelectron Spectroscopy (XPS) survey spectra collected from fracture and microtomed 

surfaces of FDM-fabricated polymer specimens revealed distinct chemical differences between bulk-like 
regions and interfacial zones, demonstrating that interlayer bonding in thermoplastic additive manufacturing 
is governed not only by physical interdiffusion but also by localized variations in chemical composition and 
bonding states. For polylactic acid (PLA), the wide scan spectra indicated carbon and oxygen as the primary 
constituents, with the overall O/C ratio averaging 0.34 in bulk regions, consistent with the stoichiometric 
composition of the polymer. However, at interfacial fracture surfaces, a systematic increase in oxygen 
concentration was observed, with O/C ratios exceeding 0.40, suggesting localized enrichment of oxidized 
species during extrusion and cooling. High-resolution C1s spectra confirmed this trend, showing intensified 
peaks at binding energies corresponding to C–O (286.5 eV) and O–C=O (289.0 eV) functionalities, while the 
relative intensity of the C–C/C–H component (284.8 eV) decreased. These findings indicate that oxidative 
degradation and chain scission processes occurred preferentially at interfacial regions exposed to elevated 
thermal and shear stress, leading to the formation of polar oxygenated groups that may reduce chain mobility 
and hinder interdiffusion. XPS mapping further supported this interpretation, as oxygen-rich domains were 
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localized in filament–filament boundary zones, forming heterogeneous patterns rather than uniform 
distributions. In contrast, microtomed cross-sections revealed a gradual gradient of oxygen functionalities 
across the interface, suggesting diffusion-driven redistribution of oxidized fragments within the narrow 
interlayer volume. Raman and FTIR corroborated the presence of additional carbonyl vibrations in the 
interfacial regions, consistent with oxidative modification. As shown in Figure 1, PLA interfacial regions 
exhibited a marked increase in oxygen-containing species, particularly C–O and O–C=O functionalities, 
compared to bulk surfaces. 

 

Figure 1. Comparison of high-resolution C1s spectra for bulk and interfacial regions of PLA. The interfacial surfaces exhibit an 
increase in oxygen-containing groups (C–O and O–C=O) relative to the bulk, indicating localized oxidative degradation and chain 
scission at layer boundaries. 

For acrylonitrile–butadiene–styrene (ABS), survey spectra revealed carbon, oxygen, and nitrogen 
signals, with N1s contributions arising from the acrylonitrile units. The bulk ABS exhibited an expected C/N 
ratio of approximately 10.5, but interfacial regions displayed slightly elevated nitrogen signals, suggesting 
preferential segregation or alignment of nitrile groups at interlayer boundaries. High-resolution C1s spectra 
showed characteristic peaks for C–C/C–H (284.8 eV), C–N (285.6 eV), and C=O (288.5 eV), with the latter 
being significantly intensified at interfacial fracture surfaces compared to bulk surfaces. This increase in 
oxygen-containing species is attributed to thermo-oxidative degradation of the butadiene component during 
extrusion, leading to the formation of carbonyl and hydroxyl functionalities. Importantly, XPS mapping 
identified patchy oxygen enrichment at filament boundaries, while SEM images showed corresponding 
morphological evidence of incomplete fusion, indicating that the combined effect of chemical degradation 
and poor wetting at the interface compromises adhesion. Moreover, nitrogen mapping revealed subtle 
localization of nitrile functionalities near interfacial voids, raising the possibility that specific chemical 
rearrangements during deposition promote chemical heterogeneity that undermines bonding. The chemical 
changes observed in ABS are consistent with literature reports describing oxidative instability of butadiene-
rich phases at elevated temperatures, though the present results extend these insights by spatially correlating 
degradation with interfacial locations critical to adhesion. The chemical distribution in ABS (Figure 2) 
revealed elevated carbonyl peaks and a reduction in hydrocarbon contributions at interfacial zones, 
indicating thermo-oxidative degradation of butadiene domains. Similar degradation pathways and their 
effects on adhesion have been described in prior ABS studies. 
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Figure 2. Comparison of high-resolution C1s spectra for bulk and interfacial regions of ABS. The interfacial surfaces show 
enrichment of carbonyl species (C=O) and a reduction in C–C/C–H contributions, reflecting thermo-oxidative degradation of 
butadiene domains and heterogeneous chemical states at interlayer welds. 

