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Abstract
The selective laser melting (SLM) technology of Ti-6Al-4V (TC4) demonstrates 
significant advantages in fabricating clasps for removable partial dentures, whereas 
subsequent heat treatment plays a crucial role in performance optimization. This 
study systematically investigated the effects of heat treatment temperature and 
time on the fitness accuracy, retentive force, and permanent deformation of SLM TC4 
clasps. TC4 clasp specimens were manufactured using SLM technology and subjected 
to heat treatment under different temperatures (700, 750, 800, and 850℃) and times 
(0.5, 1.0, and 1.5 h). The fitness accuracy, retentive force, and permanent deformation 
after 10,000 insertion/removal cycles were measured for each group and statistically 
analyzed. The results revealed that the 700℃/0.5  h group showed significantly 
reduced fitness accuracy. After cyclic testing, the retentive force of all groups 
decreased by 4.06%–12.18%, with heat treatment temperature significantly affecting 
both initial and final retentive forces. The time of heat treatment demonstrated no 
substantial influence. The permanent deformation of the clasps (31.15–38.05 µm) 
remained unaffected by variations in either heat treatment temperature or time. 
Based on overall performance, the 700℃/0.5  h heat treatment condition is not 
recommended. Instead, selecting shorter time protocols such as 0.5  h within the 
750℃–850℃ range can help enhance production efficiency while maintaining 
performance standards.
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1. Introduction
Removable partial dentures (RPDs) remain essential 
in prosthodontic rehabilitation due to their broad 
indications, shorter treatment times, and relatively low 
cost.1,2 Titanium and its alloys are extensively employed 
in RPD frameworks due to their excellent mechanical 
strength, corrosion resistance, and biocompatibility.3 
Over the years, traditional casting technology, as an equal-
material manufacturing process, has been extensively 
applied and rigorously validated in the dental field.4 
Compared with computer numerical control machining, 
this method offers significant advantages, including 
high material utilization, low processing costs, and high 
production efficiency.5 However, due to the exceptionally 
high melting point of titanium and its alloys, coupled 
with their high susceptibility to oxidation during melting, 
the fabrication of RPD titanium frameworks via casting 
continues to present substantial technical challenges, such 
as casting failure, incomplete mold filling, and excessive 
porosity.6-9

Recently, selective laser melting (SLM) has gained 
popularity as an alternative method for producing RPD 
frameworks and clasps. SLM fabricates components 
layer-by-layer by selectively melting metal powders, 
enabling the creation of complex geometries with high 
efficiency, customization, and suitability for batch 
production.10-12 In recent years, various titanium alloys, 
including Ti-10Ta-2Nb-2Zr and Ti-6Al-4V (TC4), have 
attracted growing attention and have been extensively 
investigated for clinical applications. Among these, 
Ti-10Ta-2Nb-2Zr is considered a promising alternative 
to TC4 in orthopedic applications due to its lower 
elastic modulus (E) and tunable porous structure, which 
enable improved mechanical compatibility and effective 
mitigation of the stress shielding effect.13,14 In contrast, in 
the field of dentistry, TC4 remains the most used alloy for 
fabricating RPD frameworks through SLM technology 
due to its high cost-effectiveness. However, because of 
the layer-by-layer fabrication and rapid cooling inherent 
in the SLM process, SLM-fabricated TC4 components 
typically exhibit high strength (>1,200 MPa), low ductility 
(<10%), and pronounced mechanical anisotropy.15-17 These 
characteristics pose significant challenges for the clinical 
application of SLM-fabricated TC4 frameworks and have 
therefore limited their widespread adoption.

Heat treatment can effectively eliminate crystallographic 
defects such as dislocations, thereby relieving residual 
stress and stabilizing the microstructure.17,18 Currently, 
numerous heat treatment techniques provide promising 
strategies for achieving a balanced combination of strength 
and ductility in SLM-fabricated TC4 alloy. Zou et al.19 

reported a rapid heat treatment process in which five 
cylindrical specimens were subjected to complete β-phase 
annealing in an argon-protected atmosphere, heated 
at a constant rate of 10°C/s to the target temperature 
of 1030°C, held for 1 s, and subsequently air-cooled to 
room temperature, resulting in an increase in elongation 
of SLM-fabricated TC4  specimens from 5.2% to 16.6%. 
Zhang et al.20 indicated that triple heat treatments yielded 
tensile strength (1,019 MPa) and elongation (16.3%) values 
surpassing those of conventionally cast titanium alloys. 
Chen et al.21 demonstrated that cyclic heat treatment—
including an isothermal heat treatment at 950°C for 10 min 
followed by additional cycling between 800°C and 900°C 
for a total of 12 cycles—can improve ductility to over 16% 
while maintaining strength above 1000 MPa. With regard 
to heat treatment parameters, a study performed heat 
treatment on SLM-fabricated TC4 alloy at temperatures 
ranging from 650 to 1000°C for 2 h.22 The results showed 
a significant decrease in strength accompanied by an 
increase in elongation. Furthermore, the optimal balance 
between strength and elongation was achieved at 900°C. 
Most of the aforementioned studies have employed the 
subcritical temperature heat treatment process (below the 
β-phase transformation temperature of 985.81°C for SLM-
fabricated TC4 alloy23), effectively mitigating the strength–
ductility trade-off in TC4 alloy specimens. Thus, in the 
dental field, optimizing the comprehensive mechanical 
properties of SLM-fabricated TC4 RPD frameworks 
through subcritical temperature heat treatment—and 
achieving a clinically acceptable service life—is potentially 
feasible.

