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Abstract
Binder jetting is a versatile additive manufacturing technique suitable to produce alloys that are difficult to obtain by powder 
bed fusion techniques, such as precious metals, due to their high reflectivity and thermal conductivity. In this study, a 18K 
5N gold alloy powder was employed in the printing process. Different heat treatments and densification processes were 
employed to achieve final-stage sintering and remove residual porosity, whilst controlling the evolution of copper oxides by 
reduction with hydrogen and graphite. Powder, green and sintered samples were characterised at the microstructural level 
by X-ray diffraction, microscopy and energy dispersive X-ray spectroscopy to assess phase transitions and secondary-phase 
formation. Oxide-free components with a final relative density above 90% were achieved by densification at 830 °C combined 
with carbon- and CO-induced reduction of tenorite and cuprite. The optimal manufacturing route was chosen to produce a 
bezel, as a case study for the adoption of this technique in the jewellery industry.
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1 Introduction

Precious metals, as gold, silver and platinum, are interesting 
materials for the application of additive manufacturing (AM) 
techniques because they are correlated to the production of 
customised high-added value products, typical of indus-
trial sectors as jewellery and dentistry [1, 2]. In both cases, 
unique designs and solutions are highly regarded given the 
importance of aesthetic in the first case [3] and tailored con-
figurations in the second [4, 5].

In the metal AM scenario, the most developed processes 
are powder bed fusion (PBF) and direct energy deposi-
tion (DED) with a laser source. Such techniques are suit-
able for most metals; however, the high reflectivity and 
thermal conductivity of some materials (e.g. gold, silver, 
copper…) place a series of challenges to the achievement 
of dense and precise components since melting pools are 
reduced in size and unstable. In addition, all the usual dis-
advantages of direct AM processes must be accounted for: 
strong microstructural anisotropy [6], low control on phase 

transformations [7], building up of residual stresses, pres-
ence of residual porosity [5, 8, 9], need for support structures 
and others. In the past decade, several efforts explored the 
possibility of producing components from L-PBF, but lim-
ited advancements were obtained.

In the last years, AM of metals has seen the rise of indi-
rect techniques based on a shaping phase followed by a 
sintering process to achieve densification as in the case of 
binder jetting (BJT) and material extrusion. In particular, 
BJT features an almost unlimited freedom of design and 
employs feedstocks that can be produced rapidly with a mul-
titude of processes (for example gas or ultrasonic atomisa-
tion); thus, it could be easily applied to the aforementioned 
industrial necessities.

Given the absence of scientific publications on precious 
metals by BJT, the work is aimed at investigating all the 
steps of production of 18 karats gold alloy with a focus on 
phase transformations and redox reactions undergoing the 
different treatments involved in the process.

 * Marco Mariani 
 marco.mariani@polimi.it

1 Department of Mechanical Engineering, Politecnico di 
Milano, via La Masa 1, 20156 Milan, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-023-00462-3&domain=pdf
http://orcid.org/0000-0003-3022-9597


 Progress in Additive Manufacturing

1 3

2  Materials and methods

2.1  Printing parameters and sintering procedures

The feedstock material was a spherical 18K 5N gold 
alloy powder (Fig.  1) provided by Legor (IT) with a 
 D50 = 10.8  μm (sieved at 25  μm) and a Carr index of 
8.11. The liquid binder of choice was the  AquaFuse® 
from ExOne (US), which is an aqueous-based solution 
containing the monomers for polyethylene glycol (PEG) 
formation.

The studied specimens were printed with an Inno-
vent + machine from ExOne (US). The printing param-
eters were optimised to allow the deposition of a sufficient 
amount of material to generate a compact powder bed and 
they are listed in Table 1. The curing phase was performed 
at 180 °C for 6 h to achieve the crosslinking of the poly-
meric phase in the deposited liquid binder, thus allowing 

the extraction of the green bodies from the excess powder 
by manual brushing.

The sintering behaviour was initially studied by dilatom-
etry performed in a LINSEIS DIL L75 PT dilatometer. Both 
green (cured) and brown (debinded) samples were analysed 
in inert atmosphere (Ar) following the thermal treatments 
described in Table 2.

Then, debinding and sintering were performed in a single 
cycle in a dedicated furnace. Debinding was achieved by 
adding an initial step of 3 h at 450 °C, to complete the burn-
out of the organic phase, whilst sintering was attempted at 
different temperatures and atmospheres, as listed in Table 2, 
to verify which conditions were beneficial to densification 
and geometrical accuracy. “RX” (X = dwelling temperature) 
is used for referring to the samples treated in a reducing 
atmosphere. “IX” refers to the treatments performed with 
inert atmosphere (Ar) in a graphite crucible to promote car-
bon monoxide/dioxide formation.

