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Abstract
Achieving ultra-high strength without sacrificing too much ductility is the focus of attention in nanostructured materials. 
Here, the strengthening mechanism and property enhancement of surface-mechanically treated 17-4PH stainless steel (SS17-
4PH) were investigated. Our findings show that a grain refinement and elongated lath-like martensitic grain (~ 50 nm thick) 
could be produced after surface treatment. The grain size remains in the nanoscale, and random crystallographic orientations 
with the presence of nanocrystallites characterize the nanocrystalline grains formed on the treated sample. This contributes 
to the property enhancement with a yield strength of about 901 MPa and a reduced elongation to failure of about 17%. The 
atom probe tomography (APT) characterization unveiled the emergence of high-density precipitate (Cu-rich) at the material 
surface, with a number density of about 2.6255 × 1024 m−3 and an average radius of 2.22 nm. Besides, the dislocation activi-
ties caused by SMAT result in the gradual breakdown of precipitates into smaller sizes and final dissolution in the matrix, 
increasing the number of nucleation sites and leading to more grain refinement processes. The grain boundary, dislocation 
densities, and the Cu-rich precipitate greatly influence the strengthening mechanism of surface-treated SS17-4PH.
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1  Introduction

Improving the hardness and strength of metallic materials is 
one of the long-term dreams of many materials experts. This 
has been actualized with time via the surface nanocrystal-
lization technique, which helps prepare gradient-structured 
layers on sample surface with improved surface proper-
ties (1–2). Nanostructured materials are receiving massive 
attention due to their remarkable properties, such as high 
hardness, better fatigue properties, and improved ductility 
without sacrificing ultrahigh strength [1–4].

As a form of martensitic precipitation hardened steel, 
compared to other steels, SS17-4PH is an important mate-
rial with several industrial applications ranging from high-
strength shafts, jet engine parts, gears, chemical process 

equipment, valves, and nuclear reactor components (3–4). 
Many automotive and aerospace industries prefer using 
SS17-4PH among the family of steels due to its remarkable 
properties, including moderate corrosion resistance, high 
strength and hardness for enhanced reliability, good tough-
ness, and ease of fabrication [5, 6]. However, SS17-4PH 
still experiences failure, especially under fluctuating stress, 
aggressive corrosive environment, and high-cycle fatigue. 
Most of these failures initiate at the surface and propagate 
to the core region before the final breakdown. Hence, there 
is a need for proper surface treatment to protect the material 
surface further. Some of the surface treatment techniques 
adopted in the past to enhance the metallic materials’ 
mechanical properties by refining the grains to ultra-fined 
grained include ultrasonic peening, cold rolling, extrusion, 
depositions, and surface mechanical attrition treatment 
(SMAT) [7–14].

Compared to other nanocrystallization processes, 
SMAT is well known for generating a gradient-structured 
material with improved properties without altering the 
inherent properties [15–18]. In this method, a plastic 
deformation produces an ultrafine grain on the treated 
material. In the past, the unique SMAT technique has been 
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successfully applied to different metallic materials, includ-
ing carbon steels [19], iron [20, 21], aluminum [22, 23], 
titanium [24, 25], and steel [26, 27]. Until now, the effect 
of surface processing by a novel SMAT technique on the 
microstructures, mechanical properties, and the anti-wear 
performance of SS17-4PH has not been fully investigated. 
More importantly, the strengthening and precipitation 
hardening mechanism of SS17-4PH after surface treat-
ment by SMAT remains unclear.

In the present study, we investigated the outstanding 
strengthening and precipitation hardening mechanism in sur-
face-mechanically treated (SMATed) SS17-4PH by carefully 
studying the influence of grain boundary and dislocation 
densities caused by SMAT leading to a raise in nucleation 
sites numbers, as well as the Cu-rich precipitates located 
at the material surface. The gradient-structured formed on 
the SMAT-processed SS17-4PH sample characterized by 
random crystallographic orientations with the presence of 
nanocrystallites, together with the high-density Cu-pre-
cipitates, could be related to the strengthening mechanism 
with a high yield strength (~ 901 MPa), bending strength 
(~ 1820 MPa), and a lower wear volume which is about one-
third that of the as-received counterpart.