In general, RPDs comprise clasps, artificial teeth, and 
bases, among which clasps are the most geometrically 
complex component. Clasps provide support, bracing, and 
retention by engaging abutment surfaces and undercuts, 
necessitating high fitness accuracy and sustained retentive 
force.24,25 Furthermore, RPD clasps are subjected to 
repetitive insertion and removal, as well as continuous 
flexing during mastication, which may lead to permanent 
deformation or fatigue fracture.26-29 Clinical survival 
analyses of RPDs have identified clasps as the most 
frequently fractured component (16.1%), markedly higher 
than the failure rates of minor connectors (3.4%) and major 
connectors (5.1%).30 Consequently, the fitness accuracy 
and fatigue resistance of clasps—particularly regarding 
retentive force and permanent deformation—remain focal 
points of current studies.27,31,32

Researchers33 had attempted to identify optimal heat 
treatment temperatures to reduce residual stress in SLM 
RPD cobalt–chromium (Co–Cr) frameworks in order to 
minimize deformation. They found that for Co–Cr alloys, 
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1100°C was more effective than 880°C in relieving residual 
stress. However, to date, no research has reported the 
effects of heat treatment temperature and holding time 
on the fitness accuracy, retention force, and permanent 
deformation of TC4 clasps fabricated by SLM under 
infrared vacuum rapid annealing conditions. Therefore, 
the present study focuses on SLM TC4 clasps subjected 
to heat treatment at various temperatures (700, 750, 800, 
and 850℃) and times (0.5, 1.0, and 1.5  h). Following 
internal quality evaluation, the effects of these parameters 
on clasp fitness accuracy, retentive force (before and after 
10,000 simulated clinical insertion/removal cycles), and 
permanent deformation were assessed. The null hypothesis 
of this study was that varying heat treatment temperatures 
and times would have the same effect on the fitness 
accuracy, retentive force, or permanent deformation of 
SLM TC4 clasps.

2. Materials and methods
2.1. Sample fabrication

2.1.1. Construction of clasp-die data and die 
fabrication

Based on previous studies,32,34 a molar die (specified 
dimensions: Diameter 10.0 mm, height 8.0 mm, and radius 
of curvature 7.5  mm) was designed using UG software 
(V8.0.0.25, Siemens Product Lifecycle Management 
Software Inc., Germany). The die data were then imported 
into Geomagic Freeform software (V2015.0.18, 3D Systems 
Inc., United States of America [USA]) to design the clasp 
model. The clasp arm featured an embracing angle of 120° 
and an undercut depth of 0.5 mm. A cylindrical connector 
was added at the clasp shoulder, and the design was saved 
as reference data (REF), as illustrated in Figure 1.

Subsequently, the die data were imported into a 6-axis, 
5-linkage precision automatic lathe (S206A, Tsusho 
Precision Machinery Co., Ltd., Japan), with positioning 
accuracy of 1 µm on the x, y, and z axes, and repeatability 
within 5 µm. A  stainless steel die (S46910, Sandvik AB, 
Sweden) was machined accordingly. The fabricated stainless 
steel die was used for subsequent insertion/removal cycling 
tests of the SLM TC4 clasps, following verification using 
an optical measuring instrument (JVB300C, Guiyang New 
Sky Optoelectronics Technology Co., Ltd., China) with 
a measurement resolution of 0.50 µm and measurement 
accuracy of (3 + L/200) µm.

2.1.2. Clasp sample fabrication

Sample size was estimated using G*Power software 
(V3.1.9.7, University of Düsseldorf, Germany), with 
an effect size of 0.35, significance level (α) of 0.05, and 
statistical power (1–β) of 0.8, resulting in a required 
sample size of 9.83/group. Accordingly, 10 specimens per 
group were prepared for the formal experiments.

The REF was imported into layout software (Magics 
V21.0, Materialis NV, Belgium), ensuring the long axis plane 
of the clasps was parallel to the build plate, as illustrated 
in Figure 2. The support density was set to 0.50 mm, the 
layer thickness to 0.025 mm, and a total of 141 layers were 
processed. A metal laser printer (MLab cusing R, Concept 
Laser GmbH, Germany) was used with the following 
settings: Wavelength 1,070 nm, spot diameter 50 µm, and 
laser power 100 W. The TC4 powder (YC-2.5  kg, Youcai 
Technology Co., Ltd., China) used for fabrication had the 
following composition: Ti 90%, Al 5.8–6%, V 3.8–4%, 
Fe 0–0.05%, H < 0.05%, with particle size 15–53 µm. Its 
material properties included an E of 110 GPa, 0.2% offset 

