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The research described here was aimed at illuminating the variation in the strengthening mechanism of Cr15Ni5 precipitation
hardening stainless steel (15-5PH stainless steel) processed at aging temperatures ranging from 440–610 °C. The variation in the
tensile property corresponding to different aging processes was measured, and the microstructure features were further charac-
terized using a transmission electron microscope (TEM) and electron back-scatter diffraction (EBSD). Results indicated that the
strength contribution induced by grain-refinement strengthening, precipitation strengthening and dislocation strengthening cor-
responding to different aging temperatures varying from 470–610 °C were determined to be distributed in strength ranges of
296–345 MPa, 0–469 MPa and 97–803 MPa, respectively. The strength increments caused by different combinations of precipi-
tation strengthening and dislocation strengthening were crucial for determining the final mechanical properties of the studied
15-5PH stainless steel.
Keywords: 15-5PH stainless steel, aging process, microstructure, strengthening mechanism

^lanek opisuje mehanizem utrjevanja izlo~evalno utrjevalnega nerjavnega jekla vrste 15-5PH (Cr15Ni5), ki je bilo umetno
starano v temperaturnem obmo~ju med 440 °C in 610 °C. V skladu z razli~nimi postopki staranja izbranega nerjavnega jekla so
bile dolo~ene njegove mehanske lastnosti in mikrostruktura s presevnim elektronskim mikroskopom (TEM) in spektroskopijo na
osnovi disperzije povratno sipanih elektronov (EBSD). Rezultati analiz so pokazali, da je posledica utrditve jekla udrobljenje
oziroma zmanj{anje velikost kristalnih zrn, kot tudi dislokacijska utrditev v skladu z razli~nimi temperaturami (od 470 °C do
610 °C v korakih po 30 °C) umetnega staranja v razponih od 296 MPa do 345 MPa, od 0 do 469 MPa in od 97 MPa do
803 MPa. Prirastek trdnosti jekla je bil posledica razli~nih kombinacij izlo~evalnega in dislokacijskega utrjevanja, kar je bil tudi
klju~ do dokon~ne analize in dolo~itve mehanskih lastnosti preu~evanega nerjavnega jekla vrste 15-5PH.
Klju~ne besede: nerjavno jeklo vrste 15-5PH, process umetnega staranja, mikrostruktura, mehanizem utrjevanja

1 INTRODUCTION

Martensitic stainless steel (MSS) is the generic term
for a type of stainless steel characterized by carbon-free
or ultra-low carbon chemical composition design, whose
ideal microstructure is generally composed of martensite
with dispersed precipitates distributed across the matrix.
Due to the comprehensive mechanical properties to-
gether with outstanding corrosion resistance, the MSS
has been widely applied in the nuclear, chemical as well
as aerospace industries.1–3 The chemical composition of
MSS has been generally designed considering the benefi-
cial effects induced by different elements, such as a high
amount of Cr for good corrosion resistance, a relatively
low carbon addition for avoiding a generation of various
kinds of carbides, and a certain volume fraction of Cu for
precipitation formation.2,3 Whether the potential of me-
chanical properties can be exploited in line with the ac-
tual requirements, mainly depends on whether the selec-

tion of the processing technology is reasonable with re-
spect to MSS.

