


Comparative Evaluation of Push-out Bond Strength Between Surface-Treated Glass Fiber Reinforced Composite Resin Post and CAD/CAM Milled Polyetheretherketone Post: An In Vitro Study


ABSTRACT
Background: Endodontically treated teeth with extensive coronal structure loss require dependable post-and-core restorations. Prefabricated glass fiber reinforced composite resin (FRC) posts are in routine use, while custom CAD/CAM milled polyetheretherketone (PEEK) posts are an emerging alternative with potentially superior bonding and biomechanical characteristics.
Aim: To evaluate and compare the push-out bond strength of surface-treated FRC posts and CAD/CAM milled PEEK posts across coronal, middle, and apical root thirds.
Materials and Methods: Twenty-two extracted human maxillary central incisors were endodontically treated and randomly allocated to Group I (n = 11, prefabricated FRC posts) and Group II (n = 11, CAD/CAM milled PEEK posts). Both groups underwent identical surface treatment — 50 µm Al₂O₃ sandblasting followed by silane application — and cementation with dual-cure self-adhesive resin cement. Cemented specimens were stored in distilled water at 37°C for 24 hours prior to testing (no thermal cycling or fatigue loading). Three transverse 2 mm slices per specimen (coronal, middle, apical) were tested on a universal testing machine. Descriptive statistics, independent samples t-test, one-way ANOVA for intragroup regional comparisons, and Bonferroni post hoc analysis were performed (SPSS v28.0.1; significance threshold p < 0.05).
Results: Group II (PEEK) demonstrated significantly higher push-out bond strength than Group I (FRC) at all three root thirds: coronal (11.86 ± 1.14 vs 7.74 ± 1.60 MPa; t = −6.968; p < 0.001), middle (12.33 ± 0.75 vs 7.53 ± 0.92 MPa; t = −13.382; p < 0.001), and apical (10.99 ± 0.69 vs 6.36 ± 0.80 MPa; t = −14.536; p < 0.001). One-way ANOVA revealed significant intragroup regional variation in both Group I (F(2,30) = 4.497; p = 0.020) and Group II (F(2,30) = 6.566; p = 0.004). Bonferroni post hoc analysis identified the middle-to-apical contrast as the only significant pairwise difference within each group (Group I: p = 0.014; Group II: p < 0.001). Coronal-to-middle and coronal-to-apical comparisons were not significant after correction in either group.
Conclusion: CAD/CAM milled PEEK posts exhibit significantly superior push-out bond strength compared with prefabricated FRC posts following equivalent dual surface treatment. The apical third represents the consistently weakest bonding zone in both post systems. These findings support the clinical use of CAD/CAM milled PEEK posts as a viable alternative for restoring endodontically treated teeth, with clinical implications for improved retention and reduced root fracture risk in heavily restored endodontically treated teeth.
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1. INTRODUCTION
Endodontically treated teeth represent a persistent restorative challenge in clinical prosthodontics. Removal of vital pulp tissue combined with mechanical root canal preparation reduces dentinal volume and alters the stress distribution within the root under functional occlusal loading. These biomechanical changes render treated teeth more susceptible to fracture than comparable vital teeth, and the risk increases proportionally with the extent of residual coronal tissue lost to disease, caries, or prior restorations.
When insufficient coronal tooth structure remains to support a definitive crown restoration, a post-and-core system is required. The endodontic post does not reinforce the root; its function is to retain the core build-up material that, in turn, supports the overlying prosthesis. Over the past two centuries, post materials have evolved from wooden dowels through cast metal posts and cores to contemporary fiber-reinforced resin systems and, most recently, high-performance engineering polymers.
Glass fiber reinforced composite resin (FRC) posts have become the dominant fiber post system in contemporary restorative practice. Their elastic modulus (approximately 18–20 GPa) closely approximates that of root dentin, promoting a more homogeneous distribution of occlusal forces and reducing the incidence of catastrophic root fractures compared with stiffer metal posts. FRC posts bond reliably to root dentin through adhesive resin cement systems, transmit light for optimal aesthetic outcomes, and can be retrieved for retreatment when necessary. Despite these advantages, the prefabricated circular cross-section of FRC posts does not always conform to the oval or irregular morphology of prepared root canals, necessitating a thicker intervening resin cement layer that may concentrate stress and compromise long-term bond integrity.