Figure 1. Design of the clasp and die.9,32
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yield strength (Rp 0.2) of 1,065 MPa, and elongation at break 
(A5) of 11%. In total, 120 clasp specimens (10/group) were 
fabricated (Figure 3). After printing, the builds were heat-
treated in a vacuum annealing furnace (RZF1200-14-219, 
Refan High Temperature Equipment Co., Ltd., China). 
All heat treatment procedures were initiated from room 
temperature and adopted a constant heating rate to reach 
the target temperatures. Specifically, the temperature was 
ramped to 700°C over 55 min, 750°C over 60 min, 800°C 
over 65 min, and 850°C over 70 min. Upon reaching each 
target temperature, the specimens were held isothermally 
for 0.5 h, 1.0 h, and 1.5 h (three holding time groups per 
target temperature). Following the completion of the 
isothermal holding stage, all specimens were subjected to 
furnace cooling to room temperature. The heat treatment 
procedures are shown in Figure 4.

The clasp specimens were then removed from the 
building plate using an electric discharge wire-cutting 
machine (DK7735, Jiesheng Machinery Manufacturing 
Co., Ltd., China). All clasps were ground by one technician 
to remove support structures without subsequent 
polishing, only clearing obvious nodules to mitigate the 
impact of surface roughness.

2.2. Internal quality assessment of clasps

Internal quality of all clasp groups was evaluated using a 
digital X-ray imaging system (FM-C2, Anjian Technology 
Co., Ltd., China). The position of the X-ray lens relative 
to the samples was set as follows: Source-to-image 
distance: 100 cm; lens height: 100 cm; shooting angle: 90°; 
shooting range: 42 × 42 cm2. X-ray parameters were set 
to an accelerating voltage of 55 kV, current of 50 mA, and 
exposure of 0.2 mA/s. As shown in Figure 5, all specimens 
exhibited uniformly dense radiographic images without 
obvious evidence of low-density areas such as pores or 
defects.

2.3. Evaluation of fitness accuracy

Clasp specimens from each group were scanned using a 
model scanner (E4, 3Shape A/S, Denmark) to obtain the test 

Figure 2. Build orientation and typesetting of clasps. (A) Build orientation of clasp data. (B) Typesetting of clasp data

BA

Figure 4. Schematic illustration of the heat treatment process for selective 
laser melting-fabricated TC4 clasps

Figure  3. The selective laser melting (SLM)-fabricated TC4 clasp 
specimens upon completion of production. (A) The TC4 clasp specimens 
were fabricated by SLM on the build plate. (B) Remove the representative 
sample from the build plane and support structures

BA

Figure  5. Digital X-ray characterization of internal quality for the 
selective laser melting-fabricated TC4 clasps

https://dx.doi.org/10.36922/MSAM025490118
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data. Following methods reported in previous literature,32 
both the test data and REF were imported into Geomagic 
Wrap software (V2017.0.1, 3D Systems, Inc., USA). First, 
the “Trim” function was used to segment the clasp arms 
and connectors from both the test data and REF, using the 
upper plane of the clasp as the reference. Next, the “Trim 
with Curve” tool was applied to draw a closed contour on 
the clasp arm of the REF, dividing it into two parts: inner 
and outer surfaces. The inner surface data were recorded 
as REF1. Finally, the best fit alignment of the test data with 
REF and the test data with REF1 was conducted, resulting 
in the calculation of the root mean square error (RMSE) 
to represent the internal and overall fitness accuracy of the 
clasps, respectively. In the “Deviation Analysis” function, 
the maximum and minimum critical thresholds were set 
to +500 µm and −500 µm, respectively. The RMSE was 
calculated according to Equation 1:32,35

RMSE  
n

x xi ii

n
� �� ���1

1 2

2

1 , ,
� (1)

where x1,i represents the measurement point i on the 
reference model; x2,i represents the measurement point i on 
the test model; and n is the total number of measurement 
point pairs on each sample

2.4. Retentive force test

The clasp and die were mounted on a tensile fatigue 
testing machine (Model No: 8801; Instron Ltd., USA), and 
the fixture was adjusted to align the clasp axis with the 
longitudinal axis of the die. The specimens were immersed 
in artificial saliva (A7990, Beijing Solarbio Science & 
Technology Co., Ltd., China), composed of H2O, NaCl, 
KCl, CaCl2, NaH2PO4, urea, and Na2S, at room temperature 
(Figure 6). In accordance with previous studies,32,36 cyclic 
insertion and removal testing was conducted at a speed 
of 1 mm/s. The maximum dislodging force (i.e., retentive 
force) was recorded during clasp displacement. The mean 

retentive force over the initial 15 cycles was defined as the 
initial retentive force.32,37,38

Following the measurement of initial retentive force, 
each clasp was removed from the die at 16  mm/s and 
reinserted at the same speed, completing a total of 10,000 
insertion/removal cycles. Referring to previous studies,34,39 
retentive force was recorded at the following cycle intervals: 
500–514, 1000–1014, 2000–2014, 3000–3014, 4000–4014, 
5000–5014, 6000–6014, 7000–7014, 8000–8014, 9000–
9014, and 10,000–10,014, yielding 11 sets of data. The 
mean retentive force for each interval was calculated, 
and the final group’s mean value was defined as the final 
retentive force. The percentage of retentive force loss was 
calculated according to Equation 2:

Initial retentive force
Final retentive force

Descent rate  1 00%
Initial retentive force
−

= × � (2)

To minimize bias due to localized wear of the die, each 
die was rotated 30° around its longitudinal axis following 
testing.

2.5. Permanent deformation test

Following the retentive force test, non-fractured specimens 
were scanned to obtain data after 10,000 insertion/removal 
cycles. Pre- and post-cycling test data were imported into 
3D analysis software. A best-fit alignment was performed 
with reference to fitness accuracy analysis, and RMSE 
was calculated to quantify permanent deformation of the 
clasps.

2.6. X-ray diffraction and fracture surface analysis

For the as-built group (one sample) and each heat-
treated group (one sample per group), the clasp 
specimens were ground using silicon carbide sandpaper 
up to 4000 grit and subsequently polished with diamond 
suspension to achieve a mirror finish. Phase analysis was 
performed using an X-ray diffractometer (DX-27mini, 
Dandong Haoyuan Instrument Co., Ltd., China) under 
the following conditions: scanning range of 20–80° 2θ, 
scanning rate of 0.02°/s, tube voltage of 40 kV, and tube 
current of 13 mA, with Cu Kα radiation (λ = 0.154 nm). 
The resulting X-ray diffraction patterns were analyzed 
for phase composition using Jade 6.5 software (Materials 
Data, Inc., USA).

Fracture surface morphology of failed specimens was 
examined using a scanning electron microscope (SEM; 
S-3000 N, Hitachi High Technologies Corp., Japan) at 
an accelerating voltage of 15  kV and a beam current of 
50 mA.Figure 6. The test of clasp insertion and removal cycles in artificial saliva
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2.7. Statistical analysis

All statistical analyses were conducted using SPSS software 
(version  26.0, IBM SPSS Inc., USA). The normality and 
homogeneity of variance for fitness accuracy, retentive 
force, and permanent deformation were assessed. If both 
assumptions were met, two-way analysis of variance 
(ANOVA) with Tukey’s honestly significant difference post 
hoc test was applied; otherwise, the Kruskal–Wallis H test 
with Dunn’s post hoc test with Bonferroni correction was 
employed. A significance level of (α) 0.05 was used for all 
analyses.

3. Results
3.1. Fitness accuracy

Table  1 shows the fitness accuracy of the inner surfaces 
and overall structures of clasps subjected to different 
heat treatment temperatures and times. For both the 
overall structure and inner surface, the 700℃/0.5 h group 
exhibited significantly higher RMSE values compared 
to other groups (p<0.05), indicating inferior fitness. No 
significant differences were observed among the remaining 
groups (p>0.05). Given that clasp fitness is an important 
prerequisite for its retentive and resistance to permanent 
deformation, to avoid errors caused by different fitness 
accuracies in subsequent experiments and to ensure 
comparability, clasps from the 700℃/0.5  h group were 
excluded from subsequent mechanical testing (retentive 
force and permanent deformation). This decision is based 
on the principle of controlling variables.

3.2. Retentive force

Table  2 shows the retentive force values of clasp groups 
subjected to different heat treatment temperatures and 
times. Initial retentive forces for SLM TC4 clasps ranged 
from 7.12 to 9.49 N, and final retentive forces after 10,000 

insertion/removal cycles ranged from 6.42 to 8.83 N, 
reflecting a reduction rate of 4.06–12.18%.

Figure 7 shows that the retentive force of clasps subjected 
to different heat treatment conditions initially increased 
and subsequently decreased over the 10,000  cycles, 
with a transition phase between 500 and 2000  cycles. 
Furthermore, across all times (0.5, 1.0, and 1.5 h), clasps 
subjected to higher heat treatment temperatures exhibited 
progressively lower retentive forces from initial to final 
measurements.

Two-way ANOVA results (Table 3) revealed that heat 
treatment temperature had a significant effect on both 
initial and final retentive forces (p<0.001), while neither the 
effect of heat treatment time nor the interaction between 
time and temperature was statistically significant (p>0.05).

Figure  8 shows the interaction plots for initial and 
final retentive forces across heat treatment conditions. 
Increasing heat treatment temperature consistently 
resulted in decreased initial (Figure  8A) and final 
(Figure  8B) retentive forces across all 3  times. Notably, 
heat-treated clasps for 1.0  h demonstrated the lowest 
retentive forces across all temperature levels, compared to 
those treated for 0.5  h or 1.5  h. It should be noted that, 
given the relatively large standard deviations in both the 
initial and final retention forces—indicating substantial 
data variability—the differences among these mean values 
fall within an acceptable range relative to the clinically 
observed retention forces.

3.3. Permanent deformation

Table 4 shows the permanent deformation values of clasps 
after 10,000 insertion/removal cycles under different heat 
treatment conditions, ranging from 31.15–38.05 µm. No 
significant effects of heat treatment temperature or time on 
permanent deformation were observed (p>0.05).

Table 1. The root mean square error values (µm) of the inner and overall surface of fitness accuracy of clasps under different heat 
treatment temperatures and times

Group 700℃ 750℃ 800℃ 850℃ F p

Inner Overall Inner Overall Inner Overall Inner Overall Inner Overall Inner Overall

0.5 h 75.81±11.50Aa 55.52±4.68Aa 60.19±9.83B 46.32±5.71B 67.73±14.20B 45.58±7.42B 65.97±10.63B 45.24±6.89B 3.221 7.477 0.033 0.001

1.0 h 59.57±13.05b 43.70±6.39b 63.29±18.84 42.92±4.52 66.55±17.72 45.30±5.46 60.45±6.31 45.59±6.37 0.402 0.509 0.753 0.678

1.5 h 65.16±16.15b 46.14±7.64b 69.55±11.33 47.53±5.71 65.63±7.54 46.77±6.48 67.43±16.12 49.19±6.52 0.203 0.442 0.894 0.724

F/H F=3.931 F=12.541 F=1.058 F=1.99 F=0.052 H=1.058 F=0.860 H=1.271

p 0.030 0.001 0.361 0.154 0.949 0.361 0.435 0.298

Notes: Data are normally distributed and are presented as mean±standard deviation. Different superscript uppercase letters indicate significant 
differences in the whole area or inner surface fitness accuracy of clasps across different temperature groups under the same heat treatment time 
(p<0.05); A: Compared with the 750°C/0.5 h, 800°C/0.5 h, and 850°C/0.5 h groups; B: Compared with the 700°C/0.5 h group. Different superscript 
lowercase letters indicate significant differences in the whole area or inner surface fitness accuracy of clasps across different time groups under the same 
heat treatment temperature (p<0.05): a: Compared with the 700°C/1.0 h and 700°C/1.5 h groups; b: Compared with the 700°C/0.5 h group. n=10.
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As shown in the interaction plot (Figure 9), the mean 
differences in permanent deformation across groups 
are minimal, suggesting that neither heat treatment 
temperature nor time had a significant effect on 
permanent deformation in this study. It should be noted 
that the relatively large standard deviations of permanent 
deformation values—markedly deviating from the mean—

in groups with lower heat treatment temperatures or shorter 
time (700°C/1.5  h and 800°C/0.5  h) indicate substantial 
variability and poor stability of the data. Therefore, these 
findings should be interpreted with caution and integrated 
carefully with clinical practice.

The color-coded image illustrating the permanent 
deformation of the clasps is shown in Figure  10. As can 
be observed from the figure, the permanent deformation 
of the clasp gradually increased from the middle section 
to the end (i.e., the portion entering the die undercut), 
predominantly appearing in yellow, with the degree of 
color deviation increasing from approximately 10 μm at 
the center to 100 μm at the tip. In contrast, no permanent 
deformation was observed in the remaining regions of the 
specimen outside the clasp, which appeared green.

3.4. X-ray diffraction and scanning electron 
microscope observation of the fracture surface

Figure  11 presents the X-ray diffraction patterns of 
untreated (as-built) and heat-treated TC4 clasp specimens. 
Compared with the as-built sample, the heat-treated 
samples exhibited higher diffraction peak intensities and 
a narrower full width at half maximum for the α-Ti phase. 
Moreover, with increasing heat treatment temperature 

Table 3. Two‑way analysis of variance of the effects of heat 
treatment temperature and time on the initial or final 
retentive force of the clasp

Independent 
variable

Sum of 
squares

Degree of 
freedom

Mean 
square root

F p

Initial retentive force

Time 8.626 2 3.683 1.297 0.278

Temperature 91.112 3 21.185 7.462 <0.001

Temperature * time 4.052 5 0.609 0.215 0.956

Final retentive force

Time 14.137 2 7.282 2.791 0.066

Temperature 78.504 3 22.108 8.475 <0.001

Temperature * time 16.367 5 1.465 0.562 0.729

Note: Degree of freedom (n-1). F variation between sample means / variation 
within samples. The asterisk (*) denotes the interaction effect between heat 
treatment temperature and time in the two-way analysis of variance.

Figure 7. Retentive force of each clasp group after 10,000 insertion/removal cycles under different heat treatment temperatures and times. (A) 0.5 h group. 
(B) 1.0 h group. (C) 1.5 h group

C

BA
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or prolonged holding time, the diffraction peaks of the 
α-Ti phase progressively intensified, accompanied by a 
reduction in peak width and a shift in diffraction angles. 
These observations indicate that elevated processing 
temperatures and extended holding times promote the 
ordered growth and structural densification of α-Ti 
grains. However, regardless of heat treatment, all clasp 
samples predominantly displayed the same characteristic 
diffraction peaks of the α-Ti phase within the 20–80° 2θ 
range, indicating that no significant phase transformation 
occurred in the TC4 clasps under the annealing conditions 
of 700–850°C and holding durations of 0.5–1.5 h.

Figure  12 shows the macroscopic morphology of a 
failed specimen, revealing a fracture at the middle portion 
of the clasp arm. SEM examination of a representative 
failed specimen from the 700℃/1.0  h group (Figure  13) 
revealed several structural defects: Porosities, incompletely 
melted metal powders, and cracks on the fracture plane 
(Figure 13A); a distinct crack in the left region at higher 
magnification (Figure  13B); coexisting porosities and 

Table 4. Root mean square error values (µm) of permanent 
deformation of clasps at different heat treatment 
temperatures and times

Group 700°C 750°C 800°C 850°C F p

0.5 h ‑ 33.56±8.43 33.28±9.24 31.15±4.87 0.260 0.773

1.0 h 35.58±6.39 35.04±4.52 35.02±5.46 34.83±6.39 0.029 0.993

1.5 h 38.05±10.22 37.53±3.37 36.65±6.67 35.23±7.15 0.224 0.879

F 0.378 1.057 0.489 1.196

p 0.546 0.362 0.618 0.317

Notes: Data are normally distributed and are expressed as 
mean±standard deviations.“‑” indicates the exclusion of the 700°C/0.5 
h group from the analysis

Figure 8. Interaction analysis diagram of the retentive force of the clasp with respect to the heat treatment temperature and time. (A) The initial and (B) 
final retentive forces of clasps

BA

Figure  10. Color-coded image of permanent deformation for the 
representative TC4 clasp sample
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cracks in the upper section (Figure  13C); incompletely 
melted metal powders in the upper-right zone (Figure 13D); 
crack, incompletely melted metal powders and porosity 
in the lower-right region (Figure  13E); and incompletely 
melted metal powders in the bottom edge (Figure 13F).

4. Discussion
The conventional annealing furnace treatment process 
poses a risk of hydrogen embrittlement in titanium alloys 
due to the presence of impurities, which facilitate the 
uptake of hydrogen (H), oxygen (O), nitrogen (N), and 
other elements.40 In contrast, vacuum heat treatment 
effectively prevents the ingress of reactive elements such as 
hydrogen, thereby significantly inhibiting embrittlement.41 

This study employed an infrared-heated vacuum system 
for precise temperature control, improved efficiency, and 
effective elimination of atmospheric hydrogen. Based 
on previous reports,42 annealing heat treatment of TC4 
alloys fabricated by SLM was typically performed at 
600–750°C for 2  h. In contrast, for other non-annealing 
heat treatments under the same holding duration (2  h), 
the appropriate temperature range was 800–900°C. 
Considering the operational constraints of the vacuum 
infrared heat treatment equipment used in this study, 
heat treatment effects within a temperature range of 700–
850°C and holding times of 0.5–1.5 h were systematically 
investigated. Results showed that temperature and time 
significantly influenced clasp fitness accuracy and retentive 
force, while permanent deformation remained largely 
unchanged. Thus, the null hypothesis is partially rejected.

All clasps in this study were printed using uniform 
parameters and randomly numbered to minimize the 
influence of surface roughness on retentive force. The heat 
treatment temperature was kept well below the melting 
point of TC4 (around 1660℃43), preventing any surface 
alteration due to melting. Given our group’s previous focus 
on clasp surface roughness (Ra 8.28–9.90 µm32) and the 
above considerations, this study did not include surface 
roughness measurements. Conventional clasps often 
have reciprocal arms and retentive arms. However, in this 
study, the clasp design was simplified by including only 
the retentive arm, omitting the reciprocal arm to prevent 
any interference during insertion/removal and retentive 
force testing. In addition, the clasp’s undercut depth was 
set at 0.5 mm, a value supported by previous research,25,44 
indicating that this depth provides suitable retentive force 
for titanium alloy clasps.

Figure 11. X-ray diffraction patterns of as-built and heat-treated TC4 samples. (A) 700℃/0.5, 1.0, 1.5 h. (B) 750℃/0.5, 1.0, 1.5 h. (C) 800℃/0.5, 1.0, 1.5 h. 
(D) 850℃/0.5, 1.0, 1.5 h

DC

BA

Figure 12. Broken clasp sample
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The fitness accuracy of clasps is crucial for the passive 
seating of RPDs and improved clinical outcomes.45 
However, SLM fabrication often induces residual stresses 
from melt-cooling shrinkage, leading to deformation.46,47 
Under the rapid solidification and cooling rates (can reach 
10⁸ K/s) of SLM, body-centered cubic β-phase of TC4 
alloy transforms completely into metastable hexagonal 
close-packed α′-phase by a diffusionless, shear-type 
transformation process,48 introducing additional phase 
transformation stresses and further complicating the 
residual stress.9,49 To mitigate this, beyond optimizing 
support structures, specific heat treatments have been 
shown to effectively relieve these stresses in TC4 specimens 
and reduce deformation.50,51 Previous studies confirmed 
that prolonged heat treatment durations are particularly 
effective in minimizing residual stress in SLM-processed 
pure titanium and its alloys.52,53 Furthermore, residual 
stresses in TC4 titanium decrease progressively with 
increasing heat treatment temperature and can be nearly 
eliminated when exceeding 750℃.54-56

In this study, different heat treatment parameters 
significantly affected the fitness accuracy of the SLM-
fabricated clasps. Specifically, the group treated with 700℃ 
for 0.5 h showed the poorest accuracy (55.52 ± 4.68 μm), 
with a statistically significant difference from other groups. 
This is likely because the temperature and duration at 700℃ 
were insufficient to fully relieve internal residual stresses,56 
thus compromising the final precision of the clasps. The 
reported fitness accuracy of SLM-fabricated TC4 clasps 
varies across studies. Previous studies have reported values 
of 50.95 ± 5.79 μm,32 which are consistent with those 
observed in the present study (mean: 42.92–55.52 μm). 

However, other studies have reported higher values, 
reaching 86 ± 9 μm57 and 97.45 ± 32.58 μm.58 These 
discrepancies are likely due to differences in processing 
parameters, location of the research subject, and 
measurement techniques employed in the respective 
studies. Currently, no unified clinical threshold exists for 
micrometer-level fitness accuracy. However, since fitness 
accuracy critically influences properties such as retentive 
force and permanent deformation, the 700°C/0.5 h group 
was excluded from these tests to minimize the impact of its 
poor fitness accuracy on subsequent results.

Clasp retentive force is influenced by multiple factors, 
including undercut depth, arm length, thickness, and 
material properties.57 Previous studies have performed 
annealing treatments on SLM-fabricated TC4 alloy at 
650–1000°C23 and 750–1050°C22 for 2 h, revealing that the 
compressive strength, tensile strength, and microhardness 
of the alloy significantly decreased, while elongation 
increased. This indicates that increasing the heat treatment 
temperature reduces the strength and hardness of the 
TC4 alloy, enhances its plasticity, and thereby weakens its 
resistance to deformation. Consequently, the reduction 
in frictional force during clasp disengagement from 
the undercut area may significantly contribute to the 
decrease in retentive force.31 In our study, although the 
data exhibited a relatively large standard deviation, two-
way ANOVA revealed that heat treatment temperature had 
a significant effect on the mean values of both initial and 
final retentive force. Notably, variations in heat treatment 
duration (0.5–1.5  h) did not significantly affect retentive 
force, indicating its minor role in clasp performance. 
This finding suggests that, clinically, heat treatment time 

Figure 13. The scanning electron microscopy observation of the fracture surface of a failed clasp. (A) Fracture surfaces of clasp arm (scale bar: 500 µm; 
magnification: ×60). (B) Left side (scale bar: 100 µm; magnification ×300), (C) upper side (scale bar: 100 µm; magnification ×400), (D) upper-right side 
(scale bar: 100 µm; magnification ×500), (E) lower-right side (scale bar: 100 µm; magnification ×300), and (F) internal and external surface corners of the 
fracture surface of the clasp (scale bar: 100 µm; magnification ×300)
Notes: White arrows represent cracks; Black arrows represent incompletely melted powder; Purple arrows represent pores or defects; Red arrows represent 
cleavage fracture
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can be shortened without compromising quality, thereby 
improving the production efficiency of RPD frameworks 
via SLM. When the heat treatment time is set at 0.5 h, the 
retentive force of TC4 clasps treated within the temperature 
range of 750–850℃ meets clinical requirements.

The typical replacement cycle for RPDs is approximately 
5 years.58,59 Based on four insertion/removal cycles per day, 
this corresponds to about 7250 cycles.44 To enhance testing 
reliability, this study employed 10,000  cycles, consistent 
with previous studies.32,60 The initial retentive forces across 
different heat treatment groups ranged from 7.12–9.49 
N, declining to 6.42–8.83 N after testing, representing a 
reduction of 4.06–12.18%. It is generally believed that a 
total retentive force of 20 N for an RPD, typically equipped 
with 2–4 clasps, is sufficient during mastication of adhesive 
foods and is conducive to the patient’s smooth removal and 
insertion of the RPD.61 While ideal clasp retention may vary 
depending on study conditions such as clasp design and 
experimental environment, the commonly recommended 
retentive force for a single clasp is 5–10 N.24,32,60-63 In this 
study, both the initial (7.12–9.49 N) and final (6.42–8.83 N) 
retentive forces under various heat treatment conditions 
fell within clinically acceptable ranges, confirming the 
clinical suitability of heat-treated SLM TC4 clasps.