2 � Experimental

2.1 � Sample preparation and SMAT process

A commercial SS17-4PH steel (100 × 100 × 4 mm3) was 
selected in this study. The compositions of the as-received 
sample and the concentrations measured by atom probe 
tomography (APT) (at%) are summarized in Table  1. 
After cutting the samples into sizes, they were degreased 
with acetone before the SMAT treatment. The sample was 
treated on both surfaces for 20 min in this study with free-
moving multidirectional tungsten carbide (WC) balls. The 
SMAT procedures have been previously described in detail 
[9, 28].

2.2 � Mechanical and tribology properties

To study the influence of plastic deformation induced by 
SMAT on the hardness of SS17-4PH steel sample and the 

extent of surface nanocrystallization, a variation in micro-
hardness across the depth from the treated surface was inves-
tigated using Vickers Micro-Hardness Tester with 300 mN 
load and dwell time of 20 s. To measure the bending strength 
of the samples with and without SMAT treatment, three-
point bending (3 PB) SS17-4PH samples (33 mm x 4 mm 
x 3 mm) were produced and examined on MTS (USA) 30 
kN electro-mechanical material tester, according to ASTM 
E290-14 standard. An average microhardness and bending 
strength value were determined after three repeated meas-
urements. The tensile test was carried out on a material 
tester (extensometer: MTS 632.24 F-50) with a 1.5 mm/min 
tensile speed. The yield, ultimate tensile strength, as well as 
the fracture elongation of the samples, were obtained from 
the stress-strain curve.

The wear tests were performed by a wear tester (TEER 
ST-3001) using Ø4 mm WC balls, with sliding velocity of 
1.5 mm/min, stroke length of 3 mm, and sliding duration of 
900 s, under different loads ranging from 2 to 10 N. After the 
wear test, the profiles of the wear tracks for the as-received 
and SMATed SS17-4PH samples were immediately ana-
lyzed using surface profilometer (Veeco/Wyko NT9300). 
The software on the profilometer analyzed the wear volume 
obtained based on the wear tracks.

The microstructures of the SS17-4PH samples before and 
after surface treatment by SMAT, as well as the micrographs 
of the worn surface after wear test, were obtained by scan-
ning electron microscope (SEM-FEI Quanta 450 FEG) with 
an operating voltage of 20 kV.

2.3 � TEM characterization

TEM investigated the grain refinement and the strengthen-
ing mechanism of the SMAT-processed SS17-4PH. The 
TEM sample was prepared via a focused ion beam (FIB), 
AURIGA-Germany. The TEM observations were con-
ducted on JEOL 2100 F (FE-TEM), operating at 200 kV 
voltage. At room temperature, the surface compressive 
residual stress of untreated and SMATed SS17-4PH 
samples was measured by X-ray stress analyzer (model: 
XL-640, China) using Cr Kα radiation, with an x-ray tube 
current of 6 mA and voltage of 26 kV. The residual stress 
was measured by the standard XRD sin2ψ method, with 

Table 1   Chemical composition of the as-received SS17-4PH sample and the concentrations measured by APT (at%), together with the atomic 
error obtained after three rounds of experiments

Element C Mn Si Cr Ni Co V Cu Nb Fe

Bulk 0.070 1.000 1.000 15.500 4.500 0.060 0.050 3.500 0.300 74.020
APT 0.370 0.315 0.850 17.305 4.920 0.019 0.032 3.255 0.055 72.879
Error (±) 0.005 0.005 0.009 0.029 0.020 0.002 0.003 0.016 0.002 0.034
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an X-ray irradiated area of 2 mm2, sin2ψ range of 0–0.5, 
x-ray elastic constant of 180.0 ± 0.7, diffraction angle of 
82.5°, and (211) diffraction plane.

