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Abstract
In the current work, high-pressure cold spray additive manufacturing (CS) is used to print SS316L samples to explore its 
potential as an AM technology for bio-implant applications. For comparison purposes, laser powder bed fusion (LPBF) is 
also used to print the samples. Porosity, microhardness, microstructure and young’s modulus analysis of the printed materials 
were done. Subsequently, the influence of heat treatment on the characteristics of printed samples was analyzed after being 
subjected to two distinct kinds of heat treating environments, viz. cooling in air and furnace. The study results validated that 
the samples manufactured by the CS technique were more porous and rougher than the LPBF technique. Grain structure 
confirmed the presence of cellular sub-grains, dendrites, and melt pool boundaries in an as-fabricated LPBF sample. In as-
fabricated CS, the microstructure consists of deformed multi-crystalline grains. Improvement in microhardness after heat 
treatment was observed in the LPBF samples, whereas CS exhibited less value because of the reduced effect of cold working. 
The heat treatment of CS samples with furnace cooling resulted in microhardness and Young’s modulus comparable to that 
desired for the body implants. Therefore, this study opens a pathway to explore CS as a viable technique for manufacturing 
bio-implants with tailor-made porosity, hardness and Young’s modulus by optimizing process parameters.

Keywords  Additive manufacturing · 3D printing · SS316L · Selective laser melting · Cold spray · Porosity · 
Microhardness · Microstructure

1  Introduction

Additive manufacturing (AM) is an advanced tool for layer-
by-layer fabrication of complicated geometries using com-
puter-aided design (CAD). It has gained worldwide attention 
in recent years, and the sector has grown significantly due to 
its benefits. Complex components, as required in biomedical 
applications, indeed be made using this technology, which 
has caught the attention of both academic and industrial 
researchers because of its potential to save time, money, 
and resources [1, 2]. Among the most significant AM pro-
cesses, LPBF is used to fabricate various biomaterials, such 
as SS316L, Co–Cr alloys, titanium and its alloys [3]. Many 
biomedical researchers have focused on materials fabrication 
using LPBF because of its sophisticated process engineering 
relevance in medicine. Also, the process has certain limita-
tions like long processing time, the need for post-processing 
to reduce the residual stress formation, etc. [4]. Moreover, 
in LPBF, the only materials compatible with the technique 
can be processed. However, the processing is not viable for 
metals like magnesium with bone-like characteristics and 
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copper with antibacterial properties [5]. Even though the 
biomedical industry is well established due to LPBF tech-
nology, there is always room for development in terms of 
functional performance of biomaterial.

Biological ‘inertness’ is a common denominator among 
the biomaterials that decide its utilization inside a human 
body [6]. Several implant materials are adapted from com-
mercial materials with greater purity levels to prevent the 
production of harmful by-products and limit corrosion. 
Researchers in the area of biomaterials describe implant 
fabrication as a difficult task in terms of achieving the prop-
erties equivalent to the bone. However, considering it has 
so many possible uses and can help us live better lives is 
what makes it so fascinating. Complexities arise when bio-
materials are combined with biological surroundings in an 
effort to extend the life and restore function to tissues and 
organs [7]. There are different challenges of the biomaterial, 
which have been focused on by various people in the past. 
Some significant challenges are related to orthopedics bio-
compatibility and its osseointegration with the correspond-
ing bone [8]. Therefore, several works in the literature on 
orthopedic implants are mainly focused on increasing their 
biocompatibility [9]. Apart from achieving the essential 
biocompatibility using the surface engineering approach, 
some inherent problems are noticeable in orthopedic appli-
cations, specifically the hardness mismatch and the stress 
shielding of the bone and implant [10, 11]. According to 
the research, the average hardness of bones varies by ana-
tomical area and is between 33.3 and 43.8 HV [12]. Numer-
ous investigations on other biomaterials show that hardness 
levels differ significantly in relation to bone hardness. For 
instance, Attar et al. [13] evaluated the hardness value of 
LPBF made titanium-based biomaterial part to be in the 
range of 235–266 HV. On the other hand, using the same 
process, SS316L hardness value is investigated by Cherry 
et al. [14], Li et al. [15], Kong et al. [16] and Liu et al. [17] 
reported the maximum value to be 225, 255, 280 and 216 
Hv, respectively. Moreover, in work by Bedmar et al. [18], 
the microhardness of the SS316L produced using LPBF with 
a CO2 and fiber laser is explored along with its comparison 
with the directed energy deposition (DED) technique. The 
DED sample has the lowest hardness at 221 HV, while the 
fiber laser-based LPBF sample has the highest, at 289 HV. 
According to the stated figures, bone hardness is much lower 
than the reported values. Consequently, the claimed bioma-
terial hardness measurements are troublesome in terms of 
their capacity to penetrate deeply into the bone.

Moreover, the stress shielding between implant and bone 
is a detrimental consequence besides hardness mismatch. 
Stress shielding is the loss of bone density caused by an 
implant removing the usual stress of the bone [19]. This 
is due to Wolff’s law, which states that bone in a healthy 
human or animal will rebuild in response to the pressures 

imposed on it [20]. Implants that are too rigid affect the 
distribution of stresses in the connected bone. Owing to the 
significant variation in the stress distribution (high stress on 
implant and low on interconnected bone), bone resorption 
occurs. Therefore, to overcome such problems, it becomes 
evident to reduce the difference between elastic modulus 
values of implant and bone that are in contact with each 
other. In one of the studies, the LPBF technique is uti-
lized to form SS316L samples by Rottger [21], in which 
four different samples are formed at optimized parameters, 
each made using different machines. Each sample’s elastic 
modulus is computed in vertical and horizontal directions. 
The results obtained in this study are between the range of 
141.2 and 205 GPa, which is considerably distinct from the 
bone modulus. Similarly, the same approach of using dif-
ferent machines of LPBF is opted to evaluate the mechani-
cal properties of SS316L in the recent study reported by 
Obeidi et al. [22]. This study distinguishes from Rottger [21] 
by providing details on the effect of parameter variation of 
each machine on the mechanical properties. According to 
the findings, depending on the machine and process param-
eter used, the elastic modulus changes from 54 to 214 GPa. 
The Concept Laser M1 and ProX 200 machines achieve the 
lowest and highest modulus values. It is observed that the 
minimum value of modulus relates to the low density of 
the part. Therefore, introducing the intentional pores to the 
implants will aid in modulus reduction [23, 24]. In lee et al. 
[25] work, porous and biomimetic titanium scaffolds with 
drastically variable pore properties have been successfully 
manufactured. These components’ mechanical characteris-
tics are suitable for use as bone replacements. Owing to the 
highly porous nature of the scaffolds, the stiffness values are 
reported in the range of 11.7 to 17.4 GPa, which is equiva-
lent to the cortical bone stiffness.

