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Abstract

Binder Jetting is an innovative Additive Manufacturing process that was employed to produce 17-4PH steel components
for orthopedic surgery applications, starting from pre-alloyed powders. Poor surface finishing of as-printed components
often requires post-processing to comply with biomedical requirements. Mass finishing is a widely applied technology
to lower roughness by means of mechanical abrasion. This study optimized a centrifugal disk machine mass finishing
process for 17-4PH components produced by Binder Jetting. Surface printing orientation, abrasive paste composition, and
precipitation hardening thermal treatment effects were investigated. Sample morphology was characterized by optical and
scanning electron microscopy, roughness was measured by contact and confocal profilometry, material removal rate was
estimated by mass loss measurements, and surface chemical composition was investigated by energy-dispersive X-ray
spectroscopy. SiC, Al,0;, and SiO, containing abrasive pastes effectively reduced roughness across all printing orienta-
tions. Abrasive smoothening effectiveness was correlated with the material removal rate. SiC-based paste resulted in the
highest roughness reduction, reaching an average Ra of 0.62+0.25 pum after 4 h of treatment. Traces of mass finishing
abrasive pastes were observed on the polished surfaces, not precluding biomedical compatibility for orthopedic surgical
applications. Upon precipitation hardening treatment, Vickers hardness increased by 42%. As a consequence, the material
removal rate and roughness reduction were slowed down. Experimental results indicated that performing the mass finish-
ing process before thermal aging allows roughness requirements to be met in a shorter time.

Highlights

e Mass finishing in a centrifugal machine was employed to lower surface roughness on 17-4PH components produced via
Binder Jetting.

e The effect of different abrasive pastes and process duration was systematically investigated, as well as the influence of
the printing orientation.

e Anaverage Raof 0.62+0.25 um was obtained after 4 h of treatment with SiC abrasive paste on as-built 17-4 H samples.

e Mass finishing can be integrated into the production workflow of BJT-manufactured surgical instruments before H900
thermal aging.

Keywords Binder jetting - Mass finishing - Additive manufacturing - Surgical instruments

1 Introduction

Binder Jetting (BJT) is an Additive Manufacturing (AM)
process based on the selective deposition of a ligand,
usually an organic binder, on a powder bed through a
layer-by-layer procedure. The printing process allows for
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producing a green component upon curing the whole pow-
der bed at low temperatures. After a de-powdering step,
the green body is debinded and sintered to the degree of
densification desired. The BJT of ceramic [1] and metallic
components is rapidly growing, especially for 17-4PH [2]
and 316 1 stainless steels [3—5], due to the availability of
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spherical powders with controlled size distributions that
allow optimal flowability and packing in the printing pro-
cess. In particular, Salaheldin et al. investigated the effects
of solution annealing and ageing treatments on the micro-
structure and mechanical properties of 17-4PH steel pro-
duced by BJT [2].

17-4PH is a high-strength, precipitation-hardening alloy
whose mechanical performance is controlled by the for-
mation of copper precipitates in a martensitic matrix upon
solution annealing and thermal aging. The possibility of
obtaining high hardness and yield strength combined with
ductility is attractive for a series of applications in the bio-
medical industry. Several orthopedic surgical instruments,
such as femoral broaches or bone-cutting guides, are made
of 17-4PH stainless steel hardened by means of H900 or
H1150 thermal treatments to achieve the mechanical prop-
erties required for preparing implant sites by bone reshap-
ing, cutting, and drilling.

