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ples were solution-treated at 975 °C, 1000 °C, 1025 °C, and 1050 °C, followed by
aging at 480 °C for 1 h. Microstructural observations revealed progressive grain
coarsening with increasing solution temperature. Mechanical testing showed that
yield and tensile strengths increased with temperature up to 1025 °C, reaching
maximum values of 1390 MPa and 1286 MPa, respectively, due to enhanced dis-
solution of strengthening phases prior to aging. In contrast, ductility and impact
energy decreased consistently with increasing temperature; the highest toughness
was obtained at 975 °C (35.5 ]J), while the lowest values occurred at 1050 °C (6.5 ]).
The optimal combination of strength and ductility was achieved at 1025 °C, indi-
cating this temperature as the most effective solution-treatment condition for the
tested steel. These findings provide a basis for selecting heat-treatment parameters
to enhance the performance and reliability of components manufactured from 15-
5PH stainless steel.
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1. Introduction

The rail bar mechanism in pipe organs serves as a critical mechanical interface between the keyboard and
the sound-producing pipes. When a key is pressed, motion is transferred through a system of levers, linkages,
and sliders to actuate the corresponding valve that regulates airflow into the selected pipe. Because each key is
mechanically coupled to an individual valve, the performer receives precise tactile feedback, and small varia-
tions in key pressure translate into differences in musical expression.

To ensure the long-term reliability of this mechanism, the rail bar components must provide high dimen-
sional stability, resistance to wear, sufficient strength, and corrosion resistance. These requirements highlight
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the importance of selecting materials with microstructural stability and mechanical performance suitable for
cyclic loading under varying environmental conditions.

Although the general behavior of 15-5PH stainless steel has been studied in various engineering fields [1-
3], limited attention has been given to how specific solution treatment parameters affect its suitability for high-
precision, long-life mechanical systems such as organ rail-rod mechanisms [4]. Understanding the influence of
solution treatment temperature on microstructure and mechanical properties is therefore relevant for improv-
ing material performance in such applications.

15-5PH stainless steel is a martensitic precipitation-hardening alloy containing approximately 15 % chro-
mium, 5 % nickel, and alloying elements such as copper and niobium [8-11]. It is used in aerospace components,
medical devices, marine structures, and precision machinery due to its favorable combination of strength,
toughness, and corrosion resistance. In aerospace applications [12-15], it is employed in landing gear compo-
nents and engine parts subjected to high stresses. In medical engineering, it is used for instruments and implants
requiring biocompatibility and corrosion resistance. In marine environments, it is applied in components ex-
posed to saltwater where long-term corrosion resistance is essential [16-17].

For organ rail-rod mechanisms, 15-5PH stainless steel is of interest because its mechanical properties can
be tailored through heat treatment, typically involving solution treatment followed by aging. Solution treat-
ment promotes homogenization of alloying elements, while aging induces the formation of strengthening pre-
cipitates, allowing mechanical properties to be adjusted for specific operational requirements [19-21].

In this study, the effect of different solution treatment temperatures on the microstructure and mechanical
properties of 15-5PH stainless steel is examined. The aim is to provide experimental data that may assist in
selecting heat-treatment parameters for precision mechanical components, including those used in pipe-organ
rail-rod systems.

2. Materials and Methods

The 15-5PH stainless steel specimens used in this study were produced via sand casting using an interme-
diate-frequency induction melting furnace. The chemical composition (mass fraction, %) of the steel is as fol-
lows: 0.005 C, 0.45 Si, 0.55 Mn, 0.004 S, 0.005 P, 15.45 Cr, 5.40 Ni, 0.40 Nb, 0.40 Mo, 3.80 Cu, and balance Fe.

Solution treatment was conducted using a box-type resistance furnace at four different temperatures:
975 °C, 1000 °C, 1025 °C, and 1050 °C, with a holding time of 1 hour for each condition. Three specimens were
prepared for each solution treatment condition to ensure statistical reliability of the test results. Subsequently,
all specimens were subjected to aging treatment at 480 °C for 1 hour in a controlled heating furnace.