2.4 � APT characterization

An advanced APT characterization was carried out to study 
further the elemental mapping and concentrations across 
the matrix-surface region. After fabricating the needle-like 
sample for the APT experiment via the FIB technique, the 
APT experiment was carried out in voltage mode, with a 
sample temperature of 70 K, 200 kHz pulses at an evapora-
tion detection rate of 0.3% atom/pulse, and a pulse fraction 
of 0.2. Using IVAS software, the 3D reconstructions and 
data analysis were carried out to assess the structure and 
composition of all elements.

3 � Results

3.1 � Microstructure evolution

During SMAT operation, the collision of the WC spheri-
cal hardened balls on the surface of the SS17-4PH sample 
causes plastic deformation and compressive residual stress 
during the treatment. The SEM microstructures of the 

SS17-4PH samples before and after surface treatment are 
shown in Fig. 1. The surface-mechanically treated SS17-
4PH samples are characterized with many deformations, 
surface defects, and high surface roughness (Fig. 1b) com-
pared to the untreated one (Fig. 1a) which reveals grain 
size and sample microstructure without surface treatment. 
The deformations are often produced after surface treat-
ment, and the extent of deformation largely depends on 
treatment time and ball size [26]. A 25–35 μm grain size 
was obtained for the untreated sample. In contrast, SMAT 
operation led to nanostructure surface layers with reduced 
grain size. This induces surface roughness and compres-
sive residual stress, improving the hardness and overall 
strength of SS17-4PH. However, more strain-induced mar-
tensitic layers were generated on the sample surface after 
treatment.

TEM observation was carried out to better understand the 
mechanism and nanostructure, which induced high hardness 
and strength in SS17-4PH compared to other stainless steels. 
As evident in the cross-sectional TEM images (Fig. 2), 
lamella nanocrystallites (Fig. 2a) and dislocations (Fig. 2b) 
were formed.

The formation of the nanocrystallites may result 
from high strains with a high strain rate-induced treat-
ment. This results in a significant improvement in hard-
ness and strength compared to other steels. As shown in 
Fig. 2c, lath martensite and dislocation clusters exist in 
the submicron-sized section of SS17-4PH. According to 
the cross-sectional TEM images (Fig. 2d1, d3) and the 
corresponding SAED pattern (Fig. 2d2, d4), longitudinal 
lath-like martensitic grains are identified in the sample 
after SMAT treatment, with lath boundary represented by 
a red dashed line. Strengthening from martensite comes 
from a few factors, such as dislocation density and the lath 
thickness [28]. The smaller the lath thickness, the better 
the strength and hardness. The surface grains refinement 
of SMATed SS17-4PH was characterized by the formation 
of mechanical twinning [1], followed by the formation of 
randomly oriented nanocrystallites.

The TEM micrographs with dark field (DF) and bright 
field (BF) views are shown in Fig. 3a and b, with information 
on the microstructures of the SS17-4PH sample after SMAT. 
As shown in Fig. 3c, the diffraction pattern shows the diffrac-
tion spots arranged in circles. SMAT reduces the grain size 
at the surface layer. However, the grain size increases gradu-
ally from the upper layer to the matrix [29]. The TEM profile 
shows that the grain size of the treated sample remains in 
the nanoscale (Fig. 3e). The nanocrystalline grains formed 
on the SMATed sample are characterized by lamella struc-
ture (Fig. 3d) and random crystallographic orientations [30], 
with a nanoscale grain refinement and the generation of an 
elongated lath-like martensitic grains (~ 50 nm thick). This 
supports the formation of nano-martensite during SMAT.