Beyond mechanical performance, however, surgi-
cal instruments must also satisfy stringent surface quality
requirements to ensure proper functionality and biocompat-
ibility during clinical use. A well-recognized limitation of
AM processes is the relatively high surface roughness of
as-built components [1, 2], which cannot be directly rec-
onciled with biomedical surface standards. From a clini-
cal perspective, surface roughness plays a critical role in
determining the performance and safety of metallic surgi-
cal instruments: excessive roughness has been associated
with increased bacterial adhesion [6], impaired cleanabil-
ity [7], localized corrosion susceptibility, and early fatigue
crack initiation [8, 9], all of which are particularly relevant
for orthopedic tools subjected to cyclic mechanical loads
and repeated sterilization [10, 11]. Consequently, average
roughness values below approximately 1 pm are generally
targeted for stainless steel surgical instruments to facilitate
cleaning and minimize tissue trauma during transient con-
tact with bone and soft tissues [7]. In contrast, BJT typically
produces surfaces with Ra values in the range of 5-10 um
or higher [12—14], depending on build orientation, powder
characteristics, and sintering conditions [15, 16], thereby
substantially exceeding these functional thresholds. This
discrepancy underscores the necessity of effective post-pro-
cessing strategies to enable the clinical translation of BJT-
manufactured orthopedic components. Among the available
approaches, mass finishing represents an attractive indus-
trial solution due to its scalability, batch processing capabil-
ity, and potential to achieve significant roughness reduction
within practical production times.

Thanks to its versatility and the possibility to treat many
components simultaneously, mass finishing emerges as a
valid solution to face AM components’ surface quality
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[10, 17, 18]. Mass finishing processes are carried out in
vibrating or rotating tanks, where components to be pol-
ished are loaded together with abrasive media, water and,
possibly, chemical compounds [19, 20]: the mechanical
abrasion of media on components surface provides for
roughness reduction [20-22], edge deburring [23], and
surface brightening [24-26]. Several applications of mass
finishing processes for components produced by AM with
Laser Beam Powder Bed Fusion (PBF-LB) technology
are reported. The main finishing technologies frequently
applied for AM parts include barrel finishing [27-29],
vibro-finishing [8, 30, 31], and centrifugal disk finishing
[32-34]. Processes last from 30 to 240 min for centrifugal
disk machines [32, 33] up to 12-96 h for vibro-finishing
[30, 35] and barrel finishing [29, 36]. They are usually car-
ried out in wet conditions with ceramic or plastic abrasive
media, whose shape and dimensions are tuned according to
the sample geometry [17]. Multi-step processes are often
needed to smooth surfaces with high initial roughness [35,
37, 38]. Mass finishing is currently widely applied in the
biomedical industry to deburr and smooth components
after mechanical machining [20, 39]. For these reasons,
it is considered a suitable technology to improve surface
quality also of AM metallic components for biomedical
applications [31, 40].

Post-processing, other than mass finishing, for BJT
components is reported to be beneficial in reducing rough-
ness [5, 10, 41], improving corrosion resistance [12] and
tribological properties [14]. Also, the fatigue behavior
of BJT components can be influenced by surface finish-
ing processes, since fatigue crack initiation is strongly
affected by the roughness and porosity of the outermost
printed layer [10, 33]. Despite the large number of post-
processing solutions proposed for PBF-LB technology,
the literature still lacks studies focused on the mass fin-
ishing of components produced by BJT. PBF-LB pro-
duces more compact specimens whose roughness arises
from phenomena occurring in and close to the melt pool
generated upon laser irradiation: surfaces are usually
characterized by spatters, ballings, and partially melted
powders. BJT specimens present the structure of sintered
materials, and their roughness is the result of alternating
protrusions and pores. As a consequence, dedicated post-
processing processes have to be studied. In recent years,
BJT has attracted conspicuous attention in the AM indus-
try, mainly due to its high productivity and possibility of
integration within the powder metallurgy industry [42].
It is therefore necessary to develop surface finishing pro-
cesses suited to the demands of this emerging production
technology. This aims to support the entire component
production chain which does not end with the printing but
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rather with surface post-processing. Mass finishing pro-
cesses, being easily scalable and guaranteeing high pro-
ductivity as well, appear to be an optimal process coupled
with metal BJT.