Surface quality is one implant-related feature that is 
thought to be critical for optimal implant integration in live 
bone. The rough surface of the implant increases osteogenic 
differentiation and enhances the surface area, increasing 
the likelihood of biomolecule loading and cell interaction 
sites [25]. The literature reported different studies on this 
aspect of surface roughness and its usefulness in biomedical 
applications. Tuan and Grofiner-Schreiber [26] investigated 
osteoblasts grown on smooth, uneven, and porous titanium 
samples. The findings demonstrated that cells cultured on 
rough surfaces had much greater collagen production and 
mineralization capabilities rates than cells on smooth sam-
ples. However, it is pertinent to state that in the mentioned 
study, scanning electron microscope (SEM) is the sole 
technology employed to characterize surface topography. 
Further, in the study by Haslauer et al. [27], the sample of 
Ti6Al4V is prepared using a direct metal fabrication tech-
nique, and they assessed its biocompatibility in a porous 
and solid unpolished state. With the mean roughness (Ra) 



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:339	

1 3

Page 3 of 22  339

value of 34–40 μm, the human adipose-derived adult stem 
cells (hASCs) had survived and grown on the samples even 
after 8 days exhibiting significantly superior biocompatibil-
ity than the conventionally made polished sample. A study 
by Martinet et al. [28] compared the proliferation and dif-
ferentiation of cells in contact with titanium surfaces with 
varying surface roughness. It is revealed that the differentia-
tion of cells and dissolution of the matrix are affected by the 
regularity and surface roughness. On the other hand, cells 
grown on rough surfaces (18.28 μm) were shown to produce 
more matrix and collagen.

The previously published hardness and elastic modulus 
values suggest the unavoidable property variation. This 
variance increases the likelihood of the implant penetrat-
ing the bone, resulting in unwanted and perhaps dangerous 
complications along with stress shielding. Moreover, the 
requirement of surface roughness and porosity are consid-
ered righteous in the biomedical application. Consequently, 
understanding the level of property mismatch and require-
ment of some indispensable attribute like surface roughness 
and porosity, necessitates the use of additional types of pro-
cessing technologies in implant manufacture.

Cold spray (CS) technology began in the late 1980s [29]. 
Supersonic velocity is achieved through propulsion of a pro-
cess gas (usually nitrogen or helium) by use of a De-Laval 
jet nozzle. This supersonic jet of gas subsequently acceler-
ates the feedstock of micro-sized metallic powder to a high 
velocity. These high-velocity powder particles subsequently 
impact the substrate and deposit on it at temperatures below 
the melting point of the feedstock material. The aggregation 
of CS deposits is determined by particle kinetic energy and 
the subsequent permanent deformation of the particle strik-
ing the substrate [30]. CS provides other unique advantages 
over fusion-based methods, such as decreased thermal dis-
ruption impacts, no oxidation effect, no phase transition and 
the opportunity to repair damaged components [31]. With 
technological advancement, cold spray (CS) has evolved in 
the past few years. Due to the CS process increased mobility 
by a 6-axis robot, its usage in freeform manufacturing is cur-
rently acknowledged [32]. Given its capacity to deposit thick 
layers of various materials, some researchers have recently 
investigated the potential of CS for printing 3D freestanding 
parts. Apart from thick layer consolidation, it is widely used 
in complicated part creation by companies such as Spee3d 
[33], Titomic [34], and others [29]. The need for the men-
tioned evolution can be attributed to the advantages offered 

by CS, for instance, high deposition rates, less production 
time, flexibility in processing several metals and their alloys 
etc.

The literature reviewed above indicates that a high hard-
ness and elastic modulus value in LPBF will offer the mis-
match of mechanical properties between the bio-implant and 
bones, resulting in stress shielding. On the other hand, CS, 
an emerging technology, has applications extended to addi-
tive manufacturing. Hence, the present study is planned to 
evaluate the compatibility of the CS technique as 3D print-
ing technology to fabricate standalone SS316L samples 
compared to LPBF in terms of porosity, microhardness, 
elastic modulus and microstructure to explore the use of CS 
for developing bio-implants.

2 � Methodology

2.1 � Feedstock powder

Spherical-shaped SS316L (PLM-316AA) powder was used 
as the feedstock material to print samples by LPBF and CS 
techniques. The powder was supplied by LPW Technology 
Limited, UK. The EDS (energy-dispersive spectroscopy) 
integrated with scanning electron microscope (SEM) [JEOL, 
JSM-6610LV, Japan] was used for composition analysis of 
the powder, as shown in Table 1 and Fig. 1. The powder had 
a purity of 99.9%, with an average particle size of 23.5 μm.

The morphology of the feedstock was confirmed to be 
spherical by SEM (JEOL, JSM-6610LV, Japan), Fig. 2a. The 
particle size distribution (Fig. 2b) was evaluated with ImageJ 
software, which shows that 86% of the powder particles have 
an average diameter in the range of 11–40 μm. Moreover, the 
presence of satellite and dendrites was observed in the mag-
nified image. Therefore, owing to their occurrence, particles 
seem rough. This roughness has implications for powder 
flowability, but as far as biomedical applications are con-
cerned, it helps increase biocompatibility [25, 35]. Hence, 
employing such feedstock in the processing technologies is 
an added advantage in this study.

2.2 � Development of SS316L samples

Fabrication of SS316L samples, each having measurements 
of 20 × 60 × 5 mm3, was done utilizing an LPBF system 
(EOS GmbH, EOSINT M 280, Germany), having a working 

Table 1   Composition of SS316L feedstock material used to fabricate samples by laser powder bed fusion (LPBF) and cold spray (CS) processes

Elements Fe Cr Ni Mo Mn Si C P S

% age
(by weight)

68.22 17.05 10.30 2.39 1.56 0.40 0.03 0.03 0.015
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volume of 250 × 250 × 325 mm3. An argon environment 
with less than 1% oxygen content was used during manu-
facturing, whereas the substrate was medium carbon steel of 
grade C45. The printing was done at the process parameters 
(Table 2) on the EOS M280 machine, using a Yb-fiber laser 

(wavelength 1060–1100 nm). The process variables were 
then compared with the normalized model-based processing 
graph by Thomas et al. [36]. This graph defines the feasible 
processing window for various materials, including SS316L. 
The chart was created between the dimensionless quantities 