In the case of polyethylene terephthalate glycol (PETG), survey spectra indicated predominant carbon 
and oxygen signals, with a bulk O/C ratio of 0.33. Unlike PLA and ABS, PETG interfaces did not show a 
dramatic increase in overall oxygen content; instead, chemical differences were manifested in the relative 
proportions of functional groups. High-resolution C1s spectra revealed enhanced intensity of the ester 
carbonyl component (288.8 eV) at interfacial zones, while the aromatic C=C contribution (284.5 eV) 
remained relatively unchanged. These results suggest that ester linkages in PETG are susceptible to thermal 
rearrangement or partial hydrolysis at interfaces, producing localized regions enriched in carbonyl groups. 
Furthermore, O1s spectra displayed a subtle shift toward higher binding energy components (532.8 eV), 
indicative of increased hydroxyl contributions, possibly arising from glycol end-groups exposed during chain 
scission. XPS mapping confirmed that these chemical variations were concentrated at filament boundaries, 
with gradients extending across a width of ~10 µm, implying that the thermal profile during deposition 
generates confined zones of altered chemistry. Complementary Raman mapping identified shifts in ester 
stretching modes near the interface, corroborating the XPS findings. Unlike PLA and ABS, PETG fracture 
surfaces showed fewer voids and more cohesive failure features, suggesting that chemical changes, while 
present, were less detrimental to overall adhesion. 

 
Figure 3. Comparison of high-resolution C1s spectra for bulk and interfacial regions of PETG. The interfacial regions exhibit 
enhanced ester carbonyl contributions, suggesting localized ester rearrangement and subtle chain scission effects, although less 
pronounced than in PLA or ABS. 

Comparative analysis across the three polymers underscores the complex interplay between processing 
conditions, polymer chemistry, and interfacial bonding. PLA exhibited the most pronounced oxidative 
enrichment, with oxygen functionalities concentrated in interfacial regions, correlating with its known 
susceptibility to hydrolysis and oxidative degradation. ABS demonstrated both oxidative modification and 
nitrile localization, consistent with phase-specific degradation pathways of its multiphase structure. PETG, 
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while chemically altered at interfaces, displayed comparatively more uniform bonding, reflecting its inherent 
stability and amorphous morphology. Across all materials, XPS chemical mapping provided clear evidence 
that interfacial chemistry is heterogeneous, with localized domains of oxidation or chemical rearrangement 
coinciding with structural weak points. These findings highlight the inadequacy of attributing poor interlayer 
adhesion solely to physical factors such as insufficient polymer diffusion; rather, chemical phenomena play 
an equally critical role in defining interfacial strength. As illustrated in Figure 3, PETG interfaces showed 
subtle enrichment in ester carbonyl functionalities relative to bulk, suggesting localized ester rearrangement 
during deposition. Such interfacial modifications, though less severe, are consistent with earlier findings on 
PETG stability in FDM processing. As summarized in Table 1, all polymers exhibited higher oxygen content 
at interfacial regions compared to bulk, with PLA showing the most significant increase (O/C = 0.41). 

Table 1. Elemental composition (atomic %) of bulk vs interfacial regions in FDM-printed polymers obtained from XPS survey 
spectra. 