The present work systematically investigates single-step
mass finishing processes for 17-4PH components produced
via BJT for orthopedic surgery instruments, highlighting
their advantages and limitations. It targets to optimize a
mass finishing process to be integrated into an orthopedic
instrument production cycle, analyzing the surface features
of polished components before and after the precipitation
hardening (H900) heat treatment. For this purpose, the
effect of different abrasive pastes and surface orientations
on components’ roughness and morphologies was consid-
ered. The overall aim is to assess the advantages and disad-
vantages of finishing the as-sintered components rather than
heat-treated ones, focusing on the obtained final roughness
and processing time.
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2 Materials and methods
2.1 Sample BJT printing and heat treatment

A pre-alloyed stainless steel 17-4PH (AISI 630) powder
was employed in the printing process. The feedstock was
obtained through gas atomization to grant high spheric-
ity and, thus, optimal packing within the powder bed. The
declared particle size distribution featured a D,,=10 pum,
Ds5y=25 pum, and Dgyy,=50 pm; hence, a layer thickness of
75 pum was selected as the printing parameter. The speci-
mens were manufactured by a Desktop Metal Shop System
3D printer (Aidro S.r.l., Milano, Italy). The coupons were
manufactured in three primary orientations (Horizontal,
Vertical, and Oblique in the following referred to as “H”,
“V” and “O” respectively) as illustrated in Fig. 1. To account
for the inherent anisotropy of the BJT process, the upskin
and downskin surfaces were distinguished for non-vertical

OBLIQUE

(H) (o)

| 9 (

Upskin surface

Downskin surface

Fig. 1 Layout and orientation of the BJT-produced coupons within the
build volume. The top portion of the figure provides an isometric view
of the specimens, while the bottom panel presents the front view. For

| n -
DownskinTsurface

the horizontal and oblique coupons, the upskin (top-facing) and down-
skin (bottom-facing) surfaces are identified. The coordinate axes X and
Y used for the subsequent analysis are indicated for each orientation
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specimens. Furthermore, the surface topography analysis
was conducted along the local X and Y axes indicated in
Fig. 1, allowing for a standardized comparison across all
build configurations. The components were cured in air at
low temperature (<200 °C) to obtain consolidated green
bodies and separated from the excess powder by manual
brushing and air blowing.

The samples were then debinded and sintered in a mul-
tistep cycle performed in a slightly reducing atmosphere
(97% Ar, 3% H,) up to a maximum temperature of 1310
°C (hereinafter as-sintered samples). A set of samples,
comprehending three samples printed in the three con-
sidered printing orientations (V, H, O), was thermally
treated after the sintering to induce the precipitation of
copper in the material and, as a consequence, improve
the mechanical properties of the alloy. The components
underwent a solution annealing treatment at 1050 °C for
1 h, followed by aging according to the H900 treatment
at 480 °C for 1 h and then quenching (hereinafter labelled
as the thermally treated samples). The thermal treatments
were performed in a low vacuum (10~ ! mbar) furnace
(HT- S1 LPC, HTS Vacuum Furnaces), and the rapid
cooling was obtained by flowing nitrogen to prevent oxi-
dation. The Vickers microhardness was measured before
and after the thermal treatment according to the ASTM
A564-A564M-19 A standard [43], using a Future-Tech
FM-810 indenter with a load of 300 gf applied for 15 s.

2.2 Surface finishing

Mass finishing tests were carried out in a centrifugal High
Energy Disk Machine FKS 02 (Résler Italiana S.r.1., Con-
corezzo, Italy), running at 250 rpm, loaded with 11 kg of
RCP 04/10 ZS cylindrical media (Rosler Italiana S.r.l.,
Concorezzo, Italy), 300 ml of abrasive paste (Rosler
Italiana S.r.l., Concorezzo, Italy), and 6 1 of tap water.
The selection of process parameters such as the rotational
speed, the volume of media and water, and the water-to-
abrasive paste ratio was done based on supplier experi-
ence. The rotation speed tends to increase the abrasive
effect since it increases the speed at which the media and
the pieces impact each other, for this reason the maxi-
mum allowed speed was set. The volume of the media
was such that two-thirds of the available volume were
filled; while the volume of water was such that it com-
pletely covered the mass of media during the rotational
motion. Machine parameter optimization was beyond
the scope of this work. Three different abrasive pastes
were tested whose commercial names are RSP (Rdsler
Special Paste) 587, RPP (Rdsler Polishing Paste) 520,
and RPP 579: their main abrasive components are SiC,
Al,O;, and SiO,, respectively. Pastes presented similar
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features regarding the number of abrasive particles (=50
wt%) and their granulometric distribution. After each
hour of the test, samples were ultrasonically washed in
deionized water and dried before characterization, while
the media were rinsed and the abrasive paste renewed.
The paste was renewed every hour because, due to the
impacts between the media, it shatters during the finish-
ing process, shifting its grain size distribution towards
smaller values and therefore losing its abrasive capacity.