Fig. 1  SEM image (left) and 
cumulative distribution (right) 
of the gas atomised powder 
from a 18K 5N gold alloy

Table 1  Printing parameters employed to produce the specimens

Binder set time (s) Drying time (s) Bed temperature 
(°C)

Roller speed (rpm) Recoat speed (mm 
 s−1)

Layer thickness 
(μm)

Binder saturation 
(%)

5.0 15.0 50.0 600 3.0 50 80

Table 2  Debinding and 
sintering conditions applied 
during dilatometric analysis, 
respectively, on cured (green) 
and debinded (brown) samples, 
and thermal treatments 
performed to achieve 
densification (RX, IX)

Sample ID Heating rate 
(°C  min−1)

Debinding 
temperature 
(°C)

Debinding 
time (h)

Sintering 
temperature 
(°C)

Sintering 
time (h)

Atmosphere

Green 3 450 3 700 3 Ar
Brown – – – 700 3 Ar
R800 5 450 3 800 3 5%  H2/95%  N2

R830 5 450 3 830 3 5%  H2/95%  N2

I750 5 450 3 750 3 Ar
I800 5 450 3 800 3 Ar
I830 5 450 3 830 3 Ar
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2.2  Microstructural and geometrical 
characterisation

As-received and cured powders were analysed by X-ray dif-
fraction on a 30°–90° range with a step size of 0.02° and a 
Cu-Kα source through a SmartLab II Rigaku diffractometer. 
Phase transformations, debinding reactions and sintering 
mechanisms were evaluated by combining the results from 
differential scanning calorimetry analysis (DSC) on powder 
by a Setaram Labsys 1600 and dilatometric measurements 
on a green sample (diameter = 4 mm) with a LINSEIS DIL 
L75 PT Vertical VS1600C. In the former case, the thermal 
cycle was from room temperature to 1150 °C in inert atmos-
phere (Ar) with a 5 °C  min−1 heating rate and − 10 °C  min−1 
cooling rate, while in the latter, it went from room tempera-
ture to 450 °C and later to 700 °C with 3 h dwelling time at 
each step and a heating ramp of 5 °C  min−1, then cooled at 
10 °C  min−1, in argon atmosphere.

All sintered components’ relative density was estimated 
by Archimedes density in water, considering a theoretical 
density of 14.9 g  cm−3.

The samples surface was treated by chemical picking with 
a sulfamic acid solution at 50 °C for 30 min to remove the 
superficial oxide layer. The specimens were cut along the 
transversal direction with respect to the layer orientation and 
mirror polished. The microstructure was analysed by optical 
microscopy with a Nikon Eclipse L V150NL and by field 
emission scanning electron microscopy (FE-SEM) with a 
ZEISS AG-EVO 50 equipped with energy dispersive X-ray 
spectroscopy (EDX), employed to quantify the content of 
Au, Cu, Ag and O in the different regions of the components.

As-printed and polished samples’ surface roughness was 
evaluated by Alicona Infinite Focus optical 3D measuring 
system (polarised light, cutoff wavelength = 250 μm).

3  Results and discussion

3.1  Powder and green samples analysis

The cylindrical samples for dilatometry and the cubic sam-
ples featured an average relative density of 58.5 ± 1.5%, 
which is extremely high for binder jetting typical values 
when comparable fine powders are employed [10]. This 
result is likely achieved thanks to the good flowability of 
the feedstock (Carr Index < 15) and to the layer-by-layer 
deposition mode that reduces the risk of macropores forma-
tion within the powder bed. The second aspect is likely the 
most beneficial: layerwise deposition and spreading limit 
the risk of air entrapment within the particles, which, on 
the contrary, often occurs when handling large amounts of 
loose fine particles. Such behaviour is also underlined by 
the low correlation between packing density and rheometric 
measurements, with both well and bad flowing feedstocks 
similarly achieving optimal powder bed density (50–60%) 
as shown in literature [11–15].

Printed samples accuracy was evaluated by geometrical 
measurements on the cubes, whose theoretical side length 
is 3 mm. It was observed that along the planar (X and Y 
axis) and building (Z axis) directions, the offset from the 
CAD size is different: the dimensions were 3.18 ± 0.03 mm, 
3.16 ± 0.03 mm and 3.38 ± 0.17 mm along the X, Y and Z 
axis, respectively. The vertical direction is that suffering 
from the largest discrepancy likely due to accumulation of 
binder at each interlayer region, responsible for the forma-
tion of excess porosity [16, 17].