As an optimized MSS grade, Cr15Ni5 precipitation
hardening stainless steel (15-5PH stainless steel) has
drawn a great deal of attention from scholars due to its
high potential for excellent comprehensive mechanical
properties and corrosion resistance performance in case
of a simple and convenient solution and aging treatment
process.4–7 For 15-5PH stainless steel, some studies fo-
cused on the effects of various heat-treatment processes
on the microstructure evolution and mechanical property
control have been performed and reported, and the corre-
sponding strengthening mechanisms involved in the
microstructural control have also been qualitatively dis-
cussed. For instance, D. Palanisamy et al.4 revealed that a
high yield strength at the aging treatment at 482 °C for
1 h could be achieved for 15-5 PH stainless steel due to
the generation of Cu-enriched precipitates, and that the
strength should be decreased to a lower value when the
aging temperature was increased to 621 °C. S. Chenna
Krishna et al.5 comparatively investigated the micro-
structure and properties of 15-5PH stainless steel during
different aging processes, and found that samples aged at
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250 °C for 2 h showed a low strength due to a reduction
in internal stresses and a decrease in the dislocation den-
sity within the lath. On the other hand, a relative high
strength could be obtained during an aging process at
500 °C for 2 h due to the precipitation hardening induced
by fine precipitates distributed across the martensite ma-
trix. C. H. Jin et al.6 systematically investigated the evo-
lution of the microstructure and mechanical properties
under different aging processes for 15-5PH stainless
steel, and the varying trend of the strengthening mecha-
nisms was qualitatively discussed in terms of the experi-
mental results. To summarize, the reported studies per-
formed certain researches associated with the mechanical
property control and qualitative illumination of the
strengthening mechanism of 15-5PH stainless steel. On
the other hand, a systematically quantified investigation
associated with the strengthening mechanism of 15-5PH
stainless steel was reported rarely, which restricted the
understanding of the basic physical metallurgical behav-
ior and further potential exploration of mechanical prop-
erties.

In the present study, the strength increments induced
by different strengthening mechanisms were theoreti-
cally calculated for a typical 15-5PH stainless steel pro-
cessed via different aging processes, and the change in
the strengthening mechanism with the aging temperature
was systematically and quantitatively illuminated and
used as the theoretical reference for the microstructural
regulation and exploitation of mechanical property po-
tential of the 15-5PH stainless steel.

2 EXPERIMENTAL PART

The steel used in the present study was 15-5PH stain-
less steel, and its chemical composition was 0.04 C,
� 1.00 Si, � 1.0 Mn, 14.2 Cr, 3.5 Ni, 0.5 Mo+Nb,
2.5 Cu, � 0.03 P, � 0.01 S, � 0.01 N, � 0.01 O and a
balance of Fe. An ingot of 50 kg was first fabricated us-
ing a vacuum induction furnace, and then it was forged
into a 100-mm-thick slab using a hydraulic press with a
maximum pressure of 500 t. To eliminate the elemental
segregation formed during casting, homogenization an-
nealing was carried out at 950 °C for 5 h, and the slab
was then machined into samples with dimensions of
(20 × 20 × 150) mm for the subsequent final heat treat-
ment. To ensure that the dominant alloying elements
could be fully dissolved into the iron matrix, the solution
temperature and time were selected as 1040 °C and 1 h
following a similar reference8 and the equilibrium phase
transition diagram of the studied steel calculated by uti-
lizing thermo- dynaimc software JmatPro as shown in
Figure 1a. Furthermore, the aging treatment time was
determined to be 4 h considering the design purpose of
the chemical composition and the reported paper8 to en-
sure the effective precipitaiton of the Cu-enriched phase.
In order to systematically present the variation in the
strengthening mechanism as a function of the aging tem-

perature, the aging temperature was confirmed to be in a
range of 440–610 °C, indicating that the aging processes
were performed both in the single-phase region and
dual-phase region, including � and 	 in line with the
achieved equilibrium-phase transition diagram and the
schematic diagram of the heat-treatment process given in
Figure 1b.

After the heat treatment, the tensile-sample prepara-
tion and tensile test were carried out in accordance with
the specification of China (No. GB/T 228.1-2010). To
characterize the substructural features of the studied steel
obtained under different aging processes, a substructure
observation and nano-sized precipitate analysis were per-
formed utilizing a transmission electron microscope
(TEM, Model: JEM-2100). Specimens with a thickness
of 500 μm were first mechanically polished to 40 μm and
punched into discs with a diameter of 3 mm; samples
were then thinned using twin-jet polishing with a solu-
tion consisting of 10 % of perchloric acid and 90 % of
alcohol. To obtain the crystallographic information of the
studied steel processed with different aging processes, an
electron back-scatter diffraction (EBSD) analysis was
carried out through scanning electron microscopy
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Figure 1: a) Equilibrium-phase diagram of the studied steel and b)
schematic diagram of the heat treatment applied in the present study



(Model: ZEISS ULTRA55) after the samples were elec-
tro-polished with 10 % of perchloric acid (polishing volt-
age: 30 V, polishing time: 30 s, step size: 0.2 mm).