2.3 Characterization

The microstructure at the core of as-sintered, solution-
annealed, and thermally aged specimens was observed by
light Optical Microscopy (OM, Nikon Eclipse LV150NL)
and by Field-Emission Scanning Electron Microscopy
(FE-SEM, Zeiss SIGMA 500) equipped with a spec-
trometer for Energy Dispersive X-Ray Spectroscopy
(EDX, Oxford Ultim Max). The samples were prepared
according to usual metallographic procedures: grinding,
polishing, and chemical etching with Kalling I reagent.
The microhardness of the samples (HV, ;) was tested by
Vickers indentation with a load of 300 g, for 15 s (FM-
180, Future Tech). Roughness linear parameters (Ra, Rq,
Rt, Rv, Skewness and Kurtosis) were measured with a
contact profilometer (Formtracer Avant, Mitutoyo) with a
measuring length of 4.0 mm and a cut-off of 0.8 mm. Mea-
surements were repeated on the same sample five times
to guarantee high accuracy and were performed along
two perpendicular directions, namely, X and Y. Surface
texture parameters and 3D reconstructions were obtained
with a confocal optical profilometer (NPS, Hirox) with
a surface scan of 1 mm? and a cut-off of 0.8 mm. Sur-
face morphology after mass finishing was investigated
by Scanning Electron Microscopy and Energy Dispersive
X-Ray Spectroscopy (Phenom XL G2, Thermo Fisher
Scientific). Mass loss was monitored using an analytical
scale ADA 120/C (£0,0001 g). The density of sintered
samples was evaluated by Archimedes’ method, employ-
ing an analytical scale (XPR 105, Mettler Toledo).

3 Results and discussion

3.1 Material comparison between the as-sintered
and thermally treated conditions

The internal microstructures of as-sintered, solution-
annealed, and thermally aged (H900) specimens are
shown in Fig. 2a, b, and c, respectively. A qualita-
tive analysis reveals common features that remain
unchanged during the different stages of the thermal
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EDX Nb 57.2+0.6

Point analysis C 23.5+0.7
Fe 12.5£0.2
Cr 4.7 +0.1
Cu 1.6+£0.2
Ni 0.5+0.1

Element Wt.%

Fig.2 Light optical micrographs of a) as-sintered, b) solution-annealed, and ¢) aged (H900) specimens; d) EDX analysis of an inclusion at a grain

boundary of the H900 specimen

process. Indeed, in all cases, the bulk material is char-
acterized by an o’ martensitic matrix, as also observed
in other studies [44, 45]. This matrix is surrounded by
a o ferrite network, formed at the peak sintering tem-
perature, which is stable at both the solution annealing
and aging temperatures. The presence of extended grain
boundaries among these constituents favors the nucle-
ation and growth of secondary phases, such as niobium
carbide with the typical elongated prismatic shape (Fig.
2d) already observed in previous studies on 17-4PH
components by AM [2, 46]. The sintered samples have
a relative density exceeding 95% of the nominal density
(H: 96.51 + 0.40%, O: 96.16 + 0.25%, and V: 96.65 +
0.17%) with spherical and closed porosity distributed
in the material. HV,; decreases from 277.4 + 3.9 to
262.4 + 12.3 after solution annealing and then increases
to 396.4 + 22.9 after thermal aging. The microhardness
is controlled primarily by the presence of copper pre-
cipitates and, secondarily, by the tempering of martens-
ite. As expected, the solubilization effectively removed
copper precipitates and coarse inclusions formed dur-
ing the cooling process after sintering, thus reducing
the hardness of the martensitic grains. The H900 cycle,
on the other hand, promotes the nucleation of fine and
coherent BCC precipitates in the o’ matrix, which lim-
its the dislocation mobility within the martensite grains
and strengthens the whole material.