The dilatometric analysis is presented in Fig. 2A. The 
consistent shrinkage in the 180–200 °C range is the result 
of binder burnout in the green component as observed in 
the thermogravimetric analyses performed by Do et al. 
[18] and Lecis et al. [10], whilst the expansion peak at 
385–400 °C in both curves is due to AuCu I  (L10, face-
centred tetragonal) to AuCu II (orthorhombic) ordered 
phases transformation, as expected by DSC measurement 
(Fig. 2B) and literature [19–21]. At higher temperatures, 

Fig. 2  A Dilatometric analysis 
on green (straight line) and 
brown (dotted line) samples and 
B DSC analysis on as-received 
powder
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AuCu II transforms into the disordered A1 face-centred 
cubic phase in correspondence to the Kurnakov point, 
with gold, silver and copper atoms being progressively 
solubilised into the solid solution [3, 22]. The volume vari-
ation related to the  L10 to A1 transition is confirmed by 
the lower part of the curve (corresponding to the cooling 
stage). In this case, the transition onset is below 300 °C 
likely due to the faster cooling rate which produces a delay 
amongst the actual beginning of  L10 formation and the 
detection of the shrinkage. The size reduction during the 
remaining heating phase of the thermal treatment is mod-
erate and originates from volume diffusion mechanisms 
initiated at about 500 °C. The analysis on the debinded 
component underlines that in absence of binder, the part 
is subject to a relevant increase in size from cumulation 
of thermal expansion of each particle up to 500 °C. The 
DSC analysis also sets the onset of liquid-phase formation 
at about 890 °C, as expected from literature [3, 19].

The phase transformation from  L10 to A1 is confirmed 
also by XRD analysis on the as-received and cured pow-
ders. The as-received powders contain both phases, with 
residual traces of tenorite (CuO), as can be seen in Fig. 3A 
[23]. The two phases are likely formed during the atomisa-
tion process, whose cooling is fast enough to partially pre-
serve A1, whilst the minimal amount of tenorite is likely 
the result of oxidation of both phases exposure to air as 
noted for pure copper by Nyborg and Cao [24], according 
to the reactions described in Eq. 1 and 2 [20, 25]:

The low-temperature curing process is not responsible 
for a significant further oxidation of the material, indeed 
the CuO peaks do not vary significantly; however, the 
thermal energy provided promotes the minimisation of 

(1)L1
0
+

1

2
O

2
→ L1

0
+ CuO

(2)A1 +
1

2
O

2
→ Au + CuO

the residual A1 fraction, thus reducing its characteristic 
diffraction peaks (46°, 68°, 82°), as shown in Fig. 3B.

3.2  Sintering in reducing atmosphere

Reduction of copper oxides (mainly tenorite, but possibly 
also traces of cuprite) generated during powder production/
handling and curing in air (Eqs. 3 and 4, respectively) is 
obtained by reaction with hydrogen in reducing atmosphere 
(Eqs. 5 and 6):

However, the densification under hydrogen atmosphere is 
almost irrelevant both at 800 °C and 830 °C. Indeed, the 

(3)Cu +
1

2
O

2
→ CuO

(4)2Cu +
1

2
O

2
→ Cu

2
O

(5)CuO + H
2
→ Cu + H

2
O

(6)Cu
2
O + H

2
→ 2Cu + H

2
O

Fig. 3  XRD spectra of A as-
received and B cured powders

Fig. 4  Optical microscopy of the section of the sintered R830 sample
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final density is 59.7 ± 0.8% and 59.6 ± 0.9% for R800 and 
R830 samples, respectively. Optical microscopy in Fig. 4 
confirms that the sintering cycle induces densification of 
the outer shell of the printed components; however, shrink-
age does not occur, and the core of the cubes is not able to 
densify. As a consequence, interparticle bonding is weak, 
thus leaving an internal cavity after removal of one of the 
specimens’ surfaces.