3 RESULTS AND DISCUSSION

3.1 Mechanical properties obtained with different ag-
ing processes

The engineering stress-strain curves of the studied
steel obtained under different aging processes are given

in Figure 2a. It can be easily observed that there is no
apparent yield plateau on the tensile curves of all the
samples processed with differnt aging processes, indicat-
ing that sufficient dislocations could be activated during
the tensile deformation. Hence, the value of �p0.2 was de-
termined to be the yield strength in this study, and the
correlations between the tensile properties and aging
temperature are depicted in Figure 2b. Following the
variation trend of the tensile properties, there was a sharp
decrease in the yield strength and tensile strength with
the aging temperature increasing from 440 °C to 540 °C.
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Figure 3: Substructure features obtained under aging temperatures of: a) 470 °C, b) 510 °C, c) 540 °C, d) 610 °C

Figure 2: a) Tensile curves of the studied 15-5PH steel processed at different aging temperatures and b) varying trend of the strength and fracture
elongation corresponding to different aging temperatures



Once the aging temperature was further increased to a
range of 540–610 °C, the strength was first increased and
then slightly decreased. The change in the fracture elon-
gation maintained the opposite change relative to the
strength, shown in Figure 2b. In summary, the lowest
yield and tensile strengths obtained at 540 °C were deter-
mined to be � 667 MPa and � 979 MPa, respectively,
compared to the other aging processes. In addition, more
excellent comprehensive mechanical properties could be
achieved with different aging processes such as the prop-
erties obtained at aging temperatures of (510, 570 and
610) °C, indicating a unique variation trend of the tensile
properties of the studied steel, attributed to the specific
microstructural feature and the difference between the
strengthening mechanisms involved in different aging
processes.

3.2 Microstructural features under different aging
temperatures

Since the substructure of the martensite matrix could
not be distinguished with optical microscopy due to a
limited resolution, the micrographs obtained through
TEM were therefore applied to characterize the micro-
structural features of the studied 15-5PH steel. Figure 3
shows the substructure features of the studied steel ob-
tained at an aging temperature range of 470–610 °C, in-
cluding (470, 510, 540 and 610) °C, and it can be easily

seen that the substructure of the studied steel is predomi-
nantly composed of lath martensite with different lath
widths at all the processing conditions.

Generally, the precipitates formed on the ferrite ma-
trix turned out to be predominantly Cu-enriched precipi-
tates of the MSS,8 and the second-phase strengthening
mechanism induced by dispersed precipitates could play
a significant role in contributing to the strength incre-
ment. The formation of the precipitates was also investi-
gated in terms of the TEM characterization results,
shown in Figure 4. In accordance with the analysis re-
sults, it can be understood that no precipitate was found
on the ferrite matrix for the studied steel processed at the
aging temperature of 470 °C, and a high density of dislo-
cation cells could be observed on the ferrite matrix, as
shown in Figure 4a. On the other hand, a large volume
fraction of precipitates started to appear on the ferrite
matrix once the aging temperature was increased to
510 °C, as shown in Figure 4b, and the dislocation cells
could also be observed on the ferrite matrix. Once the
aging temperature was increased to 540 °C and 610 °C,
nano-sized precipitates with different shapes could also
be found on the ferrite matrix, and an interaction trace
between a precipitate and dislocation could also be ob-
served, as shown in Figures 4c and 4d. To further deter-
mine the composition of the nano-sized precipitates, a
typical precipitate processed at 510 °C was selected for
an energy spectrum analysis, which indicated that the
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Figure 4: Precipitation morphology of the studied steel obtained at aging temperatures of: a) 470 °C, b) 510 °C, c) 540 °C, d) 610 °C



nano-sized particle was predominantly composed of C,
N, Cu, Cr and Ni as shown in Figure 5.