Polyetheretherketone (PEEK) is a semi-crystalline thermoplastic polymer from the polyaryl ether ketone family, initially developed for aerospace and orthopedic biomedical engineering. Its elastic modulus of 3–4 GPa, while lower than that of dentin (approximately 18 GPa), imparts flexural compliance that distributes stress over a wider area of root dentin. Although this modulus is below that of dentin, the resulting compliance acts as a stress-absorbing buffer, reducing peak stress concentrations at the post–dentin interface and lowering the risk of root fracture — an advantage that partially compensates for the lower inherent stiffness, particularly in thin-walled roots and curved canals. PEEK is biocompatible, chemically inert to oral fluids, thermally stable, and radiolucent — properties that facilitate post-treatment radiographic monitoring without metallic scatter. Critically, PEEK can be precisely milled from prefabricated blanks using CAD/CAM technology, enabling fabrication of custom post forms that adapt closely to individual canal morphology and minimize cement film thickness.
The quality of the post–cement–dentin bond is a primary determinant of post retention and restoration longevity. Because PEEK's chemically inert surface resists adhesive bonding without preconditioning, surface treatment is essential. Sandblasting with aluminum oxide particles increases surface roughness and creates micromechanical interlocking sites, while silane coupling agents provide molecular bridges between the post surface and resin cement. Identical protocols are employed for FRC posts to maximize adhesion at the epoxy matrix–cement interface.
The push-out bond strength test is the established method for quantifying interfacial adhesion in the post–cement–dentin complex. It replicates the shear stresses generated at this interface during masticatory function and permits regional assessment across coronal, middle, and apical root thirds, reflecting anatomical variation in dentinal tubule density and differential resin cement penetration. Comparative in vitro data on push-out bond strength of surface-treated CAD/CAM milled PEEK posts relative to prefabricated FRC posts, employing comprehensive statistical analysis including intragroup regional comparison by ANOVA and post hoc testing, remain scarce. The present study was designed to address this gap.
2. AIM AND OBJECTIVES
The aim of this study was to evaluate and compare the push-out bond strength between surface-treated prefabricated glass fiber reinforced composite resin posts (Group I) and surface-treated CAD/CAM milled PEEK posts (Group II). The specific objectives were: (i) to determine descriptive statistics for push-out bond strength in each subgroup; (ii) to compare intergroup push-out bond strength at each root third using the independent samples t-test; (iii) to assess intragroup regional variation across coronal, middle, and apical thirds by one-way ANOVA; and (iv) to identify specific pairwise regional differences within each group by Bonferroni post hoc analysis.
3. MATERIALS AND METHODS
3.1 Study Design 
This prospective in vitro study was conducted in the Department of Prosthodontics and Crown & Bridge, Bapuji Dental College and Hospital, Davangere. Extracted human permanent maxillary central incisors were collected from the Department of Oral and Maxillofacial Surgery following extraction for periodontal reasons, with informed patient consent for research use. The study was conducted in accordance with the institutional ethical guidelines.
3.2 Sample Size Calculation and Group Allocation
Sample size was calculated based on the primary objective of comparing mean push-out bond strength between two independent groups. Using a pooled standard deviation of 3.5 MPa, expected group means of 9 MPa and 6 MPa, a two-tailed Type I error (α) of 5%, and a statistical power of 80%, the minimum required sample size was 22 specimens (11 per group). Specimens were allocated to Group I (prefabricated FRC posts; Reforpost, Angelus, Brazil) and Group II (CAD/CAM milled PEEK posts; PEEK Blanks, Tanna Engineering Enterprises, India). Each group was further subdivided by root third: coronal (IA/IIA), middle (IB/IIB), and apical (IC/IIC), yielding 11 observations per subgroup.
3.3 Specimen Preparation and Endodontic Treatment
Inclusion criteria: extracted maxillary central incisors with mature apex, straight root, single canal, no prior endodontic treatment, and absence of internal calcification, resorption, root fractures, or developmental anomalies. Selected teeth were cleaned and stored in 0.9% normal saline at room temperature. Each tooth was decoronated 15 mm from the root apex at the cemento-enamel junction using a diamond disc (DFS, Germany) and embedded in self-cure clear acrylic resin (DPI, India) using an addition silicone putty index to standardize orientation.