3.2 Mass finishing optimization for the as-sintered
samples

As-sintered specimens exhibit a rough morphology, char-
acterized by cavities and surface porosity, as shown in
Fig. 3a. The orientation relative to the printing plane influ-
ences the extent of surface defects and the initial rough-
ness values: as expected, H-upskin surfaces appear more
compact and show lower roughness. However, for the H
orientation, a significant difference is observed between
upskin surfaces (Ra=5.38+0.59 pum) and downskin sur-
faces (Ra=8.68+1.51 um). The most unfavorable condi-
tions correspond to the O-oriented samples, whose initial
roughness ranges from Ra=7.5 pm to Ra=10.3 pm, in
the upskin (Y direction) and downskin (X direction) sur-
faces, respectively. Instead, the difference between upskin
and downskin is minimal, with average roughness values
of Ra=8.90+1.17 um and Ra=8.15+0.54 pm, respec-
tively. Vertical surfaces exhibit an intermediate roughness
in comparison with the previously discussed orientations
(Ra=7.61£0.41 pum). Additionally, they show the small-
est difference between the measurement directions parallel
and perpendicular to the printing plane (less than 4%). For
these reasons, for the sake of space and simplicity, in the fol-
lowing section, we present only surface morphologies and
topographies of vertically oriented samples; roughness data
are instead reported for all orientations.
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Fig. 3 SEM surface morphologies of a) as-sintered 17-4PH, and SiC mass finished surfaces after b) 1 h,¢)2h,andd) 4 h

The mass finishing process has proven to be effective in
reducing roughness and homogenizing the surface. After 4
h of treatment, a roughness reduction exceeding 60% was
recorded on all surfaces, regardless of the abrasive media
used. The most effective process corresponds to the high-
est mass loss rate (RSP 587, with an average of 29 mg/h),
leading to final roughness values ranging between Ra =0.26
pm and Ra = 1.14 pm, depending on the surface orientation
(average among different orientations: Ra = 0.62 + 0.25 pm
and ARa = -92.08%). During mass finishing, the mechani-
cal action of the media removes asperities, progressively
forming smoother planes whose extent increases with treat-
ment duration (Figs. 3b-d and 4b-d). On the contrary, the
mechanical action of the abrasive paste and media does not
reach the deep valleys and porosities of the material until an
advanced stage of the mass finishing process. Figure 3 shows
morphological changes of the V sample treated with SiC-
based abrasive paste as a function of process time. After the
first hour, when the highest peaks are reduced, flat islands
(highlighted with red circles) and deep valleys (highlighted
with red arrows) start to form (Figs. 3b and 4b). The three-
dimensional reconstruction of the surface (Fig. 4) supports
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the interpretation of the SEM analyses: the areas circled
in red showing micro-scratches are those smoothed by the
abrasive action of the media; the areas indicated by the red
arrows, in which it is possible to recognize the morphology
of the as-sintered sample, are valleys not involved by the
abrasive action of the media. The formation of flat areas fol-
lowing the removal of material from asperities is the typical
leveling mechanism developed in mass finishing processes
[19, 27, 31]. These wide topographical depressions are still
present until the third hour of the process. After four hours,
the surface is completely levelled, and a few pores remain
with dimensions ranging from about 10 um to 40 pm. The
effectiveness of the treatment decreases over time, as the
amount of material removal required for roughness reduc-
tion increases. This trend is evident from the evolution of
the Rp and Rv parameters reported in Table 1: the former
decreases predominantly within the first hour of the process
(on average, ARp (1 h) = — 75% for the test with RSP 587),
while the latter decreases more gradually until it stabilizes
at values between Rv = 1.96 um (H upskin, along Y direc-
tion) and Rv = 11.24 um (O upskin, along Y direction). At
the end of the process, the surface appears flat with valleys
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corresponding to areas where the abrasive action is ineffec-
tive. The initially homogeneous profile distribution (for the
vertical orientation: Rp = 21.76 = 2.10 um, Rv = 23.32 +
2.42 pm, Rsk = 0.07 + 0.13 along X direction and Rsk =
—0.01 £ 0.03 along Y direction for the test with RSP 587)
during the process shifts toward a valley-dominated profile,
reaching an Rsk value of — 2.42 + 0.35 along X direction,
and of — 3.05 = 0.41 along Y direction. Similarly, regarding
the kurtosis (Table 1), normal height distribution of the as-
sintered samples (Rku close to 3), shifted toward a spiked
distribution upon mass finishing treatment: this highlights

Fig. 4 Surface topographies of
a) as-sintered 17-4PH, and SiC
mass finished surfaces after b)

lh,c)2h,andd)4h

the effectiveness in peaks smoothening, resulting in flat sur-
faces with few small deep valleys. The density of valleys is
inversely proportional to both the processing time and the
material removal rate (see micrographs or 3D reconstruc-
tions reported in Fig. 4).

