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Abstract
This work investigates the effects of copper addition on the microstructure and mechanical properties of AISI 316L austenitic 
stainless steel fabricated by the laser powder bed fusion (L-PBF) method. The outcomes reveal that the copper atom dissolves 
into iron and forms a complete austenitic structure under the condition of the L-PBF process. Microstructural observations 
demonstrate that the microstructure of the new alloy is characterised by columnar grains consisting of finer cellular struc-
tures, as compared to the as-built AISI 316L. The appearance of such a finer sub-structure could be originated from the effect 
of copper on the cooling rate during the L-PBF process. The energy-dispersive X-ray spectroscopy maps indicate that the 
distribution of copper in the AISI 316L matrix is homogeneous, and no significant segregation of elements in the matrix is 
revealed. The results of the tensile tests show that the ultimate tensile strength of AISI 316L-Cu alloy is 558 MPa, whereas 
the yield strength value and the tensile elongation are 510 MPa and 30.4%, respectively. Two mechanisms of solid solution 
strengthening, and refinement of cell sizes improve the mechanical properties of AISI316L-Cu alloy compared with AISI 
316L one. The microscale fractography of the fracture surface shows ductile fracture with massive dimple networks and 
brittle fracture with a quasi-cleavage plane, which may indicate the melt pool boundary. All these results confirm that the 
development of new alloys following the in situ alloying approach is economical and reliable.

Keywords  Additive manufacturing · Laser powder bed fusion · 316L stainless steel · In situ alloying · Alloy development

1  Introduction

Additive manufacturing (AM) processes, also known as 3D 
printing, are introduced as innovative technologies to pro-
duce complex 3D objects layer-by-layer directly from a digi-
tal model [1]. As a result of their advantages, such as high 
material utilization, the ability to fabricate complex struc-
tures, and short manufacturing cycles, they could attract con-
siderable interest from industry and science [2]. In general, 
direct metal AM processes can be classified into two sub-
categories: Powder Bed Fusion (PBF) and Directed Energy 
Deposition (DED). Laser-PBF (L-PBF) is one of the most 
popular metal AM techniques used to fabricate complex 

near-shape metallic components [3, 4]. In the L-PBF pro-
cess, a metal powder layer is irradiated by a high-energy 
laser (usually Nd: YAG or fiber laser) to fuse the powder 
layer selectively according to the CAD file and form a solid 
layer of a certain thickness [5].

One of the main grades of austenitic stainless steel is 
AISI316L, which is widely used in industry, biomedical 
and surgical instruments owing to its excellent performance 
[6–8]. Nowadays, AISI316L is among the most widely 
researched alloys in the metal AM research field. So far, sev-
eral studies have been performed on investigating the micro-
structure, mechanical properties, and corrosion behaviour 
of this alloy [9–11]. This indicates the enormous interest in 
developing and characterising AISI316L processed by AM 
techniques [12].

However, on one hand, one of the key limitations of 
AISI316L as an implant material is its susceptibility to 
localised corrosion and inflammation that causes failures 
of implants for long-term applications inside human physi-
ological conditions [13, 14]. On the other hand, a lim-
ited number of alloys are present in the portfolio of AM, 
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and all of the research on successful production of AM is 
limited to the alloys available on the commercial market. 
Therefore, it is necessary to develop new alloys based on 
the AM methods to obtain better performance in a wide 
range of applications, especially in medical industries [15, 
16].

Currently, considerable methods based on the AM, such 
as in situ alloying and pre-alloying, are becoming a popular 
strategy to address the above-mentioned issues [15]. Feed-
stock modification by in situ alloying is done by adding a 
small fraction of solute metallic element or intermetallic 
compound into the starting powder of AM fabricated alloys. 
Several researchers had successfully printed AM compo-
nents using modified AISI316L feedstock. Ti [17], Ag [18], 
TiN [19], TiB2 [20], and CrN [21] have been studied as 
potential additives to modify AISI316L.

Recently, copper as a candidate element has attracted 
more and more attention for improving the mechanical prop-
erties and corrosion resistance of stainless steel [9, 10, 22]. 
Moreover, the antibacterial and biocompatibility effects of 
Cu ions have been reported by several researchers [10, 23].