Fig. 1   The SEM microstructures of the SS17-4PH samples before 
and after surface treatment at room temperature, a untreated, b treated
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Fig. 2   Cross-sectional TEM 
images in the top surface layer 
of SS17-4PH showing the a 
lamellar structures, b disloca-
tion at the lath boundaries as a 
result of the effects of SMAT 
treatment, c lath martensite 
and dislocation clusters in the 
sub-micro-sized section, d1 
and d3 typical martensitic laths 
in the sample after treatment, 
lath boundary is represented by 
red dashed line, d2 shows the 
corresponding SAED pattern in 
the region taken from the circle 
in d1, d4 shows the correspond-
ing SAED pattern in the region 
taken from the circle in d3 

Fig. 3   a Bright-field and b dark-field TEM images (in the reflex 110-
Fe) showing microstructures of the surface layer in the SMAT treated 
SS17-4PH sample, c corresponding selected area electron diffrac-

tion (SAED) patterns of d with [222], [310], [220], [211], [200], and 
[110] zone axes d lamella structure, e BF images with different dislo-
cation



The International Journal of Advanced Manufacturing Technology	

The generation of ultra-fine strain-induced martensitic 
layers increases the hardness of SS17-4PH compared to the 
other steels. In addition, the formation of randomly oriented 
lamella structure (Fig. 3d) and lath martensite phase (mostly 
BCC) [3], as well as the presence of surface compressive 
residual stress, could be responsible for the enhanced micro-
hardness exhibited by the treated SS17-4PH sample. The 
high hardness and strength can also be linked to the lath 
thickness of the martensite.

3.2 � Mechanical properties

The surface roughness increases after SMAT with an 
average roughness of 4.55 μm, unlike the as-received 
sample with roughness of 2.18 μm. This change in rough-
ness can be ascribed to the formation of dimples and spots 
[31] after the impingement of the SMAT shots on the 
SS17-4PH sample surface. In addition, treatment time and 
ball size are the major factors influencing surface rough-
ness [19]. The influence of surface roughness on materi-
als after treatment was also emphasized in the literature 
[32, 33]. Figure 4a shows the variations of micro-hard-
ness across depth for SS17-4PH samples before and after 
treatment. The hardness of the treated sample increases 
after SMAT. As indicated in Fig. 4a, the hardness of all 
samples decreased gradually from the upper layer to the 
base layer of the material. The SMATed sample exhibited 
a higher hardness value of 453 HV in the top surface 
nanostructured layer. The insert represents the surface 
hardness with and without SMAT treatment. With the 
surface hardness value of about 285 HV for the sample 
before SMAT and 503 HV for the treated sample, it is 
also confirmed that SMAT can significantly enhance the 
surface microhardness and the hardness across depth. 
Figure 4b shows the three-point bending strength of all 
SS17-4PH samples. The untreated SS17-4PH was found 
to have a bending strength value of 810 MPa. In contrast, 
after treatment, the SMATed sample exhibited a higher 
bending strength value of 1820 MPa.

The enhancement in the microhardness and bending 
strength of SS17-4PH could result from the high den-
sity of dislocations [3] in a nano-surface layer and the 
strain-hardening effect [1]. Besides, the surface com-
pressive residual stress induced before and after SMAT 
was measured to know the extent of deformation after 
treatment. The as-received SS17-4PH sample possessed 
a compressive residual stress of 120 MPa. Meanwhile, 
the SMATed sample experienced a more compressive 
residual stress of 415 MPa. The surface compressive 
residual stress induced by SMAT helps prevent the ini-
tiation and propagation of cracks [34, 35] on the mate-
rial surface. It thus enhances the material’s fatigue life, 
stiffness, and overall strength.

By SMAT, the yield strength of the SS17-4PH sample 
could be improved from 795 to 901 MPa, with a reduced 
elongation to failure of about 17%. (Fig. 4c). The improve-
ment in yield strength experienced by the SMAT sample 
can be attributed to the high compressive residual stress 
induced during treatment, grain refinement and work-
hardening effect [1, 3, 9] because of the plastic defor-
mation resulting from the bombardment of the sample 
surface with the repeated multidirectional high-velocity 

Fig. 4   Mechanical properties after surface treatment by SMAT using 
Ø3 mm WC balls for 20 min; a micro-hardness distribution of the as-
received and SMATed SS17-4PH samples along the depth from the 
treated surface (The insert represents the surface microhardness of 
the samples with 300 mN load and dwell time of 20  s), b bending 
strength of the as-received and SMATed SS17-4PH samples, c tensile 
engineering stress–strain curve for the as-received and treated SS17-
4PH samples
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moving balls. In addition, the grain refinement effect may 
be ascribed to the activity of the high dislocation density 
experienced during the SMAT treatment.