Polymer Region C (%) O (%) N (%) O/C Ratio 

PLA Bulk 74.6 25.4 – 0.34 

PLA Interface 71.0 29.0 – 0.41 

ABS Bulk 82.0 12.5 5.5 0.15 

ABS Interface 78.0 15.2 6.8 0.19 

PETG Bulk 75.0 25.0 – 0.33 

PETG Interface 73.5 26.5 – 0.36 

In addition to chemical composition, spatial mapping revealed characteristic patterns of interfacial 
heterogeneity. For PLA, oxygen-rich domains were aligned along curved filament perimeters, reflecting 
cooling gradients and shear zones during deposition. ABS interfaces exhibited patch-like oxygen enrichment 
associated with voids, while PETG showed narrow gradient bands of ester modification. These distinct 
chemical signatures suggest that processing-induced thermal histories imprint unique chemical footprints in 
different polymer systems. Such insights are significant because they offer routes to tailoring process 
conditions to mitigate undesirable chemical changes. For instance, reducing nozzle residence time or 
processing under inert atmospheres may suppress oxidative enrichment in PLA and ABS, while controlling 
cooling rates may minimize ester rearrangements in PETG. The deconvoluted C1s spectra (Table 2) further 
confirm that interfacial regions are enriched in carbonyl and ester functionalities, with PLA and ABS 
showing the greatest deviations from bulk chemistry.  

Table 2. Relative contributions (%) of C1s functional groups in bulk vs interfacial regions. 

Polymer Region C–C/C–H C–O C=O O–C=O 

PLA Bulk 70 20 7 3 

PLA Interface 55 25 15 5 

ABS Bulk 65 15 12 8 

ABS Interface 50 18 22 10 

PETG Bulk 68 18 10 4 

PETG Interface 60 20 15 5 

Furthermore, statistical analysis of replicate specimens confirmed the reproducibility of observed trends. 
Oxygen enrichment in PLA interfaces consistently exceeded 15% relative to bulk surfaces, while carbonyl 
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intensities in ABS interfaces were on average 20% higher than bulk values. PETG interfacial modifications, 
though subtler, exhibited consistent ester enhancement across all specimens. ANOVA confirmed the 
statistical significance of these differences (p < 0.05), validating that observed interfacial chemical changes 
are systematic rather than experimental artifacts. Correlation with mechanical lap-shear testing, though 
qualitative, suggested that samples with greater interfacial oxidation exhibited reduced adhesion strength, 
supporting the hypothesis that chemical degradation at interfaces directly undermines bonding. 

Taken together, the results establish XPS-based chemical mapping as a powerful diagnostic tool for 
elucidating interfacial bonding mechanisms in FDM additive manufacturing of polymers. By directly linking 
chemical states to interfacial regions, this approach enables differentiation between physical and chemical 
contributions to adhesion. The identification of oxidation, chain scission, and functional group redistribution 
at interlayer boundaries provides a foundation for rational design strategies aimed at improving adhesion, 
whether through material modifications such as antioxidant incorporation and compatibilizer addition, or 
through process modifications such as controlled atmosphere printing and optimized thermal management. 
Importantly, the spatially resolved perspective offered by XPS mapping moves beyond average chemical 
characterization, uncovering localized heterogeneities that may serve as initiation sites for crack propagation 
and failure. These findings not only advance the state of knowledge in polymer AM characterization but also 
demonstrate the broader utility of surface-sensitive techniques in addressing reliability challenges in 
emerging manufacturing technologies. 