Fig. 1   The color-coded image 
of different compositions of 
SS316L powder used to print 
samples by laser powder bed 
fusion (LPBF) and cold spray 
(CS) techniques

Fig. 2   a Surface morphology 
with single-particle magnified 
image and b particle size distri-
bution of SS316L powder used 
to print SS316L samples by 
laser powder bed fusion (LPBF) 
and cold spray (CS) techniques



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:339	

1 3

Page 5 of 22  339

of E(min) (x-axis) and 1/h* (y-axis). The Emin represents the 
minimal heat necessary to bring the powder bed temperature 
to the material’s melting point within a particular laser scan 
line so as to prevent void formation [26]. Hence, E(min)is 
given by

where A is surface absorptivity (0.53 for LPBF), q is the 
laser/electron beam power (W), v is scanning velocity (m/s), 
l is layer height (m), r is spot radius (m), ρ is the density of 
solid SS316L feedstock (kg/m3), c is specific heat (J/kg.K), 
T1 is the melting temperature of SS316L (K), and T0 is the 
bed temperature (K).

On the other hand, 1/h*indicates the size of the hatch 
spacing compared to the laser spot radius, with the bulk of 
tests carried out in the 0.6–1.5 range. It is given by

where h is the hatch spacing (m).
In the current investigation, E(min) and 1/h* values were 

5. 62 and 0.55, respectively. Plotting the same values in the 
normalized graph showed the parameter selected in the pre-
sent study was out of the feasible processing window for the 
SS316L material and lies in the porosity regime. Although 
the mentioned parameters were not acceptable for load-
bearing applications, however, as far as biomedical applica-
tions were concerned, porosity was the essential trait, and 
therefore the selected variables were considered righteous 
for LPBF part printing.

Another set of SS316L specimen samples with dimen-
sions of 25 × 30 × 1 mm3 was printed with the help of a 
high-pressure cold spray technique (Plasma Giken, PCS-
100, Japan) available at IIT Ropar (India). In this system, 
a tungsten-made convergent-divergent nozzle (Plasma 
Giken, PNFC2-010-20S, Japan) was expended to speed up 

E(min) =
[

A ×
q

2 × v × l × r

]

[

1

�c(T1 − T0)

]

1

h*
=

r

h

the powder feedstock with the help of nitrogen as a carrier 
gas. Table 3 provides the process parameters employed to 
print the samples. The samples printed by LPBF and CS are 
designated as as-fabricated (AF) in this work.

2.3 � Surface roughness

Prior to the required heat treatment of the samples fabri-
cated using the CS and LPBF technique, the surface rough-
ness of the as-fabricated samples was measured using an 
optical microscope (OLYMPUS, TSX 5100, Japan). The 
device assessed surface roughness in terms of the average 
value (Ra) in micrometers in a quick and accurate manner. 
The aerial roughness of the samples reported in the study 
was taken from the area of dimensions 1994 × 1994 μm2. 
However, to obtain the precise measurements, the roughness 
values represented were the average of 10 readings taken at 
different locations. Moreover, the surface topography images 
were obtained from the same device and scanning electron 
microscope [JEOL, JSM-6610LV, Japan].

2.4 � Heat‑treatment

Following the 3D printing, the as-fabricated LPBF and CS 
samples were cut into smaller samples each of size 20 × 
20 mm × 5 and 25 mm × 10 × 1 mm, respectively, with a 
Wire EDM [Makino, UP6 H.E.A.T., Japan]. Photographs of 
the samples are shown in Fig. 3. Subsequently, heat treat-
ment on these samples was performed at a temperature of 
1100 °C using a Muffle furnace (ENKAY, 155P, India). This 
temperature was chosen in the light of an earlier study by 
Salman et al.[37], according to which a microstructure with 
relatively higher porosity could be achieved above 1000 °C. 
After heating in the furnace, one set of samples each from 
LPBF and CS was air-cooled, while the other one furnace 
cooled. The soaking time for low carbon steel was decided 
based on the thickness of the specimen, as advised in the 
ASM handbook [38]. The usual thumb rule is 1 h/inch 

Table 2   Process parameters used to print SS316L samples with the aid of laser powder bed fusion (LPBF) technique

Spot diameter Laser power Layer
thickness

Hatch spacing Scanning speed Inert gas used Scanning Strategy

0.1 mm 210 W 0.04 mm 0.09 mm 900 mm/s Argon Zig-Zag

Table 3   Process parameters used to print SS316L samples by cold spray (CS) technique

Nozzle Carrier gas Gas pressure Gas temperature Stand-off
distance

Gun transverse 
speed

Number of 
passes

Step size Powder feed rate

Tungsten
Convergent-

Divergent

Nitrogen 50 bar 873 K 25 mm 0.3 m/s 15 1.5 mm 20 g/min
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thickness of the specimen and thus obtained soaking time 
as given in Table 4. The table also shows a designation sys-
tem for the various specimen materials used in the present 
study. Moreover, to decrease implant-level wear and corro-
sion, surface-modification methods may be applied. Even-
tually, increasing the thickness of the surface oxide layer 
may help enhance the resistance to corrosion of metallic 
materials and their biocompatibility [39, 40]. Therefore, in 
the present study, the thermal treatment in the oxygen-rich 
environment is carried out, followed by the furnace and air 
cooling to develop the required thick oxide layer.

2.5 � Materials characterization

A scanning electron microscope [JEOL, JSM-6610LV, 
Japan] and an optical microscope [LEICA, DM2700 M, 
Germany] were used to analyze the microstructures and 

porosity of the LPBF and CS samples. The CS samples 
were mounted and polished as per the standard metallurgi-
cal procedure. To expose the grain structure, the samples 
were chemically etched using 45 ml HCl, 15 ml HNO3 and 
20 ml methanol. A free and open-source image analysis 
tool (ImageJ) evaluated the apparent surface porosity in 
the CS and LPBF samples by converting their micrographs 
into binary format. The porosity values reported for each 
sample are an average of the five randomly selected images 
taken by the optical microscope. Apart from this, the X-ray 
diffraction (XRD) machine (MALVERN PANALYTICAL, 
EMPYREAN, UK) was also used to examine the various 
phases formed. The readings in XRD were determined 
using the Bragg–Brentano scanning method with a scan-
ning angle of 20°-90° and step size and time of 0.01° and 
20 s, respectively.