Access cavities were prepared with a high-speed round bur and safe-end Endo-Z bur. Working length was confirmed radiographically with a #10 K-file (Mani Inc., Japan). Canals were shaped by crown-down instrumentation using hand files followed by 4% taper rotary ProTaper Gold files (Dentsply Sirona, Germany) to size F3. Irrigation employed 2 mL of 3% NaOCl per sequence via a 30-gauge side-vented needle (1 mm short of working length). Final irrigation with 17% EDTA removed the smear layer, followed by saline rinse and drying with sterile paper points. Obturation used size 30, 4% taper ProTaper gutta-percha cones (Dentsply Sirona) with AH Plus sealer (Dentsply, Germany) by cold lateral compaction. All specimens were stored in distilled water at 37°C for 24 hours.
3.4 Post Space Preparation
Gutta-percha was removed with Peeso reamers (sizes 1–4, Mani Inc., Japan), preserving a minimum 5 mm apical seal. A standardized post space depth of 9 mm from the coronal surface was established using a silicone stopper. Post spaces were irrigated with 3% NaOCl, rinsed with distilled water, and dried with sterile paper points.
3.5 CAD/CAM Fabrication of PEEK Posts (Group II)
Prepared post spaces were digitally scanned using an intraoral Prime Scan scanner (Dentsply Sirona, Germany). Scan data were imported into Inlab CAD software (MCX5 22.1.1, Germany) for custom post design. Posts were milled from 98 × 12 mm PEEK blanks using the Inlab MCX5 milling machine (Dentsply Sirona), producing anatomically adapted post forms matching each specimen's individual canal morphology.
3.6 Surface Treatment and Cementation Protocol
All posts in both groups underwent identical dual surface treatment. Posts were sandblasted with 50 µm Al₂O₃ particles at 2 bar pressure for 10 seconds, with the spray nozzle perpendicular to and 10 mm from the post surface. Specimens were rinsed with running water and dried with oil-free compressed air for 10 seconds. Silane coupling agent (Silano, Angelus, Brazil) was applied and gently air-dried. Posts were luted using self-etch self-adhesive dual-cure resin cement (Maxcem Elite, Kerr, Australia) per manufacturer's instructions. Cement was delivered intracanally via intracanal tips (Denmax, India), posts were seated under steady finger pressure, and light-cured for 20 seconds. Cemented specimens were stored in distilled water at 37°C for 24 hours prior to sectioning.
3.7 Sectioning and Pushout Bond Strength Testing
Each specimen was sectioned transversely perpendicular to the post long axis using a hard tissue microtome (Leica SP 1600, India) under continuous water irrigation, yielding three 2 mm slices representing the coronal, middle, and apical thirds. Pushout testing was performed on a universal testing machine (Hounsfield, China) at a crosshead speed of 1.0 mm/min until complete post extrusion. Peak load at failure (N) was converted to bond strength (MPa) using the formula: A = π(R₁ + R₂)√[(R₁ − R₂)² + h²], where R₁ and R₂ are the largest and smallest radii of the section and h is the slice thickness.
3.8 Statistical Analysis
Data were analyzed using SPSS version 28.0.1. Descriptive statistics (mean, standard deviation, minimum, and maximum) were calculated for each subgroup. Intergroup differences (Group I vs Group II) at each root third were evaluated using the independent samples t-test. Intragroup regional variation (coronal vs middle vs apical) within each group was assessed by one-way ANOVA. Significant ANOVA results were followed by Bonferroni-corrected pairwise post hoc comparisons (k = 3 comparisons per group). A p-value < 0.05 was considered statistically significant.
4. RESULTS
A total of 22 specimens — 11 per group, yielding 3 sections each (33 observations per group) — were evaluated for push-out bond strength. The research hypothesis (H₁) that a significant difference in push-out bond strength exists between surface-treated FRC posts and CAD/CAM milled PEEK posts was confirmed; the null hypothesis (H₀) was rejected (independent t-test, p < 0.001 at all root thirds).
4.1 Descriptive Statistics
Descriptive statistics for all six subgroups are presented in Table 1. Group I (FRC posts) recorded mean push-out bond strength of 7.74 ± 1.60 MPa at the coronal third, 7.53 ± 0.92 MPa at the middle third, and 6.36 ± 0.80 MPa at the apical third. The coronal subgroup demonstrated the widest spread (range: 5.71–11.42 MPa), reflecting inter-specimen variability arising from the geometric mismatch between the prefabricated post diameter and the wider, more variable coronal canal lumen. Group II (PEEK posts) recorded substantially higher values of 11.86 ± 1.14 MPa (coronal), 12.33 ± 0.75 MPa (middle), and 10.99 ± 0.69 MPa (apical). Standard deviations in Group II were consistently narrower than those in Group I at all three levels, indicating more uniform bonding attributable to the close anatomical canal adaptation achieved by CAD/CAM fabrication. In both groups, the middle third yielded the highest and the apical third the lowest mean push-out bond strength.