Microstructural characterization was performed using an optical metallographic microscope (e.g., Olym-
pus BX53M). The specimens were etched with a 3 % nital solution to reveal the microstructure. Mechanical
properties, including tensile strength, yield strength, elongation, section shrinkage, and impact energy, were
measured using a microcomputer-controlled electronic universal testing machine (e.g., Instron 5105), ensuring
compliance with standard testing protocols. All mechanical tests were performed in triplicate for each condition
to ensure data reproducibility.

3. Results

The microstructural characteristics of ultra-low-carbon 15-5PH stainless steel after solution treatment at
different temperatures are shown in Figure 1 (40x magnification). The micrographs indicate that the solution
temperature has a pronounced effect on grain size and grain-boundary morphology. As the temperature in-
creases, the prior-austenite grains become progressively coarser, accompanied by a noticeable increase in the
effective grain size. After solution treatment, the matrix exhibits a typical lath-martensitic structure, with mar-
tensite laths of various orientations confined within the boundaries of the original austenite grains. A clear
relationship was observed between microstructure and mechanical properties. Finer grains were associated
with improved toughness and ductility, whereas coarser grains corresponded to decreased impact resistance
and reduced plastic deformation capacity. These findings confirm that microstructural refinement through op-
timized solution temperature plays a key role in improving the performance of 15-5PH stainless steel.
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Figure 1. Effect of solid solution temperature on the microstructure of the experimental steel (40x magnification)

Mechanical properties were evaluated after solution treatment at 975 °C, 1000 °C, 1025 °C, and 1050 °C,
followed by aging at 480 °C for 1 h. Each condition was tested three times, and the individual measurements

are summarized in Table 1.

Table 1. Mechanical properties of samples at different solid solution temperatures

Temperature Number Yield strength Tensile strength  Impact Section Elongation
°C MPa MPa energy/J shrinkage/ % %
1 1272 1275 35.3 14.3 53.8
975 2 1275 1280 35.4 14.5 411
3 1275 1279 35.8 14.4 54.1
1 1380 1279 16.6 11.6 47.1
1000 2 1384 1282 16.9 11.8 47.2
3 1382 1279 16.9 12.0 49.7
1 1391 1285 111 11.5 36.8
1025 2 1388 1287 11.3 11.5 37.0
3 1391 1286 11.2 11.7 37.2
1 1360 1276 6.3 8.4 33.2
1050 2 1362 1273 6.5 8.6 32.8
3 1361 1273 6.7 8.5 33.0

To assess the variability of the measurements, standard deviations were calculated using Equation (1).

SD = \/ﬁzgvzl(xi - x)?
where
SD —standard deviation
x; —individual measurement
X —arithmetic mean
n—number of repeated tests.
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The averaged values and corresponding standard deviations are presented in Table 2. The results show
good repeatability, with the largest variation observed in elongation at 975 °C, likely due to microstructural
heterogeneity at lower solution temperatures.

Table 2. The averaged values and their corresponding standard deviations of mechanical properties of experimental steel

at different solid solution temperatures

Temperature Yield strength SD Tensile strength SD Impact l?e.ctll(on SD Elongation SD
C MPa  MPa MPa MPa e“e;gy yOTE % % %

975 1274 1.7 1278 2.6 35.5 0.26 14.4 0.10 49.7 742
1000 1382 2.0 1280 1.7 16.8 0.17 11.8 0.20 48.0 1.47
1025 1390 1.7 1286 1.0 11.3 0.10 11.6 0.12 37.0 0.20
1050 1361 1.0 1274 1.7 6.5 0.20 8.5 0.10 33.0 0.20

The combined influence of solution temperature on yield and tensile strength is shown in Figure 2. Yield
strength increases significantly between 975 °C and 1025 °C, reaching a maximum of 1390 MPa at 1025 °C, after
which it decreases slightly at 1050 °C. Tensile strength shows comparatively minor variation but also peaks at
1025 °C (1286 MPa). This demonstrates that insufficient solution temperature leads to incomplete dissolution
of strengthening elements, while overheating above 1025 °C promotes grain coarsening and a reduction in
strength.
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Figure 2. Effect of solid solution temperature on the yield strength and tensile strength of 15-5PH stain-
less steel