3.3 � Tribological properties

The friction coefficient evolution during the wear test as a 
function of sliding duration using Ø4 mm WC balls under 
different loads of 2 N, 5 N, 7 N, and 10 N is shown in 
Fig. 5a–d. Under a testing load of 2 N (Fig. 5a), the fric-
tion coefficient for the SS17-4PH samples before and after 
SMAT shows similar tendencies. The SMATed SS17-4PH 
sample exhibits a lower friction coefficient than the sample 
before treatment. As a function of load, the correspond-
ing average friction coefficient for the SS17-4PH samples 
before and after treatment is shown in Fig. 5e. The treated 
SS17-4PH sample exhibited lower friction coefficients and 

enhanced wear resistance under all the testing loads from 
2 N to 10 N due to the grain refinement induced by the 
SMAT process. For example, under the load of 5 N, the as-
received sample possesses an average friction coefficient 
of 0.1577. In contrast, the SMATed sample exhibited a 
smaller friction coefficient, which means that SMAT is a 
good technique for improving the anti-wear performance 
of materials.

The variation of wear volume with the applied load for 
SS17-4PH steels with and without treatment is illustrated in 
Fig. 5f. For both samples, the wear volume increases with 
increasing applied load. Under all the testing loads, the wear 
volume of the SMATed SS17-4PH sample is lower than that 
of the as-received sample, especially under low load condi-
tions where the wear volume was observed to be one-third 
that of the as-received sample under 2 N. This implies that 
wear volume is a function of the applied load, and surface 

Fig. 5   Friction coefficient 
evolution during the wear test 
of SS17-4PH using Ø4 mm 
WC balls, sliding velocity of 
1.5 mm/min, stroke length of 
3 mm, and sliding duration of 
900 s, under different loads 
of a 2 N, b 5 N, c 7 N, and 
d 10 N; e corresponding aver-
age friction coefficient between 
the as-received and SMATed 
SS17-4PH samples; f variation 
of wear volume with the applied 
load of 2 N, 5 N, 7 N, and 10 N 
for the as-received and SMATed 
SS17-4PH samples
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treatment by SMAT can enhance the wear resistance of the 
SS17-4PH sample.

Figure 6 represents the SEM images of the worn surface 
of SS17-4PH after the wear test using Ø4 mm WC ball with 
a sliding distance of 3 mm under load 10 N. As indicated in 
Fig. 6a and b, metallic debris and cracks are present in the 

as-received SS17-4PH sample due to the wear action. Mean-
while, the effect of the wear process is less on the SMATed 
sample (Fig. 6c and d), hence an improved anti-wear prop-
erty. This further demonstrates the strength and ability of the 
SMAT process to improve the surface properties of metallic 
materials.

Fig. 6   SEM micrographs of 
the worn surface of SS17-4PH 
after wear test using Ø4 mm 
WC ball, sliding velocity of 
1.5 mm/min, sliding distance 
of 3 mm, and sliding duration 
of 900 s, under load 10 N: a 
as-received sample, the oppo-
site arrows indicate the wear 
track; b enlarged A, denoted 
by the square box in a, with the 
presence of metallic debris and 
cracks, as a result of wear; c 
SMATed sample, the opposite 
arrows indicate the wear track; 
d enlarged C, denoted by the 
square box in c 

Fig. 7   APT characterization of the SS17-4PH sample after surface 
treatment by SMAT at room temperature. a Atom maps of Fe, Ni, C, 
Cr, Mn, Cu, and Si elements (all denotes “all elements”). b APT map 
displaying the atomic-scale distribution of all elements, with recon-

struction volume of 33 × 33 × 63 nm3 and containing millions of ions 
(the red circle denotes the presence of Cu precipitate). c Proximity 
histogram constructed across the interfaces between the matrix and 
precipitates
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3.4 � Precipitate evolution and dissolution