Fig. 3   Photographs of SS316L as-fabricated and heat-treated samples printed via (a,b) laser powder bed fusion (LPBF) and (c,d) cold spraying 
(CS) techniques before (a,c) and after (b,d) wire-cut EDM cutting and heat treatment

Table 4   Designation systems 
and heat-treatment parameters 
used for various SS316L 
specimen materials used in the 
current study

Description of the printed samples Designation Heat-treatment 
temperature

Soaking time

LPBF AF- LPBF N/A N/A
Air-cooled LPBF AC- LPBF 11000C 12 min for 5 mm thickness
Furnace-cooled LPBF FC- LPBF 11000C 12 min for 5 mm thickness
CS AF- CS N/A N/A
Air-cooled CS AC- CS 11000C 3 min for 1 mm thickness
Furnace-cooled CS FC- CS 11000C 3 min for 1 mm thickness
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2.6 � Mechanical properties measurement

The hardness of the as-fabricated and heat-treated sam-
ples was determined using a Vickers microhardness testing 
equipment (MITUTOYO, Japan). A diamond indenter was 
used to exert a load of 0.5 kgf for a dwell duration of 10 s. 
Nine values were taken along the specimen length at the dif-
ference of 2 mm for each sample, and the average of these 
values is reported as the final microhardness value. Further, 
modulus of elasticity measurement was accomplished using 
a Nano indentation machine (HYSITRON, TI PREMIER, 
USA) at the indent load of 2 mN for almost 18 s. The final 
value of elastic modulus is the average of 5 indents taken 
randomly at different positions.

3 � Results and discussion

3.1 � Surface analysis of AF‑CS and AF‑LPBF

The indispensable information with respect to the surface is 
presented for AF-LPBF and AF-CS is shown in Fig. 4. In 

Fig. 4a, for AF- LPBF, the evident existence of surface beads 
is analyzed, which further provides the additional details 
of melt-pool width (0.133 mm) and scanning direction. 
Moreover, spherical balls are noticed at low magnification, 
providing a vague idea of their actual presence and shape. 
Although to make it more discernable, a high-magnification 
picture was used to confirm its (yellow arrow) occurrence 
(Fig. 4b). The existence of spherical balls can be ascribed 
to two reasons: the un-melted powder attached from the sur-
rounding loose feedstock and the other due to well-estab-
lished defects in LPBF known as balling phenomena [41]. 
In order to confirm the reason for its occurrence, the size 
of the balls was determined. The analysis shows the balls’ 
size was within the particle diameter range, and therefore, 
its presence on the surface can be attributed to the sintering 
of loose feedstock.

In Fig. 4c), the surface image details of AF-CS are 
explored and analyzed. The low-magnification picture of 
the CS sample provides the vision of a large number of 
powder particles in a specified area. Howbeit, the magni-
fied view (Fig. 4d) represents the necessary information 
concerning the severe plastic deformation of the SS316L 

Fig. 4   Surface images taken 
using an optical microscope 
prior to heat-treatment and 
finishing operations of SS316L 
samples printed by (a,b) laser 
powder bed fusion (LPBF) and 
(c,d) cold spray (CS) in the as-
fabricated (AF) state
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particle at a high strain rate. The particle deposition is 
ascribed to the phenomena of adiabatic shear instability as 
reported in numerous past researches [42, 43]. Moreover, 
the extent of plastic deformation is significantly affected 
by the powder particle size; therefore, the non-uniformity 
in plastic deformation is evident because of the range of 
the particle sizes used in this study [44].

The aerial roughness of AF- LPBF is 44% lower than 
that in AF-CS. The low value in the former is ascribed to 
the complete melting of the feedstock material during pro-
cessing. Besides, there still exists roughness of 6.38 μm in 
LPBF due to the presence of un-melted feedstock that can 
be observed in Fig. 5a,b. In the case of AF-CS, however, 
the essence of the process requires the use of high-veloc-
ity particles that attach when pounded over the substrate 
or already deposited particle. According to the bonding 
mechanism, the feedstock undergoes significant plastic 
deformation at the contact and produces a jet owing to 
strong shear stresses. This solid-state adhesion and jetting 
formation increase the roughness of the specimen [45]. 
Apart from this, the second possibility is related to the 
concept of coverage of feedstock particles over the area 
of deposition. The non-uniform coverage brings about the 
majority of feedstock deposition at certain areas, while 
others remain short of particle consolidation. Owing to 

this, the voids are created in the deposits, as shown in 
Fig. 5c,d.

Despite the fact that roughness is often believed to be the 
most critical factor in determining biocompatibility, there 
are certain publications in the literature that reflect the prob-
lems associated with the same. One crucial negative effect 
is the poor corrosion resistance associated with rough sur-
faces. Consequently, inflammation and unfavorable cellular 
responses may result from the deliverance of SS316L ions 
in the tissues owing to the localized corrosion of biomedical 
implants [46].

3.2 � XRD characterization

Figure 6a shows the XRD analysis of the SS316L sam-
ples produced by LPBF and CS. For all CS samples and 
SS316L powder, the XRD pattern exhibits α and γ phases, 
with the γ component comprising a more significant vol-
ume percentage. Interestingly, in AF-CS, deformation-
caused-martensitic phase transformations did not occur in 
spite of the elevated strain rates of the high velocity parti-
cles. Typically, when SS316L material is exposed to sub-
stantial levels of work hardening, it results in the phase 
transformation from austenite to martensite [47, 48]. This 
lack of phase change, however, may well be understood 

Fig. 5   Scanning electron microscope (a,c) and optical microscope color-coded topography images (b,d) of the samples in the as-fabricated (AF) 
form developed with the aid of (a,b) laser powder bed fusion (LPBF) and (c,d) cold spray (CS) technique
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by the strain rates induced by CS. Generally, a martensite 
transition requires strain rates of 101 to 103 s−1 to be pre-
sent during powder processing, while strain rates in CS 
are typically between 106 and 109 s−1. As per the research 
conducted by Chen et al. [49], strain rates over the mar-
tensite formation range generate an abundance of disloca-
tion twins that hinders the migration of surrounding dis-
locations, thereby negating its transition. The AF-LPBF 
sample, on the other hand, showed just one kind of phase, 
namely γ phase. Furthermore, in contrast to AF-LPBF, no 
discernible difference was observed in post-heat-treated 
LPBF samples (AC and FC-LPBF). The enlarged picture 
in Fig. 6b shows no noticeable peak shift in high-intensity 
peaks at a 43.58° angle. Furthermore, the FWHM values 
in Fig. 6c demonstrate that the AF-CS sample has consid-
erable peak broadening. According to a Williamson–Hall 
plot analysis, the peak’s expansion may be attributed to a 
combination of grain refinement and lattice microstrain, 
both of which are most likely caused by strain hardening 
in AF-CS. Slight and considerable reduction in the FWHM 
of AF-LPBF and AF-CS is observed in the post-processed 
samples, respectively. This reduction can be explained in 
terms of stress relieved during heat treatment resulting in 
lower FWHM values.