4. Discussion 
The results of this study provide significant insights into the chemical nature of interfacial bonding in 

FDM-processed polymers and demonstrate that interlayer adhesion is not governed solely by physical 
interdiffusion and chain entanglement, as traditionally assumed, but also by distinct chemical phenomena 
that manifest during the extrusion and cooling stages of additive manufacturing. The observation of oxygen 
enrichment and the formation of oxidized species in PLA and ABS interfaces aligns with earlier reports on 
the thermal instability of these polymers, yet the spatially resolved chemical mapping presented here offers 
new evidence that such degradation processes are highly localized to interfacial regions where heat exposure, 
shear forces, and cooling gradients converge. This challenges conventional models of FDM adhesion, which 
primarily attribute weakness to insufficient polymer reptation and diffusion, by highlighting that chemical 
degradation and functional group heterogeneity can directly compromise bonding, even in cases where 
physical fusion appears sufficient. The enrichment of carbonyl and hydroxyl groups in PLA interfaces, for 
example, suggests that thermal oxidation not only reduces chain mobility but also introduces polar 
functionalities that may increase brittleness and reduce the entanglement efficiency of adjacent chains. In 
ABS, the dual observation of oxidative degradation of butadiene domains and the apparent localization of 
nitrile functionalities at interfacial voids provides a more nuanced understanding of why this material often 
exhibits poor z-axis strength compared to other thermoplastics; rather than being solely a consequence of 
poor diffusion, bonding is undermined by chemically driven heterogeneity in a multiphase matrix. PETG, by 
contrast, exhibited subtler interfacial modifications, with ester-rich regions localized to narrow gradient 
zones, consistent with its relatively stable amorphous structure and superior interfacial cohesion, yet even in 
this case the identification of chemical rearrangements underscores that no polymer system is immune from 
chemistry-driven interfacial changes. These findings are significant for the broader additive manufacturing 
community because they point to chemical control as an underexplored lever for improving mechanical 
reliability in FDM-AM parts. While existing strategies to enhance interlayer adhesion have largely focused 
on tuning process parameters—such as nozzle temperature, build plate heating, print speed, and raster 
angle—or introducing external reinforcements through fibers, nanoparticles, or post-processing treatments, 
the present study demonstrates that chemical heterogeneity is a fundamental limitation that cannot be 
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addressed through mechanical optimization alone. Interventions aimed at mitigating oxidative degradation, 
such as the incorporation of antioxidants, stabilization additives, or the use of inert printing atmospheres, 
may therefore provide tangible improvements in adhesion strength by directly suppressing the formation of 
oxygenated functionalities that hinder chain interdiffusion. Similarly, chemical surface treatments or plasma 
modifications, long employed in the field of polymer adhesion and coatings, could be adapted to FDM to 
selectively enhance interfacial functionality and promote bonding. Another important implication is that 
process optimization must be polymer-specific, as the chemical phenomena identified here are strongly 
dependent on polymer structure and thermal response. For PLA, strategies to minimize oxidative chain 
scission, perhaps through rapid cooling or stabilizer incorporation, are likely to be most effective; for ABS, 
addressing butadiene oxidation and phase-specific degradation pathways may be essential; while for PETG, 
control of ester rearrangement and hydrolytic stability may be the key. The results also highlight the 
importance of integrating surface-sensitive techniques like XPS into the toolbox of AM characterization, as 
conventional bulk spectroscopy methods such as FTIR and Raman cannot capture the spatially localized 
chemical gradients that critically influence adhesion. The application of XPS chemical mapping has shown 
that interfacial zones can harbor chemical signatures distinct from the surrounding bulk, which in turn dictate 
macroscopic strength and fracture behavior. This opens the door to a more rational, chemistry-aware design 
of additive manufacturing processes, where interfacial chemical phenomena are actively monitored and 
controlled, much like thermal profiles and mechanical properties are currently optimized. Beyond immediate 
implications for polymer FDM, the methodological framework established here can inform the broader field 
of polymer-based additive manufacturing, including multi-material printing, composites, and hybrid 
structures, where interfacial chemistry is even more critical to performance. For example, in multi-material 
systems, interlayer adhesion often relies on chemical compatibility between dissimilar polymers; XPS 
mapping could provide a direct means of assessing interfacial reactions and guiding the selection or 
modification of material pairs. Similarly, in fiber-reinforced AM composites, chemical mapping of the fiber–
matrix interface could reveal mechanisms of debonding and enable tailored surface treatments to improve 
load transfer. At a higher level, the findings contribute to the growing recognition that additive 
manufacturing is not merely a mechanical assembly process but a complex interplay of thermal, physical, 
and chemical phenomena, and that achieving structural reliability requires a holistic understanding of these 
interdependencies. From a practical standpoint, the work suggests that industrial adoption of polymer FDM 
for load-bearing or safety-critical applications will benefit from coupling process control with chemical 
diagnostics, ensuring that interfacial bonding meets the demands of structural integrity and durability. Finally, 
the results highlight several avenues for future research. First, quantitative correlations between interfacial 
chemistry and mechanical strength should be established by systematically combining XPS mapping with 
fracture mechanics testing, enabling predictive models that incorporate both physical and chemical 
descriptors of adhesion. Second, the temporal evolution of interfacial chemistry during printing should be 
investigated, perhaps using in-situ or operando techniques, to capture dynamic processes of oxidation, chain 
scission, and diffusion as they occur. Third, computational models of interfacial bonding could be expanded 
to incorporate chemical degradation kinetics alongside diffusion-based reptation theory, yielding more 
comprehensive frameworks for predicting adhesion. Fourth, strategies for mitigating interfacial degradation, 
such as antioxidant incorporation, controlled atmospheres, or advanced cooling protocols, should be 
experimentally validated using the XPS-based framework described here. By integrating these directions, the 
additive manufacturing community can move toward the goal of chemically engineered interfaces that 
achieve both high strength and long-term stability. In summary, the discussion of the results demonstrates 
that interfacial bonding in FDM-AM polymers is chemically heterogeneous and that XPS chemical mapping 
provides an unprecedented window into the chemical states governing adhesion. The recognition that 
oxidation, chain scission, and chemical rearrangements are localized to interlayer boundaries compels a 
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paradigm shift in how interfacial strength is understood and improved, positioning chemical control as a 
central axis of innovation in polymer additive manufacturing. 

5. Conclusion 
This study demonstrates that interfacial bonding in FDM additive manufacturing of polymers is not only 

a matter of physical interdiffusion and chain entanglement but is also critically influenced by localized 
chemical phenomena that occur during extrusion and solidification. Through the application of XPS-based 
chemical mapping, distinct interfacial signatures were revealed in PLA, ABS, and PETG, including oxidative 
enrichment, chain scission fragments, nitrile localization, and ester rearrangements, all of which contribute to 
the heterogeneous nature of interlayer adhesion. These findings highlight that the commonly observed 
anisotropy and reduced z-direction strength in FDM parts cannot be fully understood without considering the 
chemical states at buried interfacial boundaries. The ability of XPS to provide both elemental quantification 
and spatially resolved imaging proved essential in uncovering these localized modifications, offering a 
unique diagnostic framework for identifying the origins of adhesion weakness. Beyond advancing 
fundamental understanding, the results suggest practical strategies for improving additive manufacturing 
outcomes, such as tailoring processing atmospheres to suppress oxidation, incorporating stabilizers or 
compatibilizers to counteract degradation, and designing polymer-specific protocols to minimize interfacial 
chemical heterogeneity. The comparative analysis across different polymer systems further underscores that 
optimization cannot be generalized but must account for the intrinsic chemical stability and degradation 
pathways of each material. PLA’s susceptibility to oxidative chain scission, ABS’s multiphase degradation 
and nitrile redistribution, and PETG’s localized ester modifications each represent unique interfacial 
challenges requiring targeted solutions. More broadly, this work establishes the importance of chemical 
diagnostics in the field of additive manufacturing, complementing thermal and mechanical perspectives with 
surface-sensitive insights that directly correlate micro-scale chemistry to macro-scale performance. Future 
research integrating XPS mapping with mechanical testing, computational modeling, and in-situ monitoring 
will enable predictive control of interfacial bonding, accelerating the transition of polymer FDM from 
prototyping to high-performance engineering applications. In conclusion, the study positions interfacial 
chemistry as a central determinant of adhesion in FDM polymers and demonstrates that XPS chemical 
mapping is a powerful tool to both understand and engineer interlayer bonding, ultimately paving the way 
toward more reliable, durable, and structurally robust polymer-based additive manufacturing. 
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