The SMAT process significantly influences the elemental 
distribution from the matrix region to the surface region. 
APT technique assessed and characterized the atomic-scale 
distribution of all elements and their concentrations with the 
distance from the surface. Figure 7 shows the APT charac-
terization of the SS17-4PH sample after surface treatment 
by SMAT at room temperature. The elemental mapping of 
Fe, Nb, Ni, C, Cr, Mn, Cu, and Si elements is revealed in 
Fig. 7a. The APT map in Fig. 7b displays the high-resolution 
atomic-scale distribution of all elements, with a reconstruc-
tion volume of 33 × 33 × 63 nm3 containing millions of ions.

The presence of Cu precipitate (denoted by the red circle 
in Fig. 7b) is noticeable, as confirmed in Fig. 8, with the ele-
mental composition of 0.1 at% Cu concentration isosurface. 
The Cu-alloy precipitates are delineated with an isoconcen-
tration level of 0.1 at% to ensure individual separation of 
the precipitates from the matrix. The proximity histogram 
in Fig. 7c, showing the variations of concentration of all ele-
ments with the distance from the surface, was constructed 
across the interfaces between the matrix and precipitates 
based on 0.1 at% Cu concentration isosurface. The presence 
of Nb element was more obvious for the SMAT-processed 
SS17-4PH sample, as shown in the atom maps (Fig. 7a and 
b). Figure 8 shows the iso-concentration of Cu precipitate for 
the 0.10 Cu isosurface with all elements (Fig. 8a) and with 
Cu elements only (Fig. 8b), and the atomic-scale distribution 
of all elements (Fig. 8c) with Cu as the main precipitate, for 
the SMAT-processed SS17-4PH sample. The Fe and Cr ele-
ments fall in the matrix interface, while the Cu element dom-
inates in the precipitate interface. In contrast, Ni, Si, Mn, 
and C neither belong to the matrix nor precipitate interface.

4 � Discussion

4.1 � Influence of SMAT on microstructures 
and properties

In the present study, SMAT changed the microstructural 
orientation with grain refinement from the base to the top 
layer and caused a plastic deformation, which significantly 
enhanced the anti-wear performance and mechanical prop-
erties of SS17-4PH, including the bending strength, surface 
compressive residual stress, and microhardness (Figs. 1, 2, 
3, 4, 5, and 6). The microstructural refinement may be linked 
to the high-density of copper precipitates in the sample. The 
enhanced mechanical properties suggest that SMAT could 
refine the microstructure of a material to a nanoscale and 
induce surface compressive residual stress on the treated 
sample, which is high enough to prevent crack initiation 
and formation [34] and other defects that may affect the 
properties of materials. Due to the high strain stored and 
repeated loading during SMAT treatment, a similar change 
in microstructure and improvement in mechanical proper-
ties was also achieved during the plastic deformation of 
nanocrystalline-grained tungsten prepared by SMAT [3]. 
The results suggest that SMAT could significantly enhance 
metallic materials’ hardness, overall strength, and ductil-
ity [1, 2]. The mechanical properties (surface compressive 
residual stress and hardness) were also improved during the 
plastic deformation of SS17-4PH using the shot peening 
technique [36, 37]. In addition, the mechanical properties 
further increased when the shot-peened SS17-4PH process 
was subjected to additional heat treatment [38]. In line with 
the microstructural and the surface compressive residual 
stress analysis, the overall improvement of strength and 

Fig. 8   Elements concentra-
tion for the SMAT-processed 
SS17-4PH sample; a 0.10 Cu 
isosurface + all elements, b 0.10 
Cu isosurface + Cu elements, 
and c APT map displaying the 
atomic-scale distribution of all 
elements, with reconstruction 
volume of 35 × 35 × 72 nm3 and 
containing millions of ions



The International Journal of Advanced Manufacturing Technology	

hardness of SMATed SS17-4PH may be linked to the effect 
of microstructure refinement, dislocation density improve-
ment as well as the compressive residual stress because of 
the multidirectional impact loading as well as the high strain 
rate induced during SMAT process.