This phenomenon may be the result of the combination 
of three mechanisms:

– differential densification rates of the outer shell and inner 
core due to thermal gradients in the components and vol-
umetric expansion associated with  L10 to A1 transforma-
tion

– development of gases and vapour from the debinding 
process

– development of by-product gases from the reduction of 
copper oxides/hydroxides

Dilatometric analysis (Fig. 2) detects the onset of shrink-
age due to sintering already at 450–500 °C, which may not 
occur homogeneously in the whole component due to ther-
mal gradients across its section. The debinding process in 
reducing atmosphere for the employed binder was studied in 
a previous work, which underlined that most of the material 
is removed below 450 °C, as observed in the dilatometry 
of the green component, and a minimal fraction cannot be 
burned in absence of oxygen even at higher temperatures 
[10]. Finally, Cu–O compounds reduction mechanisms are 
complex to assess, given their dependence on multiple fac-
tors, such as oxygen content in the material, hydrogen con-
centration, residual carbon traces, temperature and others 
[26].

The effect of debinding could be considered negligible 
since the process is almost completed below 450 °C; thus, 
the combination of shell sintering and gas formation from 
oxides reduction at high temperature should be responsible 
for the outcome of the process. Most likely, the sintering 
kinetics is fast enough to reduce the volume of open poros-
ity in the outer region of the material whilst  H2-induced 
reduction is still ongoing. This may be favoured also by 
the volumetric increase of the particles associated to the 
ordered–disordered transition at about 400 °C.

Hydrogen can easily infiltrate through the porosity, but 
the steam generated (Eq. 7) at high temperature in the inner 
region remains partially trapped due to its larger specific 
volume, thus generating an internal pressure that prevents 
further shrinkage of the material, with an equivalent effect 
to those exploited in metal foaming processes [27–29]. 
Lower heating rates or intermediate steps during sintering 
may prove beneficial, but gas consumption would increase 

significantly; thus, the study proceeded with an alternative 
reduction method.

3.3  Sintering in inert atmosphere

In absence of a strong reducing agent as hydrogen, multiple 
mechanisms must be accounted for. First, the oxide surface 
layer is not stable, but undergoes a series of transforma-
tion. Whilst the core of the particles is subject to the dis-
order–order transformation as noted above, tenorite starts 
reducing forming a double layer with cuprite due to thermal 
decomposition. Above 600 °C, this reduction should be com-
pleted, but still stands the possibility of finding CuO at high 
temperature [30]. However, thermal decomposition alone is 
not sufficient in inert atmosphere because oxides are quite 
stable below 600 °C at least [23].

The possibility of sintering in inert atmosphere within a 
graphite crucible has been demonstrated before by Romano 
et al. [29] and it relies on the reduction of tenorite and 
cuprite by reaction with carbon at high temperature, accord-
ing to the mechanisms in Eqs. 8, 9 and 10 [31, 32]:

It should be noted that the components were highly densi-
fied at all temperatures, without revealing cavities such as 
in the cases of R800 and R830. Given the correspondence 
of the R800-I800 and R830-I830 cycles, it is confirmed that 
hydrogen plays a fundamental role in preventing full densi-
fication due to steam generation as observed above.

Optical microscopy (Fig. 5) highlights two main aspects:

• I750 presents a biphasic microstructure, whilst I800 and 
I830 feature a monophasic one

• Porosity is progressively reduced and density increases 
(ρI830 = 92.6 ± 0.5%) with higher dwelling temperatures 
and it is mostly concentrated in the interlayer region, as 
described by Cabo Rios et al. [33]

Given the absence of phase transitions related to the gold 
alloy in the 750–800 °C range, the presence of a second 
phase in the I750 samples is dependent on the mechanisms 
of oxide reduction. EDX analysis on SEM pictures in Fig. 6 
reveals that at 750 °C, the oxide coating on the particles is 
still present and it is responsible for the segregation of cop-
per in this region, with a proportional enrichment in gold 

(7)CuO(s) + H
2(g) → Cu(s) + H

2
O(g)

(8)2CuO + C → Cu
2
O + CO

(9)CuO + CO → Cu
2
O + CO

2

(10)2Cu
2
O + C → 4Cu + CO

2
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in the core of the particles (point A), as listed in Table 3. 
The analysis on the oxide (point B) also reveals that it is 
cuprite  (Cu2O), thus it was reduced (Eqs. 8 and 9) during 
the treatment as expected. In I800 samples, traces of oxides 
can still be found in the internal surface of residual porosity 
(point D); however, copper oxides were mostly reduced, and 
the main phase (point C) featured an elemental composition 
closer to the nominal one.

Although the internal microstructure of I800 and I830 
featured only residual traces of oxides, the presence of resid-
ual oxygen in the atmosphere induced the formation of an 
external oxide crust (Fig. 7) with thickness of about 1 μm 
(Fig. 8D) during the cooling step of the thermal cycle. A 
conventional treatment by immersion in pickling solution 
for 30 min, which is normally performed in the industry to 
eliminate any oxide, was sufficient to remove this layer and 
reveal the metallic surface beneath (Fig. 8E and F).