To date, no more studies have been done concentrat-
ing on using L-PBF to build bulk Cu-containing stainless 
steel. Wang et al. [14] fabricated a low-stiffness porous AISI 
316L-4.5Cu by selective laser with similar stiffness (3–20 
GPa) with bone to prevent stress shielding. Foadian et al. 
[24] investigated AISI316L with two amounts of copper 

content by the L-PBF technique. They found that component 
density decreased by the addition of 5% copper.

Nonetheless, there is still a lack of comprehensive under-
standing of the in situ synthesis of Cu-bearing austenite 
stainless steel fabricated by the L-PBF process. There-
fore, this work aims to investigate the microstructures and 
mechanical properties of the Cu-bearing austenite stainless 
steel that is produced via the L-BBF process following the 
in situ alloying approach.

2 � Experimental

2.1 � Sample preparation

AISI316L stainless steel gas atomized powder, supplied by 
Oerlikon, and gas atomized copper powder (Sandvik Osprey 
Ltd.) were used as the feedstock material. Copper and stain-
less steel powders were mixed using a very low-energy ball 
mill without using any ball for 16 h. The copper contents in 
the mixture powder were 2.5 wt%. Figure 1a shows the mor-
phology and corresponding EDS elemental maps of the start-
ing powder mixture. The result of powder distribution shows 
that the average particle diameter of the blended AISI316 
and Cu are 27 µm (d10 = 13 µm, d50 = 23 µm, d90 = 40 µm) 
and 6.3 µm (d10 = 3.1 µm, d50 = 5.3 µm, d90 = 13.1 µm), 
respectively. Table 1 shows the chemical composition of the 

Fig. 1   a BSE SEM image of the mixed powder with corresponding EDS elemental maps and b representative as-built and machined tensile sam-
ples

Table 1   Nominal and analysed 
chemical composition of mixed 
AISI316L-Cu powder

Elements Cr Ni Mo C Mn Cu P S Fe

Nominal (wt%) 17–19 13–15 2.25–3 0.03 2.0 2.5 0.025 0.01 Bal
Analysed (wt%) 17.02 13.50 2.04 0.02 2.11 2.92 0.022 0.01 Bal
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Cu-containing AISI316L stainless steel powder used in this 
work analysed by Energy Dispersive X-ray Spectroscopy 
(EDS).

A Concept Laser MLab CusingR machine equipped 
with a 100 W fiber laser with 50 μm laser spot size was 
employed to fabricate the Cu-containing AISI316L sam-
ples. Before starting the scanning, the build chamber was 
evacuated to less than 0.1% residual oxygen content. High-
purity Argon was supplied to maintain an inert atmosphere 
inside the build chamber and reduce the chance of oxida-
tion. Before the sample production, a process parameters 
optimization procedure was performed following the design 
of experiment approach to find the best process parameters. 
The laser power, scan speed, and hatch spacing of 95 W, 
500 mm/s, and 84 μm, respectively, were applied for the 
fabrication of cylindrical bars with a diameter of 10 mm and 
length of 25 mm and rectangular slab with dimensions of 
30 × 7 × 3 mm3 samples. A bidirectional stripe scanning pat-
tern with a 67° rotation between each successive layer with 
25 μm height was used as a scanning strategy. Thereafter, the 
parts were cut off from the building platform by wire electric 
discharge machining (EDM). The manufactured samples are 
shown in Fig. 1b. In addition, to compare, some AISI316L 
samples were fabricated using the same method and param-
eters. The relative density of each sample is determined by 
utilising the Archimedes principle.