Figure 3 presents the variation of ductility-related properties—impact energy, elongation, and section
shrinkage. All three parameters show a consistent decline with increasing solution temperature. The highest
toughness and ductility occur at 975 °C, where the impact energy reaches 35.5 | and elongation 49.7 %, while
the lowest values appear at 1050 °C (6.5 ] and 33.0 %, respectively). This deterioration is attributed to grain
coarsening and reduced resistance to crack initiation and propagation at higher temperatures.
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Figure 3. Effect of solid solution temperature on impact energy, elongation, and section shrinkage.

Overall, the results indicate that 1025 °C provides the most favorable balance of mechanical properties,
combining maximum yield and tensile strength with acceptable levels of toughness and ductility. Therefore,
1025 °C is identified as the optimal solution treatment temperature for the studied 15-5PH stainless steel.

4. Discussion

The results of this study clearly demonstrate that the solid solution temperature plays a decisive role in
determining the microstructure and mechanical properties of 15-5PH stainless steel. The microstructural obser-
vations confirm that increasing the solution temperature promotes progressive grain growth and modification
of the martensitic morphology, which in turn strongly influences strength, toughness, and ductility.

At the lowest solution temperature (975 °C), the steel exhibits the highest impact energy and elongation,
which is consistent with the presence of relatively finer prior-austenite grains and a dense network of grain
boundaries capable of absorbing deformation energy. As the temperature increases to 1000 °C-1025 °C, more
precipitates dissolve into the matrix, providing an optimal supersaturation level for subsequent aging. This
leads to the formation of fine, uniformly distributed strengthening precipitates and results in the highest yield
and tensile strengths observed at 1025 °C. Although the grain size is larger at this temperature, precipitation
hardening dominates the strengthening effect, producing an advantageous combination of strength and ac-
ceptable ductility.

Further increasing the solution temperature to 1050 °C causes excessive grain coarsening and a reduction
in the density of strengthening precipitates after aging, which explains the pronounced drop in impact energy,
elongation, and section shrinkage. These trends are fully consistent with previously reported behavior of pre-
cipitation-hardening stainless steels, where an optimal solution temperature maximizes the balance be-tween
precipitation strengthening and microstructural stability.

Overall, the optimal treatment identified in this study (1025 °C) yields the most favorable combination of
strength, ductility, and toughness, making it suitable for components such as pipe organ rail rod mechanisms
that require high mechanical reliability under dynamic service conditions. The findings align well with the
literature and provide a strong basis for the refinement of heat-treatment protocols for 15-5PH stainless steel.
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5. Conclusions

This study examined the effect of solid solution temperature on the microstructure and mechanical prop-
erties of 15-5PH stainless steel. The results show that solution temperature strongly affects strength, ductility,
and impact toughness through its influence on grain size and the dissolution of strengthening phases. The op-
timal treatment was identified at 1025 °C, where the steel achieved its highest yield strength (1390 MPa) and
tensile strength (1286 MPa) while maintaining acceptable ductility and toughness.

These findings highlight the importance of precise heat-treatment control when tailoring 15-5PH stainless
steel for demanding applications. Optimizing solution temperature enhances the mechanical reliability and
service life of components such as rail rod mechanisms, where both strength and deformation capacity are
required. Overall, the study provides a useful basis for selecting heat-treatment parameters to improve the
performance of 15-5PH stainless steel in high-precision engineering applications.