3.2.1 Effect of abrasive pastes
Figure 5 compares V-samples morphology before and after

four hours of mass finishing with the three abrasive pastes,
while Fig. 6 shows their surface topography, and Fig. 7 shows

Table 1 Relevant roughness parameters in the as-printed condition (initial) and after 4 h of mass finishing (final) with SiC-based abrasive paste on

the as-sintered horizontal (H), vertical (V), and oblique (O) samples

SiC on as-sintered 17—4 PH

Horizontal (up - X) Vertical (X) Oblique (down - X)
Initial (um) Final (um) Variation Initial (um) Final (um) Variation Initial (um) Final (um) Variation
(%) (%) (%)

Rq 6.81 0.40 -94.12 9.50 1.06 -88.84 9.31 1.35 -85.50
Rz 31.87 2.50 -92.15 45.10 6.33 -85.96 40.36 7.34 -81.83
Rp 16.01 0.49 -96.94 21.76 0.83 -96.18 20.98 1.00 -95.23
Rv 15.86 2.01 -87.32 23.34 5.44 -76.70 19.38 6.34 -67.32
Rsk 0.11 -1.95 -1890.9 0.07 -2.42 -3632.2 0.15 -2.56 -1829.4
Rku 3.15 9.65 206.18 2.57 11.36 342.16 2.55 12.85 403.03
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Fig. 5 SEM morphologies of three as-sintered 17-4PH V-samples before (a, b, ¢) and after mass finishing for 4 h with d) SiC, e) Al,0O5, and f)
SiO, abrasive pastes

Fig. 6 Surface topographies of three as-sintered 17-4PH V-samples before (a, b, ¢) and after mass finishing for 4 h with d) SiC, e) Al,O;, and f)
SiO, abrasive pastes
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Fig. 7 Average surface roughness (Ra) of as-sintered samples as a function of mass finishing time for the different abrasive pastes. The measured

surfaces were of a V-sample, H-upskin sample, and O-downskin sample
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Fig. 8 Mass loss measured on the as-sintered V-samples as a function
of time for the different abrasive pastes (i.e., SiC, Al,0O3, and SiO,)

the roughness variation during mass finishing. The sample
treated with SiC-containing paste presents a smoother and
defect-free morphology than those treated with Al,O- and
Si0,-containing pastes. Its surface appears homogeneously
flattened, while samples treated with Al,O5- and SiO,-con-
taining pastes present similar surfaces with alternating planes
and valleys. This difference can be correlated with material
removal rates and roughness variation (Figs. 8 and 9): the
SiC-based paste removed about twice as much material as

the SiO,-containing paste and about three times as much
material as the Al,O;-containing paste. As a matter of fact,
morphologies of samples treated with Al,05- and SiO,-con-
taining pastes after four hours of process resemble that of
samples treated with SiC-containing paste after two hours of
treatment, as shown in Fig. 3. When comparing the mass loss
measured on samples treated using the same abrasive paste,
material removal rate variations among samples printed with
different orientations was lower than 3%, highlighting that
the small density differences among H, V, and O samples
(Section 3.1) did not affect the finishing outcome. Therefore,
the mass finishing process was apparently more influenced
by morphological features correlated to surface orientation
rather than by sintering defects. Roughness measurements
further highlight these differences (Figs. 6 and 8): in the case
of SiC-based paste, the roughness significantly decreased
in the first hour of the process (ARa/At=—4.35 pm/h for
V-sample along X direction and ARa/At=—4.88 pum/h for
V-sample along Y direction) and decreased more slowly
afterward in the following three hours (ARa/At=—0.87 um/h
for V-sample along X direction and ARa/At=—0.79 um/h for
V-sample along Y direction). For the other two abrasives,
roughness variations occurred more gradually: concerning
Al,O-based paste, ARa/At in the first hour of the process
are — 2.33 um/h and —1.61 pm/h for V-sample along X and
Y direction, respectively; in the following three hours they
are — 1.31 um/h and — 1.27 pm/h along X and Y direction,
respectively. Concerning SiO,-based paste, ARa/At in the
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Fig. 9 Comparison of the average 10