3.3 � Porosity

Figure 7 illustrates the optical images of the CS and LPBF 
samples in their as-fabricated, air-cooled, and furnace-
cooled conditions. The arrows in this figure indicate the 
porosity present in each specimen. The porosity of the 
AF-CS material is determined to be 6% (pore diameter 
of 32 μm), as seen in Fig. 7b, which is twice that of the 
AF-LPBF material (3% with an average diameter of 5 μm, 
as shown in Fig. 7a). The higher value in the former case 
could be attributed to the occurrence of cold-working dur-
ing the CS process. During CS, the deposited particles 
possess plastically deformed morphologies due to high 
strain deformation without melting feedstock powder par-
ticles. Besides, by dint of improper plastic deformation 
of SS316L particles, the presence of pores was evident 
[50]. During cold spraying, this leads to the creation of a 
somewhat porous structure. It is relevant to mention that 
the porosity can be tailored to even higher values by opti-
mizing the process parameters and average particle size 
distribution. In the context of bio-implants, it is pertinent 
to mention that higher porosity results in a greater sur-
face area of the adsorbent, further aiding in the process of 
adsorption of cells. In contrast to the AF-CS, AF- LPBF 
(Fig. 7a) is less porous because the process leads to the 

Fig. 6   The a XRD spectra of all the samples manufactured using laser powder bed fusion (LPBF) and cold spray (CS) technique with their 
respective designation along with the b enlarged view and c FWHM values at 43.58° angle
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melting of the powder particles, resulting in the filling 
up of voids more easily and hence forming a relatively 
denser part. As far as porosity in LPBF is concerned, pore 
formation generally depends upon the melt track sections 
involving the laser’s hottest spot depression, area of transi-
tion and region of tail [51]. The area under the immediate 
effect of laser undergoes indentation of powder layer that 
collapses due to change in the velocity vector field of laser 
[52–54]. This results in the entrapment of the gas bub-
bles forming pores inside the material. Sometimes, high 

temperature created due to laser power leads to vaporiza-
tion of the material resulting in a vapor cavity [55].

Further, it is evident from Fig. 8a that heat treatment sig-
nificantly drops porosity in all the investigated cases. It is 
well established that post-treatment reduces porosity due to 
inter-atomic diffusion at the grain (LPBF) or particle (CS) 
boundaries filling up pores present in the microstructures. 
Moreover, when the cooling starts, the outer layers of the 
samples cool first ensuing contraction in the inner hotter lay-
ers, thereby reducing the porosity. In the case of heat-treated 

Fig. 7   Optical images of 
SS316L samples printed by 
laser powder bed fusion (LPBF) 
and cold spray (CS) in the 
as-fabricated (AF) state (a,b), 
thermal treatment followed by 
furnace-cooling FC- LPBF c 
and FC-CS d and thermal treat-
ment followed by air-cooling 
AC- LPBF e and AC-CS f. 
Arrows indicate the pores 
formed
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CS samples, poorly bonded interfaces between deposited 
particles get healed via solid-state diffusion (as explained 
by Huang et al.), resulting in decreased porosity compared 
to as-fabricated [56]. Therefore, to illustrate the heat-treat-
ment effects on porosity, the probable mechanism during 
the solid-state diffusion of cold sprayed samples is shown in 

Fig. 9. As reported in the literature, the presence of strong 
and weak bonds between the particles is a result of adiabatic 
shear instability [45, 56]. The type of bonds (either weak or 
strong) plays a decisive part in affecting the pore morphol-
ogy in terms of size [45]. Owing to the process of heat-
treatment, the surface area of contact as a consequence of 

Fig. 8   a Average apparent surface porosity data, average pore diameter b and circularity c for as-fabricated (AF), air-cooled (AC), furnace-
cooled (FC) SS316L samples formed with laser powder bed fusion (LPBF) and cold spraying (CS) technique

Fig. 9   The probable mechanism 
of pore disappearance and size 
reduction after heat treatment 
of the SS316L part fabricated 
using the process of cold spray 
(CS) technology
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solid-state diffusion between particles (strongly and weakly 
bonded) increases, resulting in either pore disappearance 
(Pore-I disappeared) and reduction in pore size (Pore-II 
reduced in size) [57].

Moreover, higher porosity in FC-CS (1.2%) samples than 
AC-CS (0.95%) is an outcome of the recovery and recrys-
tallization mechanism. Due to different annealing regimes 
followed, the equiaxed grains in FC-CS are 1.24 times larger 
than that of AC-CS owing to grain coarsening in the for-
mer case, as explained by Bandar AL-Mangour et al. [58], 
which results in more voids in FC-CS because of less pack-
ing efficiency. The observed porosity variation in AC- LPBF 
(0.91%) and FC- LPBF (1.04%) can also be ascribed to the 
same reason. The average diameters of pores formed in all 
the specimens are shown in Fig. 8b. The reduction in the 
pore diameter is noticed in post-processed samples, which 
concurs with the research conducted by Williams et al. [59]. 
Moreover, the AC- LPBF and AC-CS are observed to have a 
larger diameter in comparison with the respective FC-LPBF 
and FC-CS samples with almost the same %age porosity. It 
can be ascribed to the higher rate of cooling in air, which 
increases the pore diameter at the expense of decreasing 
pore quantity compared to the lower-cooling rate (furnace 
cooling). The presence of large diameter pores can be eas-
ily seen in the optical microstructures of air-cooled speci-
mens (Fig. 7e, f), which further confirms the previously said 
statement.

As per the literature, the size of pores in implants can 
significantly affect the adhesion capability of cells inside 
the body [60, 61]. If holes are too tiny, cells are unable to 
move toward the center of the structure, hence impeding the 
passage of nutrients. On the other hand, if pores are too big, 
the effective specific surface area decreases, inhibiting cell 
adhesion. Therefore, the pore size must be within the ideal 
range for maximizing cell adhesion. The minimum pore size 
necessary for blood vessel formation is roughly 30 to 40 μm 
to facilitate metabolic component exchange and cell entry 
[62, 63]. The pore size of AF-CS is well within the specified 
range and may thus be regarded as favorable for biological 
applications compared to LPBF and post-treated samples.

From the circularity graph shown in Fig. 8c), it is con-
cluded that the pores formed in AF-LPBF are closer to a per-
fect circular shape with a value of 0.92, contrary to AF-CS 
with a value of 0.87. The higher circularity in AF-LPBF is 
perhaps a consequence of its formation due to gas entrap-
ment, whereas lesser in AF-CS may be owing to the lack of 
fusion due to the feedstock’s plastic deformation resulting 
in an irregular-shaped cavity. The circularity of post-heat-
treated samples slightly differs from that of the respective 
as-fabricated samples. This finding supports prior study pub-
lished in the literature by Maskery et al. [64]. Kumar et al. 
[65] explored types of residual stress and associated type-III 
residual stresses with the porosity. After that, Zhang et al. 

[66], in their study, inversely related the circularity with 
residual stress present around the pore edges. Therefore, 
annealing treatment undergone in FC-LPBF and FC-CS has 
resulted in the highest circularity, which can be attributed 
to the removal of type-III residual stress produced owing to 
the non-uniform plastic deformation [67] in CS and rapid 
solidification of molten pool in LPBF [68, 69]. This claim 
is supported by the FWHM graph shown in Fig. 6c. The 
removal of such stresses is often influenced by the cool-
ing rate, as verified by Neves et al. [70] and Hiremath et al. 
[71]. Less circularity of pores in AC-LPBF and AC-CS than 
in furnace-cooled specimens is because of the higher cool-
ing rate in the former specimens resulting in more type-III 
residual stress.

It has been observed that material with a high porosity 
may not only prevent the stress shielding impact but also 
increase the bone in-growth efficiency [72]. Further, when 
the pore shape of the sample is comparable to the trabecular 
bone, especially in an irregular form, it may enhance the 
material’s mechanical qualities and promote the proliferation 
of bone cells. As validated in the literature by Wang et al. 
[73], the irregular pore shape of AF-CS shown in the current 
investigation may contribute to enhanced cell growth over 
the implant in contrast to LPBF samples in both AF and HT 
states. In addition, the circularity of CS samples did not alter 
significantly due to heat treatment. However, as far as size 
and shape are concerned, the AF-CS sample can exhibit a 
favorable effect on the biological response.

3.4 � Microstructure

Figures 10 and 11 show the etched microstructure of the top 
surface and the magnified view of LPBF and CS specimens 
in both as-formed and heat-treated state, respectively. The 
grain structures of the CS and LPBF samples are signifi-
cantly different. The austenitic microstructure of AF-LPBF 
(Fig. 10a, b) consists of the two types of cellular sub-grains 
within the boundaries known as melt pool boundaries. One 
emerged as polygon-shaped, while the other appeared in 
elongated form, both orientated in the line of the highest 
thermal gradient. It is identical to the research conducted by 
Yusuf et al. [74] and Chen et al. [75]. According to Wang 
et al. [76], the rapid cooling of the melt-pool hinders the 
creation of secondary dendrite arms, leading to the forma-
tion of cellular sub-grains (Fig. 11). Moreover, as shown in 
Fig. 11a, the slightly bigger cellular subgrains are attributed 
to the slower cooling rate than the smaller grains. As per 
the study by [77], the columnar grain structures are evident 
along the build direction, having a length approximately 
equal to 1 mm. Also, as discussed earlier regarding the 
appearance of polygonal and elongated cellular structures 
from Fig. 10a, the combination of the columnar in build 
direction and cellular subgrains in the transverse direction 
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is approximated as quadrilateral 3d substructure in various 
studies [78, 79].

The material composition inside the sub-grains of AF-
LPBF is assessed using EDS point analysis at the grain 
boundary of cellular structure (1) As well as in the dark 

phase (2). The dark phase is attributed to the austenite, 
which is confirmed using XRD and EDS (Fig. 11b), showing 
less iron content. Moreover, the grain boundary (1) shows 
greater Mo (2.36%) and Cr (18%) content when compared 
with the austenite phase. The results are in accordance with 

Fig. 10   Etched cross-sectional SEM images of laser powder bed fusion (LPBF) made SS316L sample, a as-fabricated (AF), c air-cooled (AC), e 
furnace-cooled (FC) along with its magnified view in b, d and f, respectively



	 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:339

1 3

339  Page 14 of 22

the research conducted by Saeidi et al. [80] on these sub-
grains. They revealed that the boundaries of cellular sub-
grains consist of excess alloying elements like Mo and Cr. 
This may be because during the phase change from liquid 
to solid, the solidification transports an excess quantity of 
Cr and Mo toward the end of the boundary. As a result, the 
LPBF-produced SS316L is likely to exhibit worse corro-
sion resistance than its cast-metal equivalent as an outcome 
of this elemental segregation [81]. In addition, the Maran-
goni effect causes oxides and other slight inclusions to be 
pushed to the melt pool’s border. These inclusion flaws are 
quickly corroded because of the significant potential differ-
ence between them and the surrounding substrates. Moreo-
ver, in the study by Wang et al. [82], it has been found that 
the cell walls are decorated with a higher density of dis-
locations. During L-PBF processes, the wall thickness of 
the cell boundaries is reported to be related to solidification 
variables, such as temperature gradient, cooling rate, and 
solidification forward speed. Besides, the melt-pool border, 
basically formed by the fusion of two solidification fronts, 
is observed in the microstructure shown in Fig. 10a,b) [76, 
83, 84].

In comparison with AF-LPBF, AF-CS microstructure 
consists of multi-crystalline grains and inter-particle inter-
faces. As per numerous studies made in the recent past, the 
same microstructure was detected and appeared similar to 
the original etched SS316L powder feedstock [58, 85, 86]. 
The carrier gas temperature of 873 K was employed to accel-
erate the particles rather than heat them. Moreover, the study 
by Schmidt et al. [87] shows that the inflight time of the 
powder particle with carrier gas is almost negligible, result-
ing in minimal particle temperature change. Attributed to the 
less particle temperature change, insignificant phase change 
occurred in the AF-CS part, resulting in a microstructure 

similar to feedstock in the central region (Fig. 12a,b). The 
multi-grains in the neighborhood of inter-particle interfaces 
exhibit severe plastic deformation, which must be due to the 
obvious reasons of the high-velocity impact of the particle 
on a substrate [37, 88, 89]. Moreover, in the vicinity of the 
inter-particle interface, the instantaneous heat is generated as 
a consequence of particle impact and adiabatic shear insta-
bility, followed by a small phase change [90]. The inter-
particle interfaces (Fig. 12a,b) formed as a result of poor 
interfacial strength due to poor atomic diffusion among dif-
ferent particles in the cold spray process [91].