3.4  Case study

To demonstrate the feasibility of this technique for jewellery 
production, a bezel with a more complex geometry and fine 
details was printed and sintered with the same systems and 
parameters of the I830 samples. The subsequent steps of pro-
duction (CAD–after curing–after sintering–after pickling) 
are presented in Fig. 8.

The component experienced a distortion throughout the 
sintering process, as can be seen from the displacement 

Fig. 5  Optical microscopy 
of the polished section of the 
sintered A I750, B I800 and C 
I830 samples

Fig. 6  Scanning electron 
microscopy of the section of A 
I750 and B I800 samples

Table 3  Elemental composition from EDX analyses on gold-rich 
phases (A, C) and copper oxides (B, D) of I750 (A + B) and I800 
(C + D) samples

Point Au (at.%) Cu (at.%) Ag (at.%) O (at.%)

A 75.2 18.1 6.7
B 62.1 37.9
C 52.4 42.7 4.9
D 4.2 79.1 0.6 16.0



Progress in Additive Manufacturing 

1 3

of the “8” from the central position (Fig. 8D and F). In 
addition, the staircase effect is evident on the side sur-
faces (Fig. 8E), as well as the surface roughness on the 
flat surfaces related to the droplet deposition direction 
(Fig. 8F). These kinds of defects occur frequently during 
densification of components by binder jetting and multiple 
solutions have been developed to face them, as software 
accounting for anisotropic shrinkage and differential vol-
ume droplets of binder at the contour of the solid to reduce 
the staircase effect. The surface quality can be improved 
as well by appropriate surface treatments as brushing, 
electropolishing and sandblasting [34]. In this case study, 
such aspect was approached by evaluating the roughness 
of cubic samples, and as-printed and brushed areas of the 
bezel surface. From Fig. 9A, it can be seen that there is a 
huge distinction amongst the surface quality of the areas 
parallel (upper) and perpendicular (side) to the powder 
bed plane (XY). This is due to the macroscopic porosity 
at the interlayer regions and it is strongly dependent on 
the layer thickness and the drying saturation parameters 
[34, 35]. The application of a post-processing treatment 

as polishing helps improving the quality of the surface 
appearance (Fig. 9B) and it could be combined with addi-
tional surface finishing operations to achieve the desired 
roughness [36, 37].

4  Conclusion

In this study, the feasibility of manufacturing gold alloys 
by binder jetting starting from a gas atomised powder was 
investigated and the process was applied to the production 
of a representative geometry for the jewellery industry.

The feedstock material proved to be suitable for the 
shaping phase of binder jetting, leading to the production 
of green bodies with a relative density close to 60%. The 
analysis on the curing process also revealed the presence 
of both ordered and disordered AuCu phases and tenorite, 
generated by exposure of particles to air from room tem-
perature to 180 °C.

Fig. 7  A Scanning electron 
microscopy, and B linear energy 
dispersive X-ray spectroscopy 
of the surface region of the I830 
sample, with count per seconds 
graphs of C Au (light blue), D 
Ag (green), E Cu (red) and F O 
(purple)
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The two strategies employed to achieve densifica-
tion and oxide reduction during sintering provide useful 
information:

1. Hydrogen containing atmospheres remove any trace of 
oxide from the material; however, steam by-product can 

build up internal pressure hindering shrinkage, thus den-
sification.

2. Reduction of copper oxide by reaction with carbon and 
CO is a viable solution to remove residual oxygen from 
the particles, but the slower kinetics of these processes 
with respect to those featuring hydrogen should be con-
sidered. In our case, a dwelling temperature of 750 °C 

Fig. 8  A, B Side and top views 
of the bezel CAD file, C green 
sample, D sintered sample and 
E, F side and top views of the 
sintered samples after pickling
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proved to be insufficient to complete reduction, whereas 
800 °C led to satisfying results in samples core region 
with residual cuprite concentrated on the surface of the 
samples.

3. Higher dwelling temperature in inert atmosphere with 
carbon-induced oxides reduction improves densification 
(> 90% after sintering at 830 °C for 3 h) and residual 
porosity is mainly concentrated at the layers interfaces.

Further studies should focus on optimising the sinter-
ing process to avoid detrimental effects of water vapour in 
hydrogen-containing atmospheres, minimise oxides in case 
of treatment involving carbon sources and maximise density.
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