Permanent deformation is another key clinical 
parameter in evaluating the effectiveness of RPDs. During 
the repeated insertion and removal of RPD clasps, their 
deformation behavior is primarily governed by yield 
strength and hardness. A  previous study has shown that 
post-treatment at 780°C maintains high yield strength 
(1,038 MPa).64 In contrast, treatment at 920°C promotes 
grain growth, leading to reduced yield strength (976 MPa). 
Clearly, increasing the heat treatment temperature decreases 
the yield strength of TC4 alloy, thereby impairing strain 
recovery upon unloading. Consequently, even when the 
applied disengagement force does not exceed the ultimate 
strength of the TC4 clasp, plastic deformation may still 
occur, manifesting as partial or complete inability to recover 
strain upon unloading—i.e., permanent deformation.65 In 
addition, research has demonstrated that heat treatment 
within the elevated temperature range of 750–1050°C for 
a duration of 2 h facilitates a more complete annealing of 
the α’-martensite phase, thereby leading to a significant 
reduction in the microhardness of the TC4 alloy.22 Clasps 
with lower hardness are more susceptible to wear, further 
increasing the risk of permanent deformation.66 These 
findings suggest a multifactorial mechanism by which heat 
treatment influences permanent deformation. Although 
data regarding the effects of heat treatment temperature 
or time remain limited, the present study demonstrated 
minimal differences in permanent deformation (31.15–

38.05 μm) among groups after 10,000 insertion/removal 
cycles. Compared with previous studies (29.86–52.34 µm) 
conducted under different conditions,29,67 the results of our 
study were consistent. Thus, the effects of heat treatment 
temperature and time on permanent deformation appear 
to be limited, with all observed values remaining within 
clinically acceptable thresholds.

The deformation behavior of the clasp follows the 
principles of elastoplastic mechanics. It is governed by 
the relationship between the actual displacement and the 
material’s critical elastic limit displacement threshold. 
In this study, the engagement depth of the TC4 clasp 
into the undercut was set at 0.50  mm (in the horizontal 
direction). If the clasp fully recovers its original shape 
upon unloading, this indicates the absence of permanent 
deformation during cyclic loading, and the actual 
horizontal displacement remains at 0.50 mm. Conversely, 
if the clasp fails to fully recover or only partially returns 
to its initial configuration after unloading, it signifies 
that plastic deformation has occurred during loading 
(deformation ≤0.50  mm), resulting in a reduction of the 
actual horizontal displacement to <0.50  mm. Notably, 
although an increase in permanent deformation leads to a 
decrease in actual displacement, it substantially enhances 
the fatigue life of the clasp.32,68,69 Based on this, the limited 
number of clasp fractures observed in this study may be 
attributed to large effective displacements, with fatigue 
failure occurring when these displacements exceed the 
component’s endurance limit.

Several studies have proposed that clasp fractures are 
commonly associated with internal and external defects 
as well as excessive loading forces.43,70,71 In this study, 
SEM revealed surface-near defects—such as unmelted 
powder particles and pores—on fractured clasps from 
the 700℃/1.0  h, 700℃/1.5  h, and 850℃/1.5  h groups. 
Fracture cracks and steps were found adjacent to these 
defects. Moreover, a study has shown that the larger and 
more superficial these defects are, the more likely they are 
to serve as stress concentrators, promoting crack initiation 
and fatigue failure.72 The frequent presence of such surface-
near defects in the fractured specimens of this study may 
constitute the principal cause of fatigue fracture.

The present study has several limitations. First, the 
findings are applicable only to SLM TC4 clasps, as optimal 
heat treatment temperatures and times vary across different 
metal materials. Future studies should evaluate the effects 
of heat treatment temperature and time on other metal 
types—employing techniques such as electron backscatter 
diffraction to analyze crystallographic orientation and 
microstructure—to further expand the body of knowledge 
concerning the impact of heat treatment on SLM RPD 
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clasps and to provide more robust theoretical guidance for 
clinical application. Moreover, this study focused solely 
on clasp fitness accuracy, retentive force, and permanent 
deformation, without evaluating the influence of heat 
treatment on the overall RPD framework. Finally, as 
an in  vitro investigation, although efforts were made to 
simulate the oral environment, this study could not fully 
replicate intraoral conditions. Future studies should 
include in vivo evaluations of clasp performance and the 
development of more accurate oral simulation protocols to 
establish a more reliable evidence base for clinical practice.

5. Conclusion
Under the conditions of this study, the following 
conclusions can be drawn:
(i)	 Different heat treatment temperatures and times 

exert varying effects on the fitness accuracy of SLM 
TC4 clasps. Specifically, the 700℃/0.5  h group 
exhibited the poorest results (p<0.05), whereas the 
remaining groups demonstrated consistent fitness 
accuracy.

(ii)	 Heat treatment temperature significantly affected 
both the initial and final retentive forces (p<0.001). 
In contrast, variations in heat treatment time showed 
no substantial influence. Notably, the initial and final 
retentive forces of all clasps across different heat 
treatment conditions met clinical requirements over 
10,000 insertion/removal cycles.

(iii)	 Different heat treatment temperatures and times 
had no significant effect on permanent deformation 
(p>0.05). After 10,000 insertion/removal cycles, all 
groups exhibited permanent deformation within 
clinically acceptable limits.

(iv)	 After heat treatment at 750–850℃ for 0.5  h, the 
SLM TC4 clasps meet clinical requirements in terms 
of fitness accuracy, retentive force, and permanent 
deformation, while also demonstrating high heat 
treatment efficiency.

(v)	 Internal defects generated during the printing 
process (including cracks and incomplete powder 
fusion) may be the primary cause of fracture failure 
in a very small number of SLM-fabricated TC4 clasps 
after heat treatment.
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