Table 1. Descriptive Statistics of Pushout Bond Strength (MPa) by Subgroup
	Subgroup
	n
	Mean ± SD (MPa)
	Range (MPa)

	Group I – Glass Fiber Reinforced Composite Resin (FRC) Post

	Coronal (IA)
	11
	7.74 ± 1.60
	5.71 – 11.42

	Middle (IB)
	11
	7.53 ± 0.92
	6.19 – 9.04

	Apical (IC)
	11
	6.36 ± 0.80
	5.23 – 7.61

	Group II – CAD/CAM Milled PEEK Post

	Coronal (IIA)
	11
	11.86 ± 1.14
	10.47 – 13.80

	Middle (IIB)
	11
	12.33 ± 0.75
	11.42 – 13.80

	Apical (IIC)
	11
	10.99 ± 0.69
	10.00 – 11.90


SD = standard deviation. Subgroup labels: IA/IB/IC = Group I coronal/middle/apical; IIA/IIB/IIC = Group II coronal/middle/apical.
4.2 Independent Samples t-Test: Intergroup Comparison
Table 2 presents intergroup comparisons at each root third. Group II (PEEK) demonstrated significantly higher push-out bond strength than Group I (FRC) at all three levels. At the coronal third, the mean difference was 4.12 MPa (t = −6.968; df = 20; p < 0.001). At the middle third, the mean difference was 4.80 MPa (t = −13.382; df = 20; p < 0.001). At the apical third, the mean difference was 4.63 MPa (t = −14.536; df = 20; p < 0.001). The magnitude of the t-statistic increased progressively from coronal to apical, reflecting the greater consistency of Group II's advantage at deeper root levels where Group I recorded its lowest values.

Table 2. Independent Samples t-Test: Group I vs Group II Pushout Bond Strength at Each Root Third
	Root Section
	Group I Mean ± SD (MPa)
	Group II Mean ± SD (MPa)
	t-value
	p-value