surface roughness of as-sintered 9+
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Table 2 Relevant roughness parameters in the as-printed condition (initial) and after 4 h of mass finishing (final) with Al,0,-based abrasive paste

on as-sintered horizontal (H), vertical (V), and oblique (O) samples

Al,O; on as-sintered 17—4 PH

Horizontal (up - X) Vertical (X)

Oblique (down - X)

Initial (um) Final (um) Variation Initial (um) Final (um) Variation Initial (um) Final (um) Variation
(%) (%) (%)
Rq 6.43 2.32 -63.9 9.81 3.66 —62.69 10.30 3.70 —64.08
Rz 30.06 12.02 —60.01 44.84 18.34 —59.10 44.73 19.17 —57.14
Rp 14.12 1.88 —86.68 23.14 3.59 —84.48 21.46 3.44 —83.97
Rv 15.94 10.14 —36.38 21.70 14.75 —32.03 23.27 15.73 —32.40
Rsk -0.03 -2.34 7211.3 0.09 -2.07 -2366.2 -0.09 -2.67 2945.9
Rku 291 8.63 196.34 2.88 8.21 185.3 2.65 11.48 333.79

Table 3 Relevant roughness parameters in the as-printed condition (initial) and after 4 h of mass finishing (final) with SiO,-based abrasive paste
on as-sintered horizontal (H), vertical (V), and oblique (O) samples

SiO, on as-sintered 17—4 PH

Horizontal (up - X) Vertical (X) Oblique (down - X)
Initial (um) Final (um) Variation Initial (um) Final (um) Variation Initial (um) Final (um) Variation
(%) (%) (%)

Rq 7.45 1.64 -77.99 8.77 2.44 —72.18 9.36 3.58 -61.75
Rz 35.37 9.34 —73.59 38.00 13.15 —65.39 40.13 17.70 —55.89
Rp 17.15 1.40 -91.84 17.45 2.48 —85.79 18.31 3.31 —81.92
Rv 18.22 7.95 -56.37 20.55 10.67 —48.08 21.82 14.39 —34.05
Rsk -0.06 -2.71 4617.4 -0.16 -2.19 1248.0 -0.14 -2.25 1479.1
Rku 2.93 13.16 348.67 2.60 10.11 288.28 2.62 9.13 248.33

first hour of the process are — 2.06 ym/h and — 1.41 pm/h
for V-sample along X and Y direction, respectively; in the
following three hours, they are — 1.39 pm/h and — 1.25 pm/h
along X and Y direction, respectively. On average among the
ten considered directions, Ra decreased to 0.62+0.25 um
with SiC-paste, to 1.79+0.62 pm with SiO,-paste and to
2.6940.78 um with Al,O5-paste.

Moreover, considering roughness parameters reported in
Tables 1 and 2, and 3, the effect of different abrasives can
be further clarified. Rp decreases differently according to
surface orientation: the H-upskin is always smoother than
the V and O-downskin surfaces. Concerning SiC-based
pastes, Rp is always reduced to less than 1 pum, reaching
0.49 pm in most favorable conditions (Table 1). For Al,O,
and SiO,-based pastes, instead, Rp is decreased to values
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ranging between 1 um and 2 pum on H-upskin surfaces and
to values between 2.5 pm and 3.5 pm on the other surfaces
(Tables 2 and 3). This behavior demonstrates the reduced
wear efficiency of these pastes.

Regarding Ry, its reduction is limited to around —30% for
Al,O,-containing paste (Table 2): this reflects on ARz, whose
average reduction is around —60%. Both values are consider-
ably lower compared to variations obtained with SiC-contain-
ing paste (Table 1). SiO,-based paste shows an intermediate
behavior (Table 3): Rