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and glass powder were selective laser
melted to successfully produce dense
specimens

• Microstructure observation of the com-
posites produced revealed unique and
previously unreported chromium‑silicon
oxide particles

• Yield strength of composites did not ex-
ceed that of glass-free selective laser
melted 316 L but were similar to
wrought 316 L

• Corrosion testing revealed that passive
behaviour prior to pitting was not ob-
served for the produced composites
☆ The raw/processed data required to reproduce thes
request.
⁎ Corresponding author.

E-mail addresses: guilherme.sandermalab@monash.ed
nick.birbilis@anu.edu.au (N. Birbilis).

https://doi.org/10.1016/j.matdes.2020.109179
0264-1275/© 2020 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 August 2020
Received in revised form 15 September 2020
Accepted 21 September 2020
Available online 23 September 2020

Keywords:
Selective laser melting
Glass
Stainless steel
316 L
Composites
Materials development
The production of components using powder bed fusion presents unique possibilities formanufacturing. The pro-
cess of selective laser melting (SLM) can permit fusion of powders, including powder blends and alloys com-
prised from elemental powders. In this context, exploring the possibility of making composites by blending
stainless steel 316 L and glass powder (the latter being awaste product) was explored. Such compositeswere in-
vestigated on the basis of (i) significant reduction in component cost, as glass powder waste is a common indus-
trial by-product, (ii) upgrading recycledwaste, (iii) the possibility of lowering component density (the density of
glass is less than three times that of stainless steel), and (iv) the possibility of unique physical properties if glass
remains amorphous. Herein, laser scan strategies were optimised in order to produce solid cubes and tensile test
specimens. Microstructural and phase analysis were carried out by electron microscopy and x-ray techniques.
Unique Cr\\Si oxides were observed in the manufactured microstructure. The work herein presents an explor-
atory approach into the development of novel engineered composites utilising additive manufacturing.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Additive manufacturing (AM) for production of net shape compo-
nents is disrupting the manufacturing industry for a diverse range of
materials [1–5]. In the context of alloy development, production routes
via AM can allow the production of novel materials and phases which
were impossible or difficult to be achieved by conventional
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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manufacturing methods [6–8]. For example, Soro et al. [9] developed a
novel titanium‑tantalum(Ti\\25Ta)material throughAM for improving
orthodontic implants. Additionally, microstructures with unique fea-
tures producedbyAMhave beenbroadly reported for awide range of al-
loys [10–17]. Among other studies, Chao et al. [18] investigated fine
dislocation cell structures within grains in additively manufactured
stainless steels, and a new-found quasicrystal phase in additively
manufactured aluminiumalloyAA7075was reported byKairy et al. [19].

The AM method explored in the present study is a powder bed-
based system, termed select laser melting (SLM). The SLM process
consists of the application of a layer of powder over which a laser
beam selectively scans the powder, in a pattern following a computer-
aided design (CAD). The process follows a layer-by-layer procedure
until the final component is completed [20,21]. During SLM, the inter-
face of the laser and powder can reach temperatures up to ~4000 K
(3727 °C) [22]. In the same instance, cooling rates can range between
~104 and ~108 K/s [23,24] depending on the substratematerial. The par-
ticular thermal behaviour obtained by SLM permits a route for the pro-
duction ofmetastable and non-equilibriumphases inmetallicmaterials.

Composites, a subset of which may be defined as hybrid materials,
are defined as the combination of two or more materials that produce
a final material with distinct properties [20,25,26]. The addition of indi-
vidual materials of diverse mechanical, chemical and physical proper-
ties to one another will often result in properties that are retained
from the original constituent materials [27,28]. To date, metal matrix
composites have demonstrated the potential to increasemechanical re-
sistance to shear/compression forces, whilst the specific weight of the
final product is reduced [29,30]. Examples include, the addition of
nanometre-sized ceramic particles or carbon fibre to a weaker matrix
material [28,30].

Soda-lime-silica glass is one of the most common types of glass
utilised in various applications and products (e.g. bottles, windowpanes,
food containers, etc.) [31,32]. As the name suggests, such glass is princi-
pally composed of silicon (Si), calcium (Ca) and sodium (Na) oxides
[33], and makes up close to 85% of all glass manufactured by the glass
industry [34]. This type of glass possesses particular properties, such
as high hardness and low (thermal and electrical) conductivity. Soda-
lime-silica glass can be fabricated by cutting, and it can resist moderate
temperature service, with a strain points up to ~600 °C [35]. The broad
utilisation of soda-lime-silica glass in a variety of consumer applications
results in the ongoing generation of soda-lime-silica glass waste –with
suchwaste in a variety of forms, colours and sizes [34]. Research regard-
ing the use of glass waste for applications other than in glass reuse, is
not as significant as the issue of glass waste would perhaps suggest,
however some research has shown that glass waste may be used as an
additive in concrete [36]. Potentially, glass waste in powder form (or
ground glass) may be used as feedstock for powder-based AM technol-
ogies such as SLM. In rationalising this, it is noted that in small dimen-
sions (i.e. below 200 μm), glass can present significant flexibility in
contrast to brittle macro-scale glass [37–39]. Therefore, if glass is
added to a metallic matrix (and glass being present in sub 200 μm di-
mensions), if no or limited metallurgical occurs, the resultant mechani-
cal properties of the composite may be enhanced (e.g. enhanced
ductility, lower density and dramatically reduced alloy cost).

Stainless steels are a class of steels with particular resistance to
corrosion in a variety of chemically aggressive environments [40].
Table 1
Chemical composition of 316 L stainless steel and glass powders utilised to produce the specim

Element wt%

Fe Mn Si P Ni Cr Mo Cu

316 L powder 65.10 1.21 0.66 0.03 10.00 16.90 2.00 0.29
Glass powder 0.32 0.07 33.90 0.04 ND 0.01 <0.01 0.08

ND – Not detected.
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This increased resistance to corrosion is observed in stainless steels is at-
tributed to the presence of alloyed chromium (Cr) in quantities above
11wt% [41].When in contactwith oxygen, a thin self-healing chromium
oxide film is rapidly formed on the surface of such steels [42].

At temperatures above 1500 °C, glass and stainless steels are immis-
cible liquids [43]. If thesematerials are simultaneously sustained at such
a high temperate, the less dense phase (i.e. Ca-, Na-, Si-oxides) would
separate from the denser (molten) stainless steel, prohibiting compos-
ite production owing to physicochemical incompatibility in equilibrium.
However, the aforementioned localised rapid heating and high-cooling
rate thermal cycles realised during SLM, may potentially allow the for-
mation of composites comprised of a stainless steel matrix embedded
with glass particles. Engineered steel-glass composites or hybrid com-
ponents have been previously reported in construction research as a
structural combination of these two materials at the component length
scale [44–46], however, studies on the development of a bulk compo-
nents composed of a micro-chemical composites of glass in a steel ma-
trix have not been previously reported. One feasible advantage of
blending glass and steel is the production of a composite with lower
specific weight (lower density) than of stainless steels, which is benefi-
cial if the physical properties of stainless steel aremaintained. Glass also
possesses a low thermal conductivity [35], which could – beneficially –
reduce the thermal conductivity of stainless steels; whilst finally there
are significant cost benefits to using recycled waste as a starting
material.

In this study, glass powderwas blendedwith 316 L powder in differ-
ent proportions to produce homogeneous SLM feedstock powder
blends. The powder blends were utilised for the production of speci-
mens via SLM optimising laser parameters until dense solid specimens
were obtained. The resultant microstructures were characterised by a
range of microscopy techniques and x-ray diffraction. Corrosion and
mechanical performance were also explored and compared to the SLM
316 L stainless steel specimen. This study also contributes to a window
of future research for the advent of new engineeredmaterials produced
exclusively by AM technologies.

2. Experimental

2.1. Materials and methods

Gas atomised 316 L stainless steel powder was sourced from
Sandvik-OspreyLTD (United Kingdom) with a powder size distribution
of 10–53 μm. A soda-lime-silica type powder was sourced from the
local industrialwaste stream.Theglass source andcompositional unifor-
mity is highly reproducible. Prior to the blending with stainless steel
powder, theglasspowderwasdehydrated inanovenunder atmospheric
conditions at 100 °C for 24 h. Then both powderswere sieved separately
utilising individual sieveswith a 63 μmmesh size. The sieved glass pow-
derwasweighed and added to sieved 316 L powder at two unique pow-
der blend ratios: one containing 316 L with 10 wt% glass, and the other
containing 25 wt% glass. Each powder mixture was blended for 12 h
utilising a barrel mixer to homogenise the powder mixture.

The precise composition of both 316 L and glass powdersweremea-
sured by using inductively coupled plasma-atomic emission spectrom-
etry (ICP-AES) and Leco® combustion analysis, and presented in
Table 1.
ens studied herein.

V Nb Ti Al Ca Na Mg S O Other

0.04 <0.01 <0.01 0.02 0.17 0.06 0.02 0.01 0.05 3.44
ND ND 0.04 0.20 6.44 9.86 2.14 ND 46.58 0.32



Fig. 1. Backscattered electron micrographs of powders utilised in specimen production: (a) 316 L stainless steel; b) 316 L-10 wt% glass; and (c) 316 L-25 wt% glass. (d) Theoretical glass
volume fraction measured by utilising SEM images and calculated by utilising each 316 L and glass respective powder densities.
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The 316 L, the 316 L-10 wt% glass, and 316 L-25 wt% glass powder
mixtures were observed by scanning electron microscopy (SEM), via a
JOEL JSM-7001F FEG-SEM instrument, and presented in Fig. 1. These
SEM images were also utilised for the analysis of powder morphology
and validation of the powder size distribution of each powder mixture.

The specimens studied in this work were produced utilising selec-
tive laser melting (SLM) via a Concept Laser® Mlab Cusing-R instru-
ment, equipped with a 100 W fibre laser. The SLM process was carried
out in a nitrogen-purged inert atmosphere (containing <0.1% oxygen).
For each powder composition, cube specimens were manufactured
through a series of laser scan strategies until compact solid cubes
were obtained (with a density>97% as determined fromopticalmicros-
copy). The SLM laser spot size, layer thickness and hatch distance were
not altered for specimen manufacture and were maintained at 100 μm,
0.025mmand 0.08mmrespectively. The optimised SLM scan strategies
determined herein, were then utilised to produce the solid cubes and
tensile specimens that form the basis of the present study (the associ-
ated conditions for each powder blend type provided in Table 2).
Table 2
Laser scan strategy utilised to produce specimens studied herein.

316 L 316 L-10 wt% Glass 316 L-25 wt% Glass

Laser scan speed (mm/s) 1200 50 50
Laser Power (W) 90 80 90
2.2. Microstructural characterisation

Prior to microstructural characterisation, SLM 316 L, 316 L-10 wt%
glass and 316 L-25wt% glass samples weremetallographically prepared
by successively grinding to a 4000 grit finish utilising silicon carbide
(SiC) paper. Specimens were subsequently polished utilising 3 μm and
1 μm diamond suspensions. Between each surface grinding and
polishing procedure, specimens were ultrasonically cleaned in ethanol
for ~120 s. Optical microscopy (OM) was utilised to observe the micro-
structure of each polished sample, and these specimens were also
analysed using SEM in the backscattered electron (BSE) mode.
3

Additionally, energy-dispersive X-ray spectrometry (EDXS) was also
carried out utilising anOxford Instruments AZtec X-ray analysis system.

The microstructural features observed from SEM characterisation
were also examined by transmission electron microscopy (TEM)
utilising an FEI® Tecnai G2 T20 microscope. The composition of micro-
structural features observed by TEM was also investigated by EDXS
utilising a Bruker® QUANTAX 30 mm2 silicon drift detector.

The SLMprepared specimenswere also analysed by X-ray diffraction
(XRD). The XRD data were collected using a Bruker® D8 Advance dif-
fractometer with Co Kα radiation and a Lynxeye® position sensitive de-
tector. The crystalline phases were identified, and the crystalline phase
fractions were quantified bywhole-pattern Rietveldmethod as embod-
ied in the software package TOPAS (Version 5, Bruker® AXS).

2.3. Density measurements and mechanical testing

Cube-shaped samples of SLM 316 L, 316 L-10 wt% glass and 316 L-
25 wt% glass specimens were metallographically prepared to a 1200
grit surface finish on all their surfaces for the empirical measurement
of density by Archimedes' buoyant force method. The samples were
weighed with a 0.0001 g precision scale in air and submerged in
deionised water. The weight difference was utilised to calculate each
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cube's volume and consequently their respective density, which was
compared to their wrought counterpart density. Each measurement
was performed in triplicate for statistical validation.

Tensile testing was performed utilising an INSTRON 100 kN model
4505 instrument with a displacement rate of 0.02 mm/s using a 100
KN load cell and a 10 mm extensometer.

2.4. Electrochemical testing

Electrochemical testing to assess the corrosion performance of the
specimens prepared herein was investigated by cyclic potentiodynamic
polarisation (CPP) in 0.6 M NaCl solution. The electrochemical testing
was performed utilising a three-electrode flat cell (PAR K-0235),
which employed a platinum mesh counter electrode and a saturated
calomel reference electrode. Prior to electrochemical testing, specimens
were ground to a 2000 grit SiC finish and cleanedwith ethanol in an ul-
trasonic bath. The CPP testing involved a 10 min conditioning in the
0.6 M NaCl solution at the open circuit potential (OCP), followed by
polarisation with a scan rate of 1 mV/s. Polarisation commenced from
0.20 V below the OCP until a current density of 0.1 mA/cm2 reached,
after which the scan was reversed to the starting potential of 0.20 V
below OCP. Electrochemical testing was repeated in triplicate for each
specimen.

3. Results

3.1. Powder analysis

The SEM images corresponding to each powder blend (Fig. 1) reveal
a significant decrease in the volumetric proportion of 316 L powder par-
ticles when glass powder was added into the blended powder mixture.
Theoretical glass powder volume fraction was calculated from the anal-
ysis of SEM images and based on the known values of 316 L and glass
powder densities. The volume fraction values of glass observed by
SEMwere higher for both powder blends in comparison to the theoret-
ical values (Fig. 1d).

3.2. Microstructure and physical characterisation

The corresponding chemical compositions for the SLM 316 L, 316 L-
10 wt% glass and 316 L-25 wt% glass are presented in Table 3.

It can be noted that iron (Fe) wt% was similar for both 316 L-10 wt%
glass and SLM 316 L specimens (~ 67 0.3 wt%). However, the 316 L-
25 wt% glass presented approximately 7 wt% more Fe in its chemical
composition than the other two specimens. In comparison to SLM
316 L, the final Cr concentration for the 316 L-10 wt% glass and 316 L-
25 wt% glass is reduced by reduction of 3 and 10 wt% respectively. A
global decrease in the concentration of elements not present in the
glass is anticipated for the composite blends. However, the most signif-
icant aspects of the final compositions (in Table 3) may be considered
the lack of integration of the original glass composition (albeit that
glass is present in a higher volume fraction). What is meant by this, is
that the concentration of Si is similar in all of the specimens, however
Si is a principle component of the original glass powder. Furthermore,
the concentration of oxygen (whilst above 1.2 wt% for the 316 L-glass
blended samples) is indicative that the oxygen was not integrated into
Table 3
Chemical composition of the selective laser melted 316 L, 316 L-10 wt% glass and 316 L-25 wt

Element wt%

Fe Mn Si P Ni Cr Mo Cu

SLM 316 L 67.35 1.26 0.66 0.04 11.1 16.8 2.28 0.24
316 L-10 wt% glass 67.63 0.37 0.72 0.04 12.8 13.8 3.15 0.17
316 L-25 wt% glass 74.06 0.15 0.55 0.04 13.6 6.48 3.52 0.14

ND – Not detected.
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the final composite. The disparities in chemical composition led to atyp-
ical microstructures, mechanical and corrosion properties that are fur-
ther discussed in the following sections below.

Metallographically prepared SLM 316 L, 316 L-10 wt% glass and
316 L-25 wt% samples were analysed by OM and their respective col-
lected images are shown in Fig. 2. In spite of the aforementioned varia-
tions in expected final composition, the quality and density of the
component integrity is considered to be excellent.

The presence of porosity has been reported extensively in the litera-
ture as feature of well produced SLM stainless steels [47–49]. As there-
fore expected, the occurrence of porosity was evident for the SLM 316 L
specimen produced as seen in Fig. 2a. Whilst in some cases, depending
on alloy composition, pores may be associated were segregated parti-
cles [50,51], the corresponding EDXS mapping revealed that no micro-
scale chemical segregation occurred for the SLM 316 L (Fig. 3).

Heterogenous features were also observed on the surface of
316 L-10 wt% glass and 316 L-25 wt% glass as shown in Fig. 2b and
Fig. 2c respectively. Initially, these features were also considered as
pores remnant from the SLM process as noted for SLM 316 L. However,
composition maps obtained by EDXS revealed the qualitative element
distribution for 316 L-10 wt% glass (Fig. 4) and 316 L-25 wt% glass
(Fig. 5), indicating that such features observed optically, are not in
fact pores.

The EDXSmapping of 316 L – glass specimens reveals rather vividly,
that the micro-features observed in Fig. 2 are not pores, and are regions
of the microstructure associated with the segregation of Cr to the prior
glass powder, forming Cr\\Si oxides shown in Figs. 4 and 5. It is noted
that the shape of such Cr\\Si oxides varied between the 316 L-10 wt%
glass and 316 L-25 wt% glass. The former (316 L-10 wt% glass) pre-
sented large (~50 μm) irregular shaped segregates whilst the latter
(316 L-25 wt% glass) presented smaller (~5 μm) circular ones.

The density, and concomitantly porosity, could not be accurately cal-
culated by OM image analysis due to the presence of the Cr\\Si oxides
mentioned above. Alternatively, the Archimedes buoyant method was
carried out to define the density for the SLM 316 L, 316 L-10 wt% glass
and 316 L-25 wt% glass as presented in Table 4. Wrought 316 L density
was added to Table 4 for reference. The SLM 316 L and 316 L-25 wt%
glass specimens presented similar densities (~7.8 g/cm3). Meanwhile,
a lower density was measured for 316 L-10 wt% glass (~7.4 g/cm3)
whichwasmost likely due to (and attributed to) the presence of the sig-
nificantly larger Cr\\Si oxides in the microstructure.

The theoretical density, which is the density specimens would pos-
sess if no pores were present and all the wt% glass (with density of
2.50 g/cm3 [52]) contained in the SLM feedstock material was incorpo-
rated into the SLM 316 L bulk, was also presented in (Table 4). Both
theoretical and measured densities were similar for the 316 L-10 wt%
glass specimen (~7.4 g/cm3). The theoretical density was however
~16% lower than the measured density for the 316 L-25 wt% glass.
The data provided in Table 4 added to the EDXS maps presented
above suggested that there was a threshold between 10 and 25 wt%
in which glass ceases to be effectively assimilated into the microstruc-
ture of 316 L stainless steel.

Images from the Cr\\Si oxide and bulk interface region were col-
lected in brightfield (BF) TEMmode for the 316 L-10wt% and presented
in Fig. 6a.
% glass specimens.

V Nb Ti Al Ca Na Mg S C O

0.08 0.02 < 0.01 0.04 ND ND ND 0.02 0.02 0.06
0.03 < 0.01 < 0.01 0.02 ND ND ND 0.03 0.02 1.22
0.01 < 0.01 < 0.01 0.06 ND ND ND 0.03 0.01 1.35



Fig. 2. Optical micrographs of metallographically polished surfaces of: (a) 316 L stainless steel; b) 316 L-10 wt% glass; and (c) 316 L-25 wt% glass.
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For images collected using BF-TEM, the contrast variations distin-
guished local chemical composition, whereas the darkest regions
(denoted by the arrow in Fig. 6a) represent the Cr\\Si oxides. Semi-
quantitative chemical TEM-EDXS analysis (Fig. 6b) was in agreement
with the results obtained from SEM-EDXS assessment (Fig. 4). Whilst
noting the semi-quantitative nature of EDXS (and noting that the quan-
tification of light elements including oxygen is approximate), an oxygen
concentrationof52.6at. %wasdetermined for theparticles,withaCrand
Si concentration of 34.0 at. % and 7.3 at. %, respectively. The remaining
Fig. 3. EDXS chemical composition m
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elements in the Cr\\Si oxide particle were 4.5 at. % manganese (Mn)
and 1.8 at. % of Fe. Selected area diffraction patterns were collected
from a discrete Cr\\Si oxide particle denoted by the point in Fig. 6a,
for both <001> and <101> directions, and shown in Fig. 6c and d. A
crystalline diamond cubic unit cell was indexed from the Cr\\Si oxide
diffraction pattern, without any evidence of an amorphous phase.

The XRD spectra (Fig. 7a) determined for all specimen types re-
vealed that SLM 316 L was solely comprised of a face centred crystal
(FCC) structure (austenite). Similarly, FCC was the principal and
aps of the SLM 316 L specimen.



Fig. 4. Chemical composition maps (EDXS mapping) of the 316–10 wt% glass specimen.
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majority phase for 316 L-10 wt% glass and 316 L-25 wt% glass, however
a body centred cubic (BCC) phase was also detected for the specimens
containing the highest proportion of glass feedstock (Fig. 7a). The aus-
tenite lattice parameter (ALP) was also measured by XRD for each spec-
imen and presented (Fig. 7b). The 316 L-10 wt% glass revealed the
lowest ALP of 3.5940 ± 9.8 × 10−5 Å in comparison to 316 L-25 wt%
and of SLM 316 L with ALP of 3.5975 ± 1.24 × 10−4 Å and 3.5980 ±
2.16 × 10−4Å respectively.

3.3. Mechanical performance

The results from uniaxial tensile testing are presented for SLM 316 L,
316 L-10wt% glass and 316 L-25wt% glass specimens is shown in Fig. 8.

The tensile response of wrought 316 L was included in Fig. 8 as a
benchmark formechanical performance comparison. The 316 L-10wt%
glass specimen presented the lowest value of ultimate tensile strength
(232 MPa) in comparison with the 316 L-25 wt% (431 MPa) and SLM
316 L (650 MPa). Both 316 L-glass specimens revealed elongation
values lower than ~7%, while the elongation of SLM 316 L was 46.6%.

Fracture surface imaging using SEM for a 316 L-10 wt% glass speci-
men following tensile fracture is presented in Fig. 9. A ductile fracture
pattern was observed although the specimens did not present signifi-
cant elongation (relative to 100% 316 L specimens) during tensile test-
ing. Cavities with a diameter of ~100 μm as denoted in Fig. 9
Fig. 5. Chemical composition maps (EDXS map
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presented some evidence of brittle fracture sites. Those sites may
could also be associated with regions where the Cr\\Si oxides are pres-
ent, although it is note that given the Cr\\Si oxide phase was only re-
vealed in this work, its relative ductility (or brittleness) is not as yet
determined. It is also noteworthy that evidence (albeit at low incidence)
of unmelted powder was also visible, as highlighted by the dashed
square in Fig. 9, which has been noted as a common cause for porosity
in SLM prepared alloys [53].

The Vicker's microhardness of the materials studied herein, using a
1 kg load, was determined to be, SLM 316 L (255 ± 8 HV1), 316 L-10.
wt% glass (180 ± 10 HV1) and 316 L-25 wt% glass (205 ± 10 HV1).
The measured hardness for SLM 316 L is in close agreement with litera-
ture reported values [54,55]. It is noted that the addition of glass did not
increase the hardness of SLM316 L (rather, the addition of glass lowered
hardness relative to SLM 316 L) but was at values higher than the
established value of ~155 HV for wrought 316 L. However, with the
knowledge that the glass was integrated into 316 L by ‘alloying’ from
the SLM process, a rise in hardness from ‘glass reinforcement’ was not
realised. It remains unknown as to whether glass at this size range
would have led to an increased in hardness, however it has been ob-
served in other systems that TiN additions to 316 L may increase hard-
ness (to ~350 HV) [56]. What is observed from the hardness results
herein, is that hardness is not necessarily a meaningful proxy to
strength or ductility, which emphasises the requirement for tensile
ping) of the 316–25 wt% glass specimen.



Table 4
Density of the selective laser melted specimens as measured by Archimedes buoyant method and the theoretically calculated density based on the respective feedstock composition.

SLM 316 L 316 L-10 wt% glass 316 L-25 wt% glass Wrought 316 L

Measured density (g/cm3) 7.87 ± 0.03 7.41 ± 0.01 7.88 ± 0.03 8.00
Relative measured density to wrought (%) 98.45 92.63 98.52 100
Theoretical Density (g/cm3) 8.00 7.45 6.62 –
Relative theoretical density to wrought (%) 100 93.12 82.75 –
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testing in order to more appropriately assess the mechanical properties
of the materials being investigated.

3.4. Electrochemical performance

Representative cyclic potentiodynamic polarisation (CPP) curves for
SLM 316 L, 316 L-10wt% glass and 316 L-25 wt% glass in 0.6M NaCl are
presented in Fig. 10a.

The key observation derived from the CPP curves was that passive
behaviour, defined as a low rate of current density (~10−6 A/cm2)
over a range of applied anodic potentials, was not observed during the
polarisation of 316 L-10 wt% glass and 316 L-25 wt% glass. Conse-
quently, the pitting potential (Epit) (i.e. the potential at which current
Fig. 6. (a) BF-TEM image, (b) EDXS spectrum and (c) and (d) 〈001〉 and 〈101〉 zone axis micr
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density increases abruptly during CPP as a consequence of passive re-
gime breakdown) could not bemeasured for the 316 L-glass specimens.
The lack of passivity, hence lack of Epit indicated that the addition of
glass powder to the 316 L powder hindered the passivation of the SLM
316 L-glass specimens. In contrast, passive behaviour and passivity
breakdown were observed for the SLM 316 L with an average Epit of
+0.53 VSCE. The corrosion potential (Ecorr) and corrosion current den-
sity (icorr) values were also extracted from the CPP curves for the SLM
316 L, 316 L-10 wt% glass and 316 L-25 wt% glass specimens and com-
piled in Table 5.

As discernible from their respective CPP curves (Fig. 10a), the SLM
316 L presented higher Ecorr and (−0.188 VSCE) and lower icorr
(0.081 μA/cm2) than both 316 L-10 wt% glass (−0.219 VSCE;
o-diffraction patterns, recorded from the particles observed in the 316 L-10 wt% sample.



Fig. 7. (a) XRD of SLM 316 L, 316 L-10 wt% glass and 316 L-25 wt% glass noting the percentage of BCC and FCC phases forming their respective crystal structure. (b) Austenite lattice
parameter measured by XRD for each specimen.
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0.195 μA/cm2) and the 316 L-25 wt% glass (−0.290 VSCE; 0.327 μA/cm2)
specimens.

4. Discussion

The results presented above demonstrate that it was possible to pro-
duce a dense, and net shape, composite of 316 L stainless steel and glass.
The results also reveal outcomes that were not anticipated ahead of the
study (and discussed below), including novel outcomes that include the
revelation of a new alloy phase that formed from the SLM production
route employed.

In assessing the composites produced, it was noted that the blend of
irregularly shaped glass particles with what was principally spherical
316 L powder particles in the 316 L-glass SLM feedstock (Fig. 1) may
Fig. 8. Representative stress-strain curves from uniaxial tensile testing for the SLM 316 L,
316 L-10 wt% glass, 316 L-25 wt% glass and Wrought 316 L.
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have potentially hindered theflowability and compaction of thepowder
onto the substrate - during layer application (recoating) in the SLMpro-
cess. A lower flowability and irregular distribution of particles can lead
to the formation of “empty” spaces and unmelted powder regions and
these regions becoming sites of porosity after solidification. Although
pores were not observed clearly for the 316 L-10 wt% glass in OM im-
ages, there was evidence of porosity in the SEM images of the fracture
surface specimen due to the presence of unmelted powder particles
(Fig. 9).

As anticipated for the SLMprepared 100% 316 L [18],microscale het-
erogeneity in the microstructure was not observed, and a fully FCC
structure (austenite) was formed (Fig. 3). However, for the 316 L-
10wt% glass composite, the resultant microstructure revealed a consid-
erable number of heterogeneous features (Fig. 4). These features were
determined to be a Cr\\Si oxide phase, which has not been previously
reported (in stainless steels, or in any domain). This phase formed as a
result of co-segregation of Cr and Si, in response to the high tempera-
tures realised in the SLM process. The phase also incorporates a signifi-
cant concentration (>50 at. %) of oxygen, which is the only dominant
remnant oxygen from the feedstock glass.

The chemical composition of glass and 316 L powders along with
their respective powder blends utilised to produce the specimens stud-
ied in this work (Table 1) revealed that most of the elements present in
the glass (e.g. Si, Ca, Na, O)were partially or completely ejected from the
melt pool region during SLMdue to their lower density in comparison to
liquid 316 L. This was verified by the lack of these elements in chemical
compositionmeasurements of the SLM316 L-glass specimens (Table 3).
However, as noted, glass influenced the segregation of Cr, Si and oxygen
into the 316 L matrix during the 316 L-glass powder blend melting.

For the SLM of 100% 316 L stainless steel components, small to no
variation of chemical composition is expected between the powder
feedstock and final component. In the case of 316 L- glass composites,
the final compositions presented in |Table 3 are also suggestive of selec-
tive loss of alloying elements and thus evidence of oxide development
(viz. oxidation) during SLM, that creates reaction products that are
‘lost’ to SLM instrument chamber. This was not studied herein specifi-
cally, but the so-called loss of alloying elements may occur from a



Fig. 9. SEM image of the fracture surface of 316 L-10 wt% glass following tensile fracture.
The dashed square highlights a cavity containing an un-melted powder particle.
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number of mechanisms. One mechanism is that lightweight oxides or
oxidation products are physically displaced during the turbulence of
the SLM build process (and also possibly displaced by the recoater
blade subsequently). Another mechanism is that splatter of liquid
metal (in this case the melt pool) or ejection metal particles from the
liquid phase can be aided by the presence of oxygen dissolving in the
liquid phase –with the glass serving as a local oxygen source. The inter-
action between the laser and powder bed during SLM promotes ex-
tremely rapid cooling/heating cycles (up to ~108 K/s). This can
generate unstable melt pools since two immiscible components (in
their liquid phase) are concentrated in the melting region. Liquid glass
(with lower density) and liquid stainless steel (with higher density) in-
teraction at high temperatures could have promoted instantaneous
glass ejection from the melt pool. The ejected liquid glass particles
would solidify as they exited the melt pool region forming a high num-
ber of spatters (as in fact observed in this work) during the SLM of the
316 L-glass.

Glass (as feedstock composition)was not retained in the 316 L-glass
blend after SLM since instead of an amorphous structure, a crystalline
phase (or segregate) bonded to the austenitic 316 L matrix. This phase
is posited to have developed as a result of excess oxygen reacted with
Cr and Si in the melt pool, forming the empirically observed Cr\\Si ox-
ides. As themelt pool cooled down (at extremely rapid rates), complete
Fig. 10. (a) Representative cyclic-potentiodynamic curves of the SLM 316 L, 316 L-10 wt% glas
density and corrosion potential.
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solidification would have commenced between ~1390–1440 °C (melt-
ing temperature range for both 316 L and glass) entrapping a parcel of
such Si\\Cr oxides in the metallic matrix. The newly observed crystal-
line phase was identified as a combination of Cr\\Si oxides. Therefore,
the results presented herein are evidence that a 316 L-glass composite
was not necessarily formed in this exploratory work. Nevertheless, the
microstructure of 316 L was altered by the presence of glass in their
powder feedstock during SLM. Austenite was still the predominant
phase (as for 316 L stainless steels) for both 316 L-10 wt% glass and
316 L-25 wt% specimens, with low traces of a BCC phase in their micro-
structure. Interestingly, ferromagnetic behaviour was observed for the
316 L-10 wt% glass specimen as they reacted to the presence of a mag-
netwhich is a behaviour not commonly observed for austenitic stainless
steels.

The 316 L-25wt% glass specimendid not extensively form the Cr\\Si
oxides observed for the 316 L-10 wt% glass specimen. Instead, smaller
oxide particleswere formed as seen in Fig. 5. The glass powder volumet-
ric fraction in a 316 L-glass blend containing 25 wt% glass was some-
where between 50 and 80%. This likely created conditions that
allowed most of the glass to be ejected from the melt pool hindering
the formation of the Cr\\Si oxides. At the same time, XRD spectra for
316 L-25wt% glass also showed a similar proportion of BCC phase as ob-
served for 316 L-10 wt% glass. This indicated the existence of a satura-
tion point for the formation BCC phase in the 316 L-glass system that
was independent of the presence of Cr\\Si oxides. Additionally, blend-
ing glass to 316 L stainless steel did not modify the bulk composition
(after SLM) to the extent that can strongly change the FCC to BCC trans-
formation sequence during solidification The aforementioned residual
BCC may derive from the saturation of liquid Si present in the steel/
glass melt pool that could have influenced BCC phase formation as Si
has been reported to be a ferrite (BCC) stabilizer in steels [57].

Tensile testing revealed that both 316 L-10 wt% glass and 316 L-
25 wt% glass specimens did not present mechanical properties similar
to (and nor superior to(the SLM 316 L specimen (Fig. 8). In the case of
316 L-10 wt% glass, the Cr\\Si oxide particles (possibly a brittle
phase) could have markedly contributed to the low elongation ob-
served. Additionally, the presence of unmelted powder led to the de-
duction that porosity caused by insufficient melting during SLM may
also be present in the 316 L-10wt% glass and 316 L-25wt% glass micro-
structures (Fig. 10). Nonetheless, whilst the properties of the 316 L glass
composites observed were not immediately encouraging, it does merit
comment that the 316 L-25 wt% glass specimens could match (and ex-
ceed) the yield strength of wrought 316 L, albeit with lower ductility. It
also merits comment however, that the limited ductility observed
s and 316 L-25 wt% glass in 0.6 M NaCl solution and (b) their respective corrosion current



Table 5
Summary of the electrochemically determined corrosion response of SLM 316 L, 316 L-
10 wt% glass and 316 L-25 wt% glass samples from cyclic potentiodynamic polarisation
in 0.6 M NaCl.

icorr (μA/cm2) Ecorr (VSCE) Epit (VSCE)

SLM 316 L 0.081 ± 0.024 −0.188 ± 0.027 0.53 ± 0.12
316 L-10 wt% glass 0.195 ± 0.065 −0.219 ± 0.010 n/a
316 L-25 wt% glass 0.327 ± 0.194 −0.290 ± 0.024 n/a
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herein,with the 316 L-glass specimens, is not atypical of other engineer-
ing materials such as the ductility of high strength steels and high-
strength aluminium alloys (i.e. ~7%) – which is suggestive that future
work on the utilisation of waste materials for value added composites
is a worthwhile research endeavour.

Finally, electrochemical tests revealed that the 316 L-10 wt% glass
and 316 L-25 wt% glass specimens did not develop passive behaviour
during their CPP in 0.6 M NaCl in contrast with what was observed for
the SLM 316 L. This is posited to be as a result of the disruption of the
chromium oxide film which commonly passivates 316 L, which may
have not uniformly been able to develop upon 316 L-glass composites
that present a heterogenousmicrostructure (and hence, local solute en-
richment and depletion of Cr). The local loss of passivity in stainless
steels due to Cr depletion has been previously reported as a ‘sensitisa-
tion’ of such alloys [41]. In this phenomenon, solubilised Cr in the stain-
less steel matrix diffuses to carbon-rich regions (generally grain
boundaries) forming Cr-carbides. The Cr depleted zones become anodic
to their surroundings thus leading to localised corrosion. Analogously,
the segregation of Cr to Si\\O rich regions in the 316 L-glass system
could have caused the loss of passivity observed during the potentiody-
namic polarisation of these specimens in 0.6MNaCl. Althoughwhile it is
noted that the corrosion current density (icorr) values for the glass con-
taining 316 L stainless steel are higher than those of 100% 316 L, they
are still relatively low from an engineering perspective (i.e. they are <
~1 μA/cm2) which is still considered to be a low value of icorr for engi-
neering materials (and in a similar range to what is expected from
pure aluminium). This therefore indicates that although the ductility
and corrosion performance of 316 L-glass composites are below the
benchmark expectation of wrought 316 L, there are adequate, and they
indicate that future work in such AM specific composites is warranted.

5. Conclusions

The study herein sought to produce novel composites capable of
being manufactured in net-shape by selective laser melting, by mixing
waste glass powder with 316 L stainless steel powder. Glass powder
was added to 316 L powder in 10 and 25wt% proportion, and suchmix-
tures were capable of satisfactory net shape production with high den-
sities achieved. This indicates that powder bed methods are indeed
capable of producing unique composite blends, or bulk materials that
are unable to be readily produced by other means. The microstructures,
mechanical performance and electrochemical properties of produced
specimens were also studied herein, and the findings in this work
include:

• Glass powder, when integrated into solid specimenswith 316 L stain-
less steel, was not present as an amorphous phase. The glass was inte-
grated into the stainless steel, resulting in ‘alloying’ in the
metallurgical sense. The glass powder was intimately integrated into
the alloy structure, and therewas significant segregation of chromium
towhatwas prior glass powder, which resulted in the empirical deter-
mination of new-found crystalline Cr\\Si oxides particles, as detected
by both SEM and TEM analysis.

• As anticipated, the specimens prepared from glass and 316 L stainless
steel blends resulted in specimens of lower density than the wrought
316 L stainless steel.
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• The stainless steel/glass samples were comparatively brittle in com-
parison with both wrought or SLM prepared 316 L stainless steel.
The maximum ultimate tensile stress obtained for a stainless steel-
glass blend was up to 430 MPa, and the elongation realised for
25 wt% glass was ~7. These properties are inferior to SLM prepared
316 L – noting that SLMprepared 316 L has improved properties com-
pared towrought 316 L owing to a refined grain size. Nonetheless, the
yield strength of the 25 wt% glass specimen was not too dissimilar to
that of wrought 316 L, and in cases where lower elongation is tolera-
ble, the mechanical performance of the stainless steel – glass ‘alloys’
presented herein are meaningful for an exploratory study – and war-
rant further future work.

• In terms of electrochemical performance – as corrosion resistance of
stainless steels is a basic feature of their selection asmetallic materials
– it was observed that classical passive behaviour was not detected in
the glass containing samples from polarisation testing in 0.6 M NaCl.
This led to the conclusion that the observed Cr segregation hindered
the formation of a Cr-rich oxide film on these specimens' surface in
the manner formed for (100%) 316 L.
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