References

[1] L. Couturier, F. De Geuser, M. Descoins, and A. Deschamps, “Evolution of the microstructure of a 15-5PH martensitic
stainless steel during precipitation hardening heat treatment,” Materials & Design, vol. 107, pp. 416—425, Oct. 2016,
https://doi.org/10.1016/j.matdes.2016.06.068

[2] M. Aghaie-Khafri and F. Adhami, “Hot deformation of 15-5 PH stainless steel,” Materials Science and Engineering A,
vol. 527, no. 4-5, pp. 1052-1057, Sep. 2009, https://doi.org/10.1016/j.msea.2009.09.032

[3] Faisal Aldhabib et al., “Effect of Heat Treatment on Microstructure and Mechanical Properties of 15-5 pH Stainless
Steel for Fastener Applications,” Diffusion foundations, vol. 22, pp. 118-139, May 2019,
https://doi.org/10.4028/www.scientific.net/df.22.118

[4] S. Sarkar, S. Mukherjee, C. S. Kumar, and A. Kumar Nath, “Effects of heat treatment on microstructure, mechanical

and corrosion properties of 15-5 PH stainless steel parts built by selective laser melting process,” Journal of Manufac-
turing Processes, vol. 50, pp. 279-294, Feb. 2020, https://doi.org/10.1016/j.jmapro.2019.12.048

[5] C.Jinetal, “Microstructure and mechanical properties of 15-5 PH stainless steel under different aging temperature,”
Metallurgical Research & Technology, vol. 118, no. 6, pp. 601-601, Jan. 2021, https://doi.org/10.1051/metal/2021078

[6] A.Keoghetal., “Effect of ageing temperature on the microstructure and localised corrosion of 15-5PH stainless steel,”
Corrosion Science, vol. 248, p. 112800, Feb. 2025, https://doi.org/10.1016/j.corsci.2025.112800

[7] H. Chen, Y. Du, Q. Liang, W. Ma, and J. Tu, “Effect of Double Aging Treatment on the Tribological Properties of 15-
5PH Coating on 17-4PH Stainless Steel by Laser Cladding,” Journal of Materials Research and Technology, Feb. 2025,
https://doi.org/10.1016/j.jmrt.2025.02.104

[8] C.Weng, J. Tang, W. Yu, Z. Tang, and R. Qin, “Effect of Aging Treatment on Long-Term Salt Spray Corrosion Re-
sistance of 15-5PH Stainless Steel,” Metallurgical and Materials Transactions A, Feb. 2025,
https://doi.org/10.1007/s11661-025-07712-9

[9] B. Chen, Z. Huang, B. Lj, J. Li, J. Liu, and L. Niu, “Heat Treatment-Induced Microstructural Transformations and

Strengthening Mechanisms in Laser Powder Bed Fusioned 15-5PH Stainless Steel,” Journal of Materials Research and
Technology, Nov. 2024, https://doi.org/10.1016/j.jmrt.2024.11.236
[10] Asma Mansoura, S. Dehghan, N. Barka, Sasan Sattarpanah Karganroudi, and Manel Houria, “Effect of heat treatment

parameters on microstructure and microhardness of 15-5PH stainless steel fabricated by selective laser melting,”
Journal of the Brazilian Society of Mechanical Sciences and Engineering, vol. 46, no. 7, Jun. 2024,
https://doi.org/10.1007/s40430-024-04999-4

[11] S.Yangetal., “Influence mechanism of heat treatment on corrosion resistance of Te-containing 15-5PH stainless steel,”
Corrosion Science, vol. 225, pp. 111610-111610, Oct. 2023, https://doi.org/10.1016/j.corsci.2023.111610

[12] M. Koukolikovd, P. Podany, S. Rzepa, M. Brazda, and A. Kocijan, “The effect of heat treatment on the interface of 15—
5 PH martensitic stainless steel and SAF 2507 duplex steel in functionally graded AM components,” Journal of Mate-
rials Science, vol. 58, no. 27, pp. 11351-11373, Jul. 2023, https://doi.org/10.1007/s10853-023-08718-7

[13] S. Yang et al., “Mechanism of the dual effect of Te addition on the localised corrosion resistance of 15-5PH stainless
steel,” Corrosion Science, vol. 212, pp. 110970-110970, Jan. 2023, https://doi.org/10.1016/j.corsci.2023.110970

166 https://doi.org/10.64486/m.65.2.6


https://doi.org/10.64486/m.65.2.6
https://doi.org/10.1016/j.matdes.2016.06.068
https://doi.org/10.1016/j.msea.2009.09.032
https://doi.org/10.4028/www.scientific.net/df.22.118
https://doi.org/10.1016/j.jmapro.2019.12.048
https://doi.org/10.1051/metal/2021078
https://doi.org/10.1016/j.corsci.2025.112800
https://doi.org/10.1016/j.jmrt.2025.02.104
https://doi.org/10.1007/s11661-025-07712-9
https://doi.org/10.1016/j.jmrt.2024.11.236
https://doi.org/10.1007/s40430-024-04999-4
https://doi.org/10.1016/j.corsci.2023.111610
https://doi.org/10.1007/s10853-023-08718-7
https://doi.org/10.1016/j.corsci.2023.110970

Metalurgija | Metallurgy Vol. 65 No. 2 /2026

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

W. Chen et al., “Effect of heat treatment on microstructure and performances of additively manufactured 15-5PH
stainless steel,” Optics & Laser Technology, vol. 157, pp. 108711-108711, Sep. 2022, https://doi.org/10.1016/j.optlas-
tec.2022.108711

B. Zhang, H. Wang, X. Ran, X. Nie, ]. Wang, and B. He, “Microstructure and mechanical properties of high-efficiency

laser-directed energy deposited 15-5PH stainless steel,” Materials Characterization, vol. 190, pp. 112080-112080, Jun.
2022, https://doi.org/10.1016/j.matchar.2022.112080

T. Das, H. Roy, A. K. Lohar, and Sudip. K. Samanta, “Mechanical and microstructural properties of laser direct energy
deposited 15-5 PH and SS 316L stainless steel,” Materials Today Proceedings, vol. 66, pp. 3809-3813, Jan. 2022,
https://doi.org/10.1016/j.matpr.2022.06.249

X. D. Nong and X. Zhou, “Effect of scanning strategy on the microstructure, texture, and mechanical properties of 15-

5PH stainless steel processed by selective laser melting,” Materials Characterization, vol. 174, pp. 111012-111012, Apr.
2021, https://doi.org/10.1016/j.matchar.2021.111012

L. Couturier, F. De Geuser, and A. Deschamps, “Microstructural evolution during long time aging of 15-5PH stainless
steel,” Materialia, vol. 9, p. 100634, Mar. 2020, https://doi.org/10.1016/j.mtla.2020.100634

N. Khanna, P. Shah, R. W. Maruda, G. M. Krolczyk, and H. Hegab, “Experimental investigation and sustainability

assessment to evaluate environmentally clean machining of 15-5 PH stainless steel,” Journal of Manufacturing Pro-
cesses, vol. 56, pp. 1027-1038, Aug. 2020, https://doi.org/10.1016/j.jmapro.2020.05.016

H. Khalid Rafi, Thomas L. Starr, and Brent E. Stucker. "A comparison of the tensile, fatigue, and fracture behavior of

Ti-6A1-4V and 15-5 PH stainless steel parts made by selective laser melting." The International Journal of Advanced
Manufacturing Technology, vol.69, no.5-8, pp.1299-1309, 2013, Jun. 2013, https://doi.org/10.1007/s00170-013-5106-7

Hong Qun Luo et al., “Influence of the aging time on the microstructure and electrochemical behaviour of a 15-5PH

ultra-high  strength  stainless steel,” Corrosion Science, vol. 139, pp. 185-196, Jul. 2018,
https://doi.org/10.1016/j.corsci.2018.04.032

167 https://doi.org/10.64486/m.65.2.6


https://doi.org/10.64486/m.65.2.6
https://doi.org/10.1016/j.optlastec.2022.108711
https://doi.org/10.1016/j.optlastec.2022.108711
https://doi.org/10.1016/j.matchar.2022.112080
https://doi.org/10.1016/j.matpr.2022.06.249
https://doi.org/10.1016/j.matchar.2021.111012
https://doi.org/10.1016/j.mtla.2020.100634
https://doi.org/10.1016/j.jmapro.2020.05.016
https://doi.org/10.1007/s00170-013-5106-7
https://doi.org/10.1016/j.corsci.2018.04.032