	Coronal
	7.74 ± 1.60
	11.86 ± 1.14
	−6.968
	< 0.001***

	Middle
	7.53 ± 0.92
	12.33 ± 0.75
	−13.382
	< 0.001***

	Apical
	6.36 ± 0.80
	10.99 ± 0.69
	−14.536
	< 0.001***


*** p < 0.001. Negative t-values indicate Group II > Group I. df = 20 for all comparisons. Levene's test for equality of variances was non-significant for all sections (p > 0.05); equal variances assumed.
4.3 One-Way ANOVA: Intragroup Regional Variation
One-way ANOVA was applied separately within each group to determine whether push-out bond strength varied significantly across the three root thirds (Table 3). Within Group I (FRC posts), ANOVA revealed a statistically significant regional effect [F(2,30) = 4.497; p = 0.020], confirming that bond strength was not uniform across the coronal, middle, and apical thirds. Within Group II (PEEK posts), the regional effect was more pronounced [F(2,30) = 6.566; p = 0.004]. The overall ANOVA incorporating all six subgroups confirmed a highly significant global difference [F(5,60) = 67.582; p < 0.001], attributable primarily to the large between-group effect but also to significant intragroup regional gradients.

Table 3. One-Way ANOVA: Regional Pushout Bond Strength Variation Within Groups and Overall
	Group (Comparison)
	df between
	F-value
	df within
	p-value

	Group I – FRC Post (IA vs IB vs IC)
	2
	4.497
	30
	0.020*

	Group II – PEEK Post (IIA vs IIB vs IIC)
	2
	6.566
	30
	0.004**

	Overall – All 6 Subgroups
	5
	67.582
	60
	< 0.001***


* p < 0.05; ** p < 0.01; *** p < 0.001. df = degrees of freedom.
4.4 Bonferroni Post Hoc Pairwise Comparisons
Following significant ANOVA results, Bonferroni-corrected pairwise comparisons were conducted among the three root-third subgroups within each group (Table 4). Within Group I (FRC posts), the coronal–middle comparison was non-significant after correction (mean difference = +0.21 MPa; t = 0.377; p-adj = 1.000). The coronal–apical comparison was non-significant after correction despite a moderate raw p-value (mean difference = +1.38 MPa; t = 2.557; p-raw = 0.019; p-adj = 0.056). The middle–apical comparison reached statistical significance after Bonferroni correction (mean difference = +1.17 MPa; t = 3.168; p-raw = 0.005; p-adj = 0.014), establishing that the middle third of FRC posts exhibited significantly higher push-out bond strength than the apical third.
Within Group II (PEEK posts), the coronal–middle comparison was non-significant (mean difference = −0.47 MPa; t = −1.160; p-adj = 0.779), indicating that coronal and middle thirds performed similarly. The coronal–apical comparison was non-significant after correction (mean difference = +0.87 MPa; t = 2.163; p-raw = 0.043; p-adj = 0.128). The middle–apical comparison was highly significant (mean difference = +1.34 MPa; t = 4.371; p-raw = 0.0003; p-adj < 0.001), confirming that the middle third of PEEK posts produced significantly higher push-out bond strength than the apical third.
In both groups, therefore, the only statistically significant pairwise regional contrast after Bonferroni correction was the middle-versus-apical comparison, establishing the apical third as the consistently weakest bonding zone in both post systems.

Table 4. Bonferroni Post Hoc Pairwise Comparisons of Pushout Bond Strength Within Each Group
	Pairwise Comparison
	Mean Diff. (MPa)
	t-value
	p-raw
	p-adj (Bonferroni)

	Group I – FRC Post

	Coronal (IA) vs Middle (IB)
	+0.21
	0.377
	0.710
	1.000 (ns)

	Coronal (IA) vs Apical (IC)
	+1.38
	2.557
	0.019
	0.056 (ns)

	Middle (IB) vs Apical (IC)
	+1.17
	3.168
	0.005
	0.014*

	Group II – CAD/CAM Milled PEEK Post

	Coronal (IIA) vs Middle (IIB)
	−0.47
	−1.160
	0.260
	0.779 (ns)

	Coronal (IIA) vs Apical (IIC)
	+0.87
	2.163
	0.043
	0.128 (ns)

	Middle (IIB) vs Apical (IIC)
	+1.34
	4.371
	0.0003
	< 0.001***


* p < 0.05; *** p < 0.001; ns = not significant after Bonferroni correction. Mean Diff = first subgroup minus second subgroup (MPa). p-adj = Bonferroni-adjusted p-value (k = 3 comparisons per group).