A magnified view of AF-LPBF in Fig. 10b indicates the 
presence of two types of cellular sub-grains having a size 
range of 0.25–0.4 μm in contrast to which multi-crystalline 
grains in AF-CS are in size range of 2.5–3 μm. Further, 
the microstructures of post-heat-treated LPBF samples 
(Fig. 10-c,d,e,f) are analyzed, which are significantly dif-
ferent from their as-fabricated counterpart (AF-LPBF). The 
subsequent recrystallization due to heat-treatment results in 
the atomic diffusion of the cellular sub-grains and dendritic 
structure in both the AC-LPBF (Fig. 10c,d) and FC-LPBF 
(Fig. 10e,f) samples.

Although the microstructures of AC-LPBF and FC-
LPBF look similar at 100 μm magnification, the micro-
graphs magnified views show the presence of sigma-phase 
in FC-LPBF (Fig. 10f), which is not observed in AC-LPBF 
(Fig. 10d). Sigma phase formed in the furnace-cooled speci-
men is composed of chromium and molybdenum, which is 
analyzed using EDS scan analysis as shown in Fig. 13. In 
their study, Hsieh et al. [57] ascertained the presence of the 
sigma phase and related its existence to the significant chro-
mium content in SS316L material. Moreover, they provide 
information regarding the precipitation of the sigma phase 
in the region with a large chromium percentage. One of the 

Fig. 11   a Etched cross-sectional magnified SEM image of as-fabricated (AF) laser powder bed fusion (LPBF) made SS316L sample along with 
the compositional analysis performed using energy-dispersive spectroscopy (EDS)
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primary causes for the loss of SS316L properties, such as 
resistance to corrosion, and weldability, is the formation of 
the sigma phase, which is often found in different series of 

SS [92]. When the Cr concentration in SS exceeds a thresh-
old (over 17% by weight), it is difficult to prevent this phase 
from precipitating [93]. Moreover, the introduction of 

Fig. 12   Etched cross-sectional SEM images of cold-sprayed (CS) SS316L sample, a as-fabricated (AF), c air-cooled (AC), (e) furnace-cooled 
(FC) along with its magnified view in b, d and f, respectively
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a significant ferrite stabilizer to SS316L (Cr, Si, or Mo) 
causes the phase to develop quickly. As per the different 
studies made in the past, the sigma phase generally trans-
forms from the delta-ferrite [94]. However, in the present 
study, the sigma phase transforms out of the austenite, and 
the result is in accordance with the study made by Lewis 
[95]. Although the precipitation speed of the sigma phase-
out of the austenite phase is prolonged compared to delta-
ferrite, it is still possible if the temperature is greater than 
1000 °C [96]. Furthermore, as per the research by Yin et al. 
[97], its presence is also observed in the LPBF fabricated 
SS316L samples when heat treated at 800 °C. According to 
the published research, the samples’ cooling rate during heat 
treatment substantially affects the precipitation of the sigma 
phase. With a cooling rate of less than 0.1 °C/s, its existence 
becomes evident [94]. Therefore, in the present study, this 
formation may also be attributed to the slow cooling of the 
specimen from the temperature of 1100 °C [97] inside the 
furnace with a cooling rate of less than 0.1 °C/s.

Post-heat treatment of CS samples results in a remarkable 
difference compared to the as-fabricated samples (Fig. 12c, 
d, e, f). After heat treatment, recrystallization of inter-par-
ticle interfaces (formed due to improper particle–particle 
bonding) in AF-CS gets transformed into small pores, as 
shown in the magnified image of AC-CS (Fig. 12d).

and FC-CS (Fig. 12f). Numerous reports in the literature 
confirmed this observation [58, 98, 99]. Removal of inter-
particle interfaces can be attributed to the process of atomic 
diffusion occurring during recrystallization. Both AC-CS 

and FC-CS recrystallize to form equiaxed grain structure 
and annealing twins with a size of 8.5 and 10.5 μm, respec-
tively. The heat treatment strongly affects the presence of 
annealing twins in cold-sprayed microstructure [100]. The 
development of this type of microstructure is only possible 
when the specimen is heat treated above 1000 °C. Since 
the temperature in the present study is 1100 °C, the pres-
ence of twins was evident. Its formation can be attributed to 
the recovery and recrystallization of the distorted structure 
which may have formed owing to the plastic deformation of 
the high-velocity particle.

3.5 � Mechanical properties

The microhardness variation in both LPBF and CS samples 
in as-fabricated and post-processed conditions is shown in 
Fig. 14. AF-CS sample with a grain size of 2.5–3 μm is 
observed to have 51.5% superior average hardness than its 
corresponding LPBF sample (grain size of 0.25–4 μm), with 
an absolute difference of 120.2 Hv. This might be because 
cold spraying causes strain hardening as a result of the plas-
tic deformation caused by high-velocity particles impacting 
the substrate [85]. Even if the grain size is smaller in AF-
LPBF, the effect of cold working makes the cold-sprayed 
specimen harder than the LPBF specimen. It is observed 
from the graph that the average hardness in the case of LPBF 
samples got increased after heat treatment. This increment 
in the hardness of AC-LPBF and FC-LPBF may be due to 
the significant reduction in porosity, as discussed earlier. The 

Fig. 13   Line scan analysis of sigma-phase formed in furnace cooled (FC) SS316L sample 3D printed with laser powder bed fusion (LPBF) tech-
nique
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observation is in accordance with the research carried out by 
Cherry et al. [14], Sun et al. [101] and Tucho et al. [102], in 
which they concluded that the high density or low porosity 
of the part results in the greater specimen microhardness. 
The increase in the mean hardness value of AC-LPBF in 
contrast to FC-LPBF with an absolute variation of 32.5 Hv 
was observed. Porosity variation being 0.13% has an insig-
nificant influence on microhardness, according to the study 
conducted by Yusuf et al. [74]. Therefore, this rise in the 
hardness of air-cooled specimen (AC-LPBF) can be ascribed 
mainly to the grain refinement (grain size of 7.6 μm in AC-
LPBF and 15 μm in FC-LPBF) owing to the high cooling 
rate (Fig. 10c). Moreover, the variation of microhardness 
along the distance in AF-LPBF and post-heat-treated sam-
ples is insignificant.

On the other hand, AC-CS and FC-CS samples experi-
enced a decline in hardness compared to AF-CS with the 
value of 192.2 Hv and 155.1 Hv, respectively. Similar results 
have also been reported by Yin et al. [85] and Sundararajan 
et al. [100]. It is pertinent to mention that despite a sig-
nificant decrease in the porosity of heat-treated CS samples, 
their hardness is decreased, contrary to LPBF cases. The 
reduction observed is mainly due to tempering, elimination 
of cold work effects and subsequent recrystallization. More-
over, the recrystallization of samples results in eradicating 
dislocations along with the emergence of grains in the form 
of annealing twins (Fig. 12d,f) [103]. The observed hard-
ness difference between AC-CS and FC-CS cases may be 
due to the difference in cooling rates employed during heat 
treatment. As per the ImageJ analysis, the equiaxed grain of 
FC-CS is 10.5 μm, which is 1.24 times larger than that of 
AC-CS, resulting in the latter being harder, as per the famous 
Hall–Petch correlation. Further, owing to the non-uniform 

plastic deformation, the difference of hardness along the dis-
tance is quite significant in AF-CS [100]. Despite of note-
worthy variability in AF-CS, the thermal treatment of the 
same tends to reduce the difference to the greater extent as 
shown in AC-CS and FC-CS graph. This can be attributed 
to the process of stress relief occurred over the surface on 
account of heat-treatment process.

In addition to hardness data, the elastic modulus of 
all samples is evaluated using the indentation method 
(Fig.  15). The elastic modulus values for LPBF sam-
ples are substantially greater than those for CS samples 
(Fig. 15b). In particular, the LPBF sample in its AF state 
has Young’s modulus of 184.55 GPa, which is around 66.5 
GPa greater than the AF-CS part. The AF-LPBF modulus 
value is consistent with prior research by Merkt et al. [104] 
and Yadroitsev et al. [105], who observed values ranging 
from 140 to 220 GPa. On the other hand, heat treatment 
has significantly altered the modulus values of LPBF sam-
ples. The FC-LPBF and AC-LPBF have a value of 242.5 
and 296.6 GPa, respectively. This evident increase in the 
value can be attributed to the reduction of porosity values 
mentioned earlier in this study. Also, as per the study by 
Jouget et al. [106], the elastic modulus of LPBF fabri-
cated cobalt alloy tends to show an inverse relationship 
with porosity. Therefore, these results from the literature 
are in agreement with the present study. Moreover, aside 
from porosity, the greater dislocation density and previ-
ously reported segregation effect (Fig. 11) in AF-LPBF 
must also be taken into consideration while analyzing the 
material’s Young’s modulus in contrast to FC and AC-
LPBF. The segregation region in the cellular structure of 
AF-LPBF consists of excess Cr and Mo constituents with 
high dislocation density. According to the research by 

Fig. 14   Line graph showing the 
variation of microhardness (Hv) 
with a distance of as-fabricated 
(AF), air-cooled (AC), furnace-
cooled (FC) SS316L specimens 
3D printed with laser powder 
bed fusion (LPBF) and cold 
spraying (CS) techniques
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Benito et al. [107], the presence of dislocation densities 
has affected the Young’s modulus values in the negative 
sense. Therefore, the occurrence of the same in the case 
of AF-LPBF also accounts for the reduction in modulus 
values when compared with heat-treated samples. Despite 
the fact that the modulus value in LPBF is low when com-
pared to heat-treated samples, the stress shielding effect 
in AF-LPBF-made implant will be discernible, which may 
deteriorate bone strength.

On the other hand, AF-CS exhibited the lowest modulus 
value of 118 GPa when compared with LPBF samples. 
This least value is ascribed to the high porosity and pres-
ence of significant inter-particle boundaries between dif-
ferent splats (Fig. 12b). This particular reason is made in 
light of the study by Sundarajan et al. [100], who studied 
the effect of interparticle boundaries in AF-CS on Young’s 
modulus. Post-heat-treated samples revealed a 24 and 15% 
hike in elastic modulus of AC-CS and FC-CS compared 
to AF-CS. This increase is due to the intersplat boundary 
diffusion during heat treatment (Fig. 12d, f), resulting in 
the reduced porosity and hence, greater Young’s modulus. 
Moreover, ductility in implants is well known to be essen-
tial for implant contouring and shape [108]. However, it 
is important to note that the AF-CS samples are highly 
brittle, and the ductility is greatly enhanced following heat 
treatment, as indicated in Fig. 15a. Although the elastic 
modulus of the AF-CS sample is the least among all the 
samples representing its ability to reduce the stress shield-
ing effect, its inherent brittle behavior due to strain harden-
ing is undesirable for orthopedic applications. Therefore, 
with the good ductile properties indicated in the graph and 
just a 15% greater elastic modulus value, which is insig-
nificant, the FC-CS sample can be considered acceptable 
for use in sbiomedical applications.

4 � Conclusions

Laser powder bed fusion (LPBF) and cold spray (CS) tech-
niques were successfully used to print SS316L samples. The 
high value of surface roughness in AF-CS before finishing 
operations indicates good signs of improved biocompat-
ibility at the investigated parameters. Moreover, after the 
finishing and polishing step, AF-CS samples were found to 
have higher porosity than their LPBF printed counterparts. 
The irregular morphology and optimum size of pores in 
AF-CS may result in better cell proliferation as suggested 
by literature. Moreover, porosity was found to reduce by heat 
treatment in both cases. Distinct microstructure (equiaxed 
grains with annealing twins) was observed in both FC-CS 
and AC-CS samples. In the case of heat-treated LPBF cases, 
slow cooling in the furnace led to the formation of a sigma 
phase, which distinguishes it from the air-cooled case. Heat 
treatment enhanced the hardness of the LPBF printed sam-
ples, whereas it decreased the hardness in the case of CS 
printed samples. The improved hardness in the former case 
was attributed to the reduced porosity values, whereas the 
reduction in the latter case owing to the elimination of cold 
work effects. The hardness value of FC-CS (155 Hv) being 
the least suggests that heat treatment followed by furnace 
cooling could be an appropriate approach to reduce mechan-
ical strength mismatch between SS 316 L steel and bone for 
orthopedic applications. Even though the AF-CS sample has 
the lowest elastic modulus with greater porosity among all 
the samples, its intrinsic brittleness owing to strain harden-
ing is unsuitable for orthopedic applications. As a result, the 
FC-CS sample may be used in biomedical applications due 
to its strong, ductile characteristics and a little higher elas-
tic modulus value in contrast to AF-CS. Hence, this study 
opens a pathway to explore cold spray as a viable technique 

Fig. 15   a Load vs. displacement curve and b bar graph of all the samples with their respective designation prepared using laser powder bed 
fusion (LPBF) and cold spraying (CS) techniques
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to manufacture bio-implants with tailor-made porosity and 
hardness by optimizing various process parameters.
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