In addition, the high density of dislocation cells could
be locally observed on the ferrite matrix as shown in Fig-
ures 3 and 4. To explore the variation law of dislocation
density under different aging temperatures, the kernal av-
erage misorientation (KAM) technique was applied to in-
vestigate the distribution feature of dislocations in a
larger detection area. Figure 6 shows the KAM analysis

results for the studied steel processed at an aging temper-
ature range of 470–610 °C, and it can be easily seen that
the region with a high dislocation density or low disloca-
tion density can be intuitively characterized, and the
KAM distribution can be quantitatively described. The
KAM analysis results indicate that the dislocation den-
sity at an aging temperature range of 410–540 °C varied
slightly, and when the aging temperature was raised to
570 °C, there was an obvious increase associated with
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Figure 5: Energy spectrum analysis of typical precipitates distributed across the matrix of the studied steel processed at 510 °C

Figure 6: KAM analysis of the studied steel obtained at aging temperatures of: a) 470 °C, b) 510 °C, c) 540 °C, d) 570 °C, e) 610 °C, f) statistics
data



the KAM distribution feature, indicating the dislocation
density processed at the aging temperature of 570 °C
was decreased significantly. On the other hand, the varia-
tion trend of dislocation density was unusual in terms of
the traditional heat-treatment theory, and the dislocation
density was increased when the aging temperature was
further increased to 610 °C, as shown in Figure 6f.

Based on the experimental process and the equilib-
rium-phase transition diagram, it can be deduced that the
inconsistent variation trend for the dislocation density
and increasing aging temperatue was predominantly at-
tributed to the reverse transformation of austenite. Once
the aging temperature was raised to 570 °C, the
large-area fraction of dislocation had to move, interact
and disappear fastly, and the dislocation density began to
decrease. In addition, the reverse transformation oc-
curred and a certain volume fraction of fresh austenite
could be achieved when the aging temperature was
raised to 610 °C. Since the aging process allowed suffi-
cient time for element partitioning from the ferrite matrix
to fresh austenite, the achieved fresh austenite was sta-
ble. When the aging treatment continued, fresh austenite
could be kept stable at a relatively low temperature re-
gion, and then again transformed into low-temperautre
transformation products. Hence, the steel processed at
the aging temperatue of 610 °C was characterized by
high density of dislocations. In summary, it can be de-
duced that the density of dislocations was firstly de-
creased with the increasing aging temperature, and then
it started to increase once the aging temperature was
above the critical transformation temperature AC1.

3.3 Variation in the strengthening mechanism at dif-
ferent aging temperatures

As stated in Section 3.2, the predominant micro-
structure feature was about the same for the studied
15-5PH steel under different aging processes. On the
other hand, the precipitation behavior, distribution fea-
ture of dislocation density and lath width obtained at dif-
ferent aging processes were totally different considering
the chemical composition and difference between the
aging processes, indicating that the strengthening mecha-
nisms involved in the studied steel were absolutely dif-
ferent. Hence, it was necessary to clarify the strengthen-

ing mechanism for the regulation of the microstructural
features and mechanical properties of the studied
15-5PH steel. Generally, the strength contributions in-
duced by different strengthening mechanisms including
solid solution, grain size, dislocation and precipitation
could be closely linked with each other and calculated
through theoretical equations as shown in Table 1. When
some typical interstitial or substitutional elements such
as C, N, Mn were dissolved into the ferrite matrix, the
solid-solution strengthening mechanism was generally
active due to the differences in the atomic size and shear
modulus between the dissolved atoms and matrix.9 For
the concrete chemical composition shown in Section 2,
the strength contributions caused by solid-solution
strengthening were calculated to be � 32 MPa using
Equation (2).