In summary: (i) Group II (PEEK) demonstrated significantly higher push-out bond strength than Group I (FRC) at all root thirds (p < 0.001 at each level); (ii) bond strength was highest at the middle third and lowest at the apical third in both groups; (iii) the middle-to-apical contrast was the only significant intragroup pairwise difference after Bonferroni correction, within both Group I (p = 0.014) and Group II (p < 0.001); and (iv) coronal-to-middle and coronal-to-apical comparisons were non-significant after correction in both groups.
5. DISCUSSION
This in vitro study compared push-out bond strength of surface-treated prefabricated FRC posts versus custom CAD/CAM milled PEEK posts using a comprehensive statistical framework that included intergroup t-testing, intragroup one-way ANOVA, and Bonferroni post hoc analysis. The results demonstrated that PEEK posts achieved significantly higher push-out bond strength at all three root thirds, with the ANOVA and post hoc analyses additionally revealing a consistent and significant middle-to-apical gradient within both post systems.
5.1 Superior Pushout Bond Strength of CAD/CAM Milled PEEK Posts
The mean push-out bond strength values of Group II (11.86, 12.33, and 10.99 MPa at coronal, middle, and apical thirds respectively) significantly exceeded those of Group I (7.74, 7.53, and 6.36 MPa) at all three levels (p < 0.001). The mean differences ranged from 4.12 to 4.80 MPa across root thirds, representing 53–64% higher bond strength for PEEK posts. This finding is attributable to two primary advantages of the CAD/CAM PEEK post system. First, the anatomically adapted custom post form minimizes cement film thickness by matching the individual post space geometry, maximizing post–cement–dentin contact area and reducing stress concentration within the cement layer. Second, PEEK's surface, following sandblasting, develops a high-density network of sharp-edged micro-asperities that promotes superior micromechanical interlocking with resin cement compared with the smoother, more brittle epoxy matrix surface of sandblasted FRC posts. The narrower standard deviations consistently observed in Group II across all root thirds further reflect the reproducible adaptation and bonding geometry afforded by the digital fabrication workflow.
5.2 Intragroup Regional Bond Strength Gradients: ANOVA and Post Hoc Findings
One-way ANOVA revealed significant intragroup regional variation in both Group I [F(2,30) = 4.497; p = 0.020] and Group II [F(2,30) = 6.566; p = 0.004], confirming that push-out bond strength is not uniformly distributed along the post length in either system — a finding of direct clinical relevance. Bonferroni post hoc analysis identified the middle-to-apical contrast as the only statistically significant pairwise comparison after correction in both groups (Group I: mean difference = 1.17 MPa, p = 0.014; Group II: mean difference = 1.34 MPa, p < 0.001). Coronal-to-middle and coronal-to-apical comparisons were non-significant after Bonferroni correction in both groups, indicating that the dominant gradient runs specifically between the middle and apical thirds.
This anatomically consistent pattern is explained by progressive reduction in dentinal tubule density from the coronal to the apical third, which diminishes the surface area available for resin tag formation and hybrid layer development at the dentin–cement interface. Additionally, light penetration depth for photoinitiator activation is substantially attenuated at 9 mm from the coronal opening, causing the apical cement to rely predominantly on its chemical cure component, which typically achieves a lower degree of monomer conversion. Both mechanisms compound to weaken the apical adhesive interface. The non-significance of the coronal-to-middle difference suggests that the middle third represents an optimal retention zone — benefiting from adequate light penetration and relatively parallel canal walls that minimize cement-layer variability — while the coronal third, despite its wider canal diameter, is not significantly inferior. Clinicians should note that extending post length deeper into the apical third to gain additional retention is unlikely to yield proportional benefit and may jeopardize the apical seal.
5.3 Performance of Glass Fiber Reinforced Composite Resin Posts