2.2 � Microstructural analysis

The samples for microstructural examinations were mechan-
ically ground by sandpapers of 180–4000 mesh, followed 
by polishing with 1 μm diamond paste. After fine polishing, 
the samples were ultra-sonicated in acetone for 15 min and 
washed in water. Then, the samples were electrolytically 
etched in a solution of 65% nitric acid for 20 s at 10 V and 
washed immediately using alcohol to reveal the austenite 

microstructure clearly. The microstructure was observed 
using the Optical Microscope (OM, OlympusGX71) and 
Scanning Electron Microscope (SEM, Philips, XL30) 
equipped with EDS. The phase analysis and crystallographic 
orientations were subsequently investigated on the x–z plane 
(cross section) of samples using an X-ray diffractometer 
(XRD, Philips) using Mo Kα X-Ray target (0.7093 Å) at 
working voltage 40 kV, working current 30 mA, scanning 
angle range 15°–40° and a step size of 0.02°.

2.3 � Mechanical tests

Tensile test samples with gauge dimensions of 10  mm 
(length) × 2.5 mm (width) × 3 mm (thickness) were prepared 
from rectangular printed parts. Tensile tests were carried out 
at a strain rate of 1 × 10−3 s−1 on a universal Instron-5982 
testing system at room temperature three times for each 
sample. The fracture surfaces of the tensile samples were 
analysed using the secondary mode of SEM.

3 � Results and discussion

3.1 � Microstructure characterisation

Based on the relative density measurement results, 
AISI316L and AISI316L-Cu samples have a density of 
99.8% and 99.2% of the ideal density, respectively. Figure 2 
compares the OM micrographs of the as-built AISI316L and 
AISI316L-Cu samples. As shown in these images, the ring 
shape melt pools for the as-built AISI316L and AISI316L-
Cu samples have an average height of 90 μm and 100 μm and 
a width of 150 μm and 120 μm, respectively. The difference 
in melt pool size can be attributed to the rapid solidification 
and increase in temperature gradient caused by the higher 

Fig. 2   OM images of the L-PBF-processed as-built a AISI316L and b AISI316L-Cu
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thermal conductivity of pure copper (385 W/m K) compared 
to stainless steel (10–30 W/m K) [25].

Figure 3a shows the XRD patterns of AISI316L-Cu pow-
ders, as-built AISI316L and AISI316L-Cu samples. As can 
be seen, the strong diffraction peaks corresponding to crystal 
plane (111), (200), (220), and (311) of Face-Centered Cubic 
(FCC) austenite (γ phase) are observed in all the samples. 
In addition, the powder and as-built AISI316L-Cu sample 
consists of only the FCC phase with no additional peak of 
ε-Cu phases. This can be related to the resolution of the 
XRD method that cannot detect the phases in low quantities 
(typically lower than 3 wt%).

It is well documented that the added copper might be dis-
solved into iron and form a substitutional solid solution in 
the steel [9]. Since copper is an austenite stabiliser, it can be 
expected that the addition of copper leads to the formation of 
a fully austenitic structure [10]. Moreover, for investigating 
the effect of Cu on the lattice distortion of AISI316L, the 
Braggs law is employed to calculate the lattice constants in 
the XRD patterns. The lattice parameter of the as-built AISI 
316L-Cu samples was 0.3601 nm, slightly larger than those 
of AISI316L (0.3594 nm). Generally, this discrepancy is 
due to the difference between the radius of the copper atom 
(0.128 nm) and the iron atom (0.126 nm) [25]. Therefore, 
this result indicates that the solid solution of copper atoms or 
substitution of iron atoms by copper causes a slight increase 
in a lattice distortion of austenite, which is consistent with 
the results reported by previous works [9, 23].

In addition, it is revealed that changing the solidifica-
tion mode by adding copper resulted in the crystallite size 
reduction in the L-PBF copper-bearing AISI316L parts 
(Fig. 3b). According to previous works [9], increasing the 

thermal conductivity of material increases the temperature 
gradient and the cooling rate during solidification. Conse-
quently, the heat extracted from the liquid during dendrite 
growth increases and results in microstructure refinement. 
Therefore, According to the Scherrer equation, the relative 
increase in peak broadening for the AISI316L-Cu sample 
could result from decreasing the crystallite size.

Figure 4 compares the microstructure of the as-built 
AISI316L and AISI316L-Cu samples. As can be seen in 
Fig. 4a, no metallurgical defects, such as pores and cracks, 
are found in the interface region. As reported in previous 
works [12], the melt pool dimension depends on the L-PBF 
process parameters. Moreover, it is revealed that the melt 
pool tracks have irregular overlaps and fluctuations between 
adjacent layers.