4.2 � Elements distribution and precipitation details

SMAT could not only strengthen the SS17-4PH steel with 
enhanced microstructure, mechanical, and tribological prop-
erties but also contribute to the redistribution of elements, as 
shown in Fig. 7. The APT analysis unveiled the emergence 
of precipitate (Cu-rich) at the material surface. This may 
be due to the large density of Cu observed in the sample 
compared with other elements [39, 40]. In addition, it seems 
the element samples are not randomly distributed. From the 
elements’ atomic-scale distribution (Fig. 7b), elemental 
segregation in the volume was observed. This further con-
firms the uneven distribution of all elements. The presence 
of either Cu or Ni plays a vital role in refining the grains. In 
contrast, combining both elements significantly strengthens 
the SS17-4PH sample through grain refinement.

Although Ni did not form an individual precipitate, Cu-
containing material in the presence of Ni significantly raises 
the number density of precipitates, thereby improving the 
grain refinement process and improving strength. The fact 
that the presence or addition of Ni significantly promotes 
Cu nucleation and nanoprecipitation is in good agreement 
with the previous results [41–44]. Besides, compared to the 
effect of Mn, the addition of Ni greatly enhanced the number 
density of Cu precipitates, reducing the critical energy for 
nucleation when compared with Mn [42, 43]. Osamura et al. 
[44]. also confirm the precipitation of Cu by adding Ni, lead-
ing to improved properties.

The number density (D) of the precipitates within the 
reconstruction, estimated to be 2.6255 × 1024 m−3, was deter-
mined using the following relationship:

Herein, η represents the detection efficiency of the atom 
probe, N denotes the total number of atoms in the recon-
struction, Q is the volume of one solute atom, and a repre-
sents the number of volume clusters.

D =

a�

NQ

4.3 � Strengthening mechanism

As a result of treatment by SMAT, the grain-refinement 
mechanism in SS17-4PH involves the formation of dense 
dislocation walls in original grains and the transformation 
of dislocations into sub-boundaries with small misorienta-
tion (Figs. 2 and 3). This is perfectly in line with the Hall-
Petch relationship, which has been recognized in the past by 
various researchers as the major strengthening mechanism 
behind the surface treatment by SMAT [9, 45–48]. As the 
high-velocity moving balls continuously hit the material sur-
face, high dislocation density occurs, generating ultrafine/
nanocrystalline grain size [49–52] and influencing the sur-
face properties [53, 54].

In addition, SMAT causes dislocation activities, ulti-
mately influencing the degree of precipitation and grain 
refinement process, hence a change in element distributions 
[39, 42]. In the present study, high density precipitates (Cu-
rich) in the 17-4PH steel sample were noticed after surface 
treatment by SMAT. With the number density value of 
2.6255 × 1024 m−3 and an average radius of 2.22 nm, the 
presence of the precipitate, which is rightly located at the 
sample surface, may positively influence the properties of 
SS17-4PH. In addition, the presence of Nb element is more 
pronounced for the SMAT-processed SS17-4PH sample than 
the as-received sample. Nb is a unique alloying element for 
strength [46], and its presence may further strengthen the 
sample with improved properties. The precipitates may also 
contribute to the strengthening mechanism in SS17-4PH. It 
is believed that the hardening treatment will influence the 
subsequent aging of the steel, and this is expected due to the 
resulting redistribution of components in the defective layer.

Considering the proximity histogram in Fig. 7c, the Fe 
and Cr elements fall in the matrix interface while the Cu 
element was dominant in the precipitate interface. However, 
neither C, Mn, Si, and Ni belong to the precipitate nor matrix 
interface. The chemical compositions of the elements in both 
matrix and precipitate interfaces obtained from APT data are 
summarized in Table 2, with Fe and Cu taking the largest 
values of 74.73 ± 0.45 and 57.14 ± 18.70 at% on matrix and 
precipitate sides, respectively.

The concentration peaks of C, Mn, and Si tend to be 
lower than 2%, whereas the concentration peak of Ni can be 
as high as 4%. The concentration peak of Ni surpasses that 

Table 2   The average chemical compositions obtained from APT data for the SS17-4PH across the matrix and precipitate interfaces based on 0.1 
at% Cu concentration isosurface

Sample Composition (at%)

Fe Ni C Cr Mn Cu Si

SS17-4PH Matrix 74.73 ± 0.45 5.44 ± 0.98 0.50 ± 0.36 16.30 ± 0.38 0.32 ± 0.06 1.92 ± 0.14 0.94 ± 0.09
Precipitate 35.92 ± 4.73 4.11 ± 2.32 0.48 ± 0.47 9.38 ± 5.15 0.68 ± 0.67 57.14 ± 18.70 0.41 ± 0.40
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of C, Si, and Mn, indicating that Ni segregates more than 
C, Si, and Mn. However, the concentration of Fe tends to 
increase to a certain point and then monotonically decreases. 
The enrichment of Cu change also follows the monotonic 
manner with an increase towards the interface side. Out of 
the saturated matrix, about 36% of Cu was precipitated as 
revealed in the analysis for the atomic ratios of Cu in matrix 
and precipitate interfaces.

To sum it up, the overall strengthening mechanism of 
SMAT-processed SS17-4PH is related to the grain bound-
ary, dislocation densities, and activities caused by SMAT, 
which results in the gradual breakdown of precipitates into 
smaller sizes and final dissolution in the matrix, hence an 
increase in the number of nucleation sites, leading to more 
grain refinement process.

5 � Conclusion

In summary, the strengthening, property enhancement, and 
precipitation hardening mechanisms of surface mechanically 
treated SS17-4PH were investigated by TEM, SEM-EDS, 
and 3D-APT. The following points were deduced.

(1)	 TEM characterization formed a grain refinement and 
elongated lath-like martensitic grain (~ 50 nm thick) 
on the gradient-structured material. It was found that 
the grain size of the treated sample remains in the 
nanoscale, and random crystallographic orientations 
characterize the nanocrystalline grains formed on the 
treated sample. In addition, a high volume of nano-lath 
martensite structures and phases exists with the pres-
ence of nanocrystallites and many substructures with 
interfaces, which supports the formation of nano-mar-
tensite during treatment. The grain-refinement mecha-
nism involves the formation of dense dislocation walls 
in original grains and transforming dislocations into 
sub-boundaries with small misorientation.

(2)	 The mechanical and tribological properties were sig-
nificantly enhanced with a yield strength of about 
901 MPa, and elongation to failure was reduced by 
about 17%. The bending strength and microhardness 
could be as high as 1820 MPa and 453 HV, respectively. 
In addition, a lower wear volume of about one-third 
that of the as-received counterpart can be achieved for 
the SMAT-processed sample due to the grain refine-
ment effect, indicating that surface treatment by SMAT 
can significantly enhance the wear resistance.

(3)	 The microstructural changes observed and improved 
mechanical properties and anti-wear performance of 
SS17-4PH can be attributed to the multidirectional 
impact loading leading to the density of dislocations 

and the high strain rate induced during the SMAT pro-
cess.

(4)	 The APT analysis unveiled the emergence of precipi-
tate (Cu-rich) at the material surface, with a density 
of about 2.6255 × 1024 m−3 and an average radius of 
2.22 nm. This means that the elements in the sample 
are not randomly distributed. The APT map displays 
the high-resolution atomic-scale distribution of all ele-
ments, with a reconstruction volume of 33 × 33 × 63 
nm3 containing millions of ions. In addition, the pres-
ence of Nb element was more evident for the SMAT-
processed sample when compared with the as-received 
counterpart. It is believed that the high-density Cu-rich 
precipitates at the material surface and the presence of 
Nb element obtained after SMAT may contribute to the 
strengthening mechanism.
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