Group I (FRC posts) produced mean values of 6.36–7.74 MPa across the three root thirds, consistent with published data for comparable cementation protocols. The relatively wide standard deviation at the coronal level (1.60 MPa versus 0.92 and 0.80 MPa at the middle and apical thirds respectively) reflects the geometric mismatch between the prefabricated circular post cross-section and the typically wider, more variable coronal canal lumen, resulting in inconsistent cement layer thickness across specimens. This fabrication-inherent variability is absent in custom-milled PEEK posts, as evidenced by the consistently tighter standard deviations in Group II.
5.4 Surface Treatment and Cementation
Identical dual surface treatment — 50 µm Al₂O₃ sandblasting followed by silane application — was applied to both post types. This protocol was chosen based on evidence identifying air abrasion as the most effective method for activating PEEK surfaces, as established by Kern and Lehmann, and as the most clinically practical surface conditioning method for FRC posts. The superior bonding outcomes in Group II following this identical protocol indicate that the combined treatment is at least as effective on PEEK as on FRC posts, and likely more so, given PEEK's ductile surface characteristics. Maxcem Elite (Kerr), a self-adhesive dual-cure resin cement, was selected to minimize technique sensitivity and ensure adequate cement polymerization throughout the post length, including the apical region where light penetration is limited.
5.5 Limitations and Future Directions
This study has several limitations. The in vitro design cannot fully replicate the thermal, mechanical, and chemical complexity of the intraoral environment; thermal cycling, fatigue loading, and salivary biodegradation were not simulated. Only a single post diameter and a single resin cement were evaluated. Furthermore, only one specific self-adhesive resin cement (Maxcem Elite) and a single sandblasting protocol (50 µm Al₂O₃ at 2 bar for 10 seconds) were evaluated; results may differ with alternative cements or surface conditioning parameters. The selection of self-adhesive dual-cure cement for PEEK post cementation was empirical, as no published guidelines exist for cement selection with milled PEEK posts; comparative evaluation of glass ionomer and resin-modified glass ionomer cements warrants future investigation. The effects of different radicular dentin surface conditioning protocols on milled PEEK post bonding, and the influence of post dimensions on flexural and fracture strength, represent additional parameters requiring investigation. Prospective randomized clinical trials are necessary to validate the durability and functional performance of CAD/CAM PEEK post-and-core restorations under clinical conditions.
6. CONCLUSION
Within the limitations of this in vitro study, it is observed that CAD/CAM milled PEEK posts demonstrated significantly higher push-out bond strength than prefabricated FRC posts at all three root thirds — coronal (11.86 ± 1.14 vs 7.74 ± 1.60 MPa), middle (12.33 ± 0.75 vs 7.53 ± 0.92 MPa), and apical (10.99 ± 0.69 vs 6.36 ± 0.80 MPa) — following identical dual surface treatment (p < 0.001 for each comparison). One-way ANOVA confirmed statistically significant intragroup regional variation in both Group I [F(2,30) = 4.497; p = 0.020] and Group II [F(2,30) = 6.566; p = 0.004], demonstrating that push-out bond strength is not uniformly distributed along the post length in either system. Bonferroni post hoc analysis identified the middle-to-apical contrast as the only statistically significant pairwise regional difference within each group (Group I: p = 0.014; Group II: p < 0.001), establishing the apical third as the consistently weakest bonding zone. Coronal and middle thirds did not differ significantly within either group after Bonferroni correction, indicating that the middle third constitutes a reliable zone of high bond strength in both post systems. CAD/CAM milled PEEK posts exhibited more uniform bond strength distribution (consistently narrower standard deviations) compared with prefabricated FRC posts, reflecting the advantage of anatomically adapted custom post geometry.

[bookmark: _GoBack]Overall, these findings support CAD/CAM milled PEEK posts as a biomechanically superior and aesthetically appropriate alternative to conventional prefabricated FRC posts for restoring endodontically treated teeth. Prospective randomized clinical trials evaluating long-term retention, fracture incidence, and patient-centered outcomes are warranted to translate these in vitro findings into clinical practice guidelines.
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