Figure 4b presents the melt pool solidification, showing 
both the columnar type of grains and fine cell structures 
at the micro-level. The appearance of such a sub-structure 
could be linked to the high cooling rate, extremely complex 
and non-equilibrium thermal history during the L-PBF pro-
cess, and a difference in chemical composition due to the 
low kinetics of homogenisation of bigger atoms [8, 12]. As 
can be seen, different substructures can be located adjacent 
to the intersection of several melt track borders. As a result, 
complex growth orientations of columnar grain perpendic-
ular to the building direction (BD) significantly affect the 
tensile properties.

The high magnification SEM image (Fig. 4c, d) repre-
sents the cell structure with a pentagonal or hexagonal shape 
formed adjacent to the columnar grain. As can be seen, the 
cell size of the as-built AISI316L and AISI316L-Cu samples 
measured using the triangle method [26] are 0.77 ± 0.12 μm 

Fig. 3   a XRD patterns, and b crystallite size of AISI316 L-Cu powder mixture, as-built AISI316L and AISI316L-Cu samples
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and 0.68 ± 0.17 μm, respectively. The fine cellular micro-
structures are attributed to the high cooling rate from the 
resulting local quenching process. As reported by several 
researchers, the cooling rate during the solidification is the 
key parameter that has an inverse relationship with the cell 
size [26]. Therefore, the cooling rates during the solidifica-
tion for both samples were also estimated. The outcomes 
of this evaluation indicated that the formation of 0.77 μm 
and 0.68 μm cells resulted from a cooling rate equal to 
1.1 × 106 K/s and 1.8 × 106 K/s for the as-built AISI316L 
and AISI316L-Cu samples, respectively. Therefore, it could 
be concluded that the higher thermal conductivity of the 
new alloy that is achieved through the addition of copper 
increased the cooling rate during the L-BPF process and, 
consequently, decreased its cell size. This outcome is in line 
with the findings of the XRD analysis.

The results of the EDS map analysis that was performed 
to investigate element distributions across the as-built 
AISI316L-Cu sample are displayed in Fig. 5. From the EDS 
maps, it is evident that the sub-structure is rather homogene-
ous, and no significant segregation of copper was found in 
the as-built state.

However, it is believed that rapid solidification during the 
building process, in conjunction with reheating the solidified 
layers, can promote alloying element segregation and result 
in microstructure variations. Therefore, the sub-structure 
appears brighter in the backscattered SEM image (Fig. 6a), 
which is caused by higher alloy elements and local elemen-
tal segregation during the L-PBF process. As can be seen 
in Fig. 6b, according to EDS point elemental analysis, the 
intercellular microstructure (spot 1) is richer in nickel and 
molybdenum and depleted from chromium and copper in 
comparison with the sub-structure wall/boundary.

3.2 � Mechanical properties

Figure  7 compares the room temperature micro tensile 
responses of the L-PBF AISI316L-Cu and AISI316L along 
the build direction.

According to the stress–strain curves reported in Fig. 7, 
the Ultimate Tensile Strength (UTS) of the as-built Cu-
AISI316L is 558 MPa, whereas its Yield Stress (YS) and 
the elongation to fracture (ɛf) are found to be 515 MPa and 
30.4%, respectively. Besides, it is found that the UTS, YS, 

Fig. 4   a, b SEM micrograph of the melt pools evolution in as-built AISI316L-Cu sample, cellular structures in c as-built AISI316L and d as-
built AISI316L-Cu
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and ɛf of the as-built AISI316L are 542 MPa, 500 MPa, and 
25.6%. This discrepancy in the mechanical properties can 
be originated from the microstructural effects of copper 
that have been reported and discussed before. Generally, the 
solution strengthening of the Cu addition to the stainless 
steel would substantially increase the strength of AISI316L 
samples.

Table 2 summarises the average mechanical properties of 
the new stainless steel developed in this work together with 
those manufactured through conventional methods. The dif-
ference in the mechanical performance of these alloys might 

be due to the quantity of copper, fabrication method and post 
heat treatment of samples.