For grain refinement strengthening, the substructure
of the studied steel obtained under different aging pro-
cesses was characterized by lath martensite, and the
martensite consisting of various kinds of packets, blocks
and laths was transformed from the parent austenite.
Since the block boundaries were generally classified as
high-angle grain boundaries (HAGBs), they were ex-
pected to act as barriers for the moving dislocations dur-
ing deformation.14 The increase in the volume fraction of
block boundaries caused by the grain refinement could
lead to a strength increment for different ferrous steels.15

The strength increments caused by grain refinement
strengthening were achieved through the well-known
Hall-Petch formula,12 shown in Equation (3). In the pres-
ent study, �0 was determined to be 50 MPa considering
the similarity in the microstructure,16 and the mean dis-
tance between any two adjacent block boundaries was re-
garded as the grain size d due to the hindering effect of
the dislocation slip on the martensite microstructure. KH-P

was determined13 to be 17.4 MPa·mm1/2. The mean
length between any two adjacent block boundaries of the
studied steel aged at different temperatures were counted
through EBSD images, and four random paths on the ori-
entation map were selected to measure the boundary dis-
tance, as shown in Figure 7. The mean distances beween
HAGBs corresponding to different aging processes were
determined with the statistical analysis shown in Fig-
ure 7. The average distances between the HAGBs corre-
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Table 1: Expressions used for calculating the strength increments induced by different strengthening mechanisms

Expression Equation No. Reference
Relation between different strength increments:
� � � � �P SS G D P0 2. = + + + 1 10

Solid solution:
� �SS SS C M S P Cu= =∑ [ ] [ ]+ 37[ n]+ 83[ i]+ 470[ ]+ 38[ ]X i ii

4570 + 11[ o]- 30[ ]M Cr 2 11

Grain refinement:
� �G 0 H p= + −

−K d 1 2/ 3 12

Precipitation:
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× ⎛
⎝
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⎠
⎟0 3728
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1 2
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sponding to aging temperatures of (470, 510, 540 and
610) °C were determined to be (� 3.48, � 5.02, � 5.02
and � 4.49) μm, respectively, and the strength contribu-
tions caused by the grain-refinement strengthening
mechanism were estimated to be (� 345, � 296, � 296
and � 310) MPa, respectively.

For 15-5PH stainless steel, it can be estimated that
nanoscale precipitates should play a significant role in
strengthening, considering a special alloying design fea-
ture, for example, the additions of Cu, Ni and Cr. As de-
scribed in Section 3.2, some nanoscale Cu-enriched pre-
cipitates were found on the ferrite matrix processed at an
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Figure 7: Orientation maps and the corresponding statistics for the distances between adjacent block boundaries processed at aging temperatures
of: a) 470 °C, b) 510 °C, c) 540 °C, d) 610 °C

Figure 8: Distribution features of the precipitates obrtained through different aging processes: a) 510 °C, b) 540 °C, c) 610 °C, d) comparative
analysis



aging temperature above 510 °C, and the precipitation
strengthening could be predominant due to the apparent
difference in crystal lattice between the Cu-enriched pre-
cipitation and the martensite matrix,17 while the disloca-
tion could be further obstructed and pinned effectively
on the precipitated particles during the deformation,
which further led to the strength increment.18 The
strengthening degree caused by the nanoscale precipi-
tates depended on the particle size, volume fraction, lat-
tice distortion of the matrix and particle, and the proper-
ties of precipitates.19 Only a certain amount of nanoscale
precipitates was achieved through a reasonable
heat-treatment process, and the effective strengthening
could be obtained. In this study, the strength contribution
induced by precipitation strengthening was estimated
with the Ashby-Orowan equation,13 shown in Equa-
tion (4), while G, b and v were selected as 80 650 MPa,
0.248 nm and 0.291, respectively. Values of d and f were
the average diameter and volume fraction of the precipi-

tates, respectively, which were all measured through the
TEM analysis.

Figure 8 shows the statistics of the precipitates ob-
tained at aging temperatures above 510 °C, and six mi-
crographs per processing condition were utilized for fur-
ther analysis to make sure the statistics were
representative. In accordance with the statistics, it could
be concluded that the mean values of the precipitats cor-
responding to aging temperatures of (510, 540 and
610) °C were confirmed to be (� 14.08, � 29.20 and
� 21.76) nm, respectively, and the area fractions were
determiend to be � 3.03 %, � 2.66 % and � 0.88 %, re-
spectively. Considering the measurement operability, the
area fraction was approximately applied to represent the
volume fraction for further strength estimation, and the
strength increments induced by the precipitation
strengthening mechanism at (510, 540 and 610) °C were
calculated to be (� 458.51, � 250.06 and
� 179.7) MPa, respectively.

The dislocation strengthening mechanism also played
a significant role in the strength increment of the studied
steel due to the substructure feature of lath martensite,
indicating that dislocation strengthening was dominant at
a certain temperature. The entanglement of dislocations
increased the resistance of dislocation movement, which
inevitably contributed to the strength increment.20 In this
study, the strength increment induced by dislocation
strengthening was further calculated by excluding the
strength contributions induced by the other strengthening
mechanisms from the yield strength, and the strength
contributions corresponding to aging temperatures of
(470, 510, 540 and 610) °C were determined to be (803,
148, 97 and 243) MPa, respectively.

Table 2: Strength increments induced by different strengthening
mechanisms

Aging
process

(°C)

�p0.2

(MPa)

Solid-solu-
tion

strengthen-
ing (MPa)

Grain-re-
finement

strengthen-
ing (MPa)

Dislocation
strengthen-
ing (MPa)

Precipita-
tion

strengthen-
ing (MPa)

470 1180 32 345 803.00 0.00
510 935 32 296 148.49 458.51
540 675 32 296 96.94 250.06
610 765 32 310 243.30 179.70

In summary, the strength contributions induced by
different strengthening mechanisms for the studied
15-5PH steel are comparatively shown in Table 2 and
Figure 9a. It can be concluded that the strength contri-
butions induced by grain-refinement strengthening and
solid-solution strengthening remained nearly stable with
the varied aging temperature, and the strength contribu-
tion induced by the grain-refinement strengthening
mechanism was distributed in a strength range of
296–345 MPa, corresponding to an aging temperature
range of 470–610 °C. On the other hand, the role of the
dislocation strengthening mechanism varied significantly
under different aging temperatures in strengthening the
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Figure 9: a) Comparison of the strength contributions caused by dif-
ferent strengthening mechanisms, and b) strengthening variation trend
of the studied 15-5PH steel



steel, and the strength increments caused by the disloca-
tion strengthening mechanism were distributed across a
wide strength range of 97–803 MPa. Similarly, the
strength increments induced by the precipitation
strengthening mechanism were distributed across a wide
strength range of 0–469 MPa, indicating that the precipi-
tation-strengthening effect was sensitive to the change in
the aging temperature. The variation trend of the
strengthening mechanism can be further understood
through Figure 9b. Although similar mechanical proper-
ties obtained with different aging processes can be
achieved, the strengthening mechanisms of the steel were
absolutely different, and the strength increments caused
by different combinations of precipitation strengthening
and dislocation strengthening were crucial for determin-
ing the final mechanical properties of the studied 15-5PH
stainless steel.

4 CONCLUSIONS

For the studied 15-5PH steel, the tensile strength was
decreased with an aging temperature increase from
440 °C to 540 °C; the strength was first increased fol-
lowed by a slight decrease once the aging temperature
was further increased to an aging temperature range of
540–610 °C. The variation in the fracture elongation kept
an opposite variation trend relative to the variation in the
tensile strength over the whole aging temperature range
of 440–610 °C.

The strength increments induced by grain-refinement
strengthening and solid-solution strengthening remained
nearly stable with the varied aging temperature. The
strength increment caused by the grain-refinement
strengthening mechanism was distributed in a strength
range of 296–345 MPa, corresponding to the aging tem-
perature range of 470–610 °C, and the strength incre-
ments caused by dislocation strengthening and precipita-
tion strengthening were determined to be distributed in
strength ranges of 97–803 MPa and 0–469 MPa, respec-
tively.

The strength increments induced by different combi-
nations of precipitation strengthening and dislocation
strengthening were crucial for determining the final me-
chanical properties of the studied 15-5PH stainless steel.
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