The fracture surface morphology of the as-built AISI316L 
and AISI316L-Cu samples after the tensile test at room tem-
perature is shown in Fig. 8.

As can be seen, macro-scale necking could be observed 
in the fracture surfaces. Moreover, it is found that the ductile 
fracture surfaces of the as-built AISI316L, with and without 
Cu, are similar.

In-depth characterisation of the fracture surface shows 
ductile fracture with dimple networks, which explains the 

Fig. 5   a Backscattered SEM image as-built AISI316L-Cu and b–f corresponding EDS elemental maps

Fig. 6   a Backscattered SEM image and b EDS elemental analysis of spot 1 and spot 2
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Fig. 7   a Engineering stress–strain curves and b results of tensile test of the as-built AISI316L and AISI316L-Cu samples

Table 2   A comparison of the 
present L-PBF AISI316L-Cu 
with literature in room 
temperature tensile properties

Samples YS (MPa) UTS (MPa) Elongation to 
fracture (%)

Refs

AISI316L (L-PBF/as-built) 500 ± 14 542 ± 22 25.6 ± 1.2 Current work
AISI316L-2.5%Cu (L-PBF/as-built) 510 ± 10 558 ± 18 30.4 ± 2.3 Current work
AISI316L-1%Cu (L-PBF/as-built) 493 547 20.6 [24]
AISI316L-5%Cu (L-PBF/as-built) 476 536 12.8 [24]
AISI316-3.5% Cu (cast + solution) 229 507 54 [22]
AISI316-3.5% Cu (cast + solution + ageing) 257 543 60 [22]

Fig. 8   Fracture surfaces of the a–c as-built AISI316L and d–f AISI316L-Cu samples
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30% elongation of the as-built sample and brittle fracture 
with protrusions (Fig. 8b, e). A quasi-cleavage plane, which 
may indicate the melt pool boundary, is seen between the 
layered structures. The melt pool boundaries have insuffi-
cient interfacial bonding and are likely to be critical areas 
for the crack initiation and failure of the sample under the 
tensile stresses. However, many dimples of various sizes are 
noticed on the fracture surface of the samples. The size of 
dimples is usually in accordance with the extent of intra-
granular cells (Fig. 8c, f). As shown in Fig. 8f, an unmelted 
spherical particle of the powder and the cracks appeared 
near the melt boundaries during testing. It is proved that 
these particles can facilitate crack growth under tensile 
stresses. It is well reported that in the L-PBF process, par-
tially melted and unmelted powder particles can remain in 
the area between melt pools and deteriorate the mechanical 
strength of the samples [12]. As a matter of fact, during the 
tensile test, those particles easily detach and form crater-like 
voids much larger than the typical dimple, which remain 
on the fracture surface. However, it should be mentioned 
that by optimising the processing parameters in the L-PBF 
process, it would be possible to minimise this defect con-
tent and improve the mechanical properties of the material 
significantly.

4 � Conclusions

This paper has investigated the effect of the copper addi-
tion on the microstructure and mechanical properties of 
AISI316L samples produced via the L-PBF process. The 
following conclusions can be drawn:

1.	 According to the XRD analysis, the copper atom dis-
solves into iron, forming a complete austenitic structure 
under the L-PBF process.

2.	 Microstructural observations reveal that the columnar 
type of grains and fine cell structures formed along the 
building direction.

3.	 The comparison between the microstructure of the 
as-built AISI316L and AISI316L-Cu sample indi-
cated that the formation of 0.77 μm and 0.68 μm cells 
resulted from a cooling rate equal to 1.1 × 106 K/s and 
1.8 × 106 K/s, respectively.

4.	 The energy-dispersive X-ray spectroscopy maps verified 
that the distribution of copper in the AISI 316L samples 
was homogeneous, and no significant segregation of ele-
ments in the matrix was found.

5.	 The results of the tensile tests reveal that the copper 
addition, even in very low quantities, can alter the 
mechanical characteristics of the as-built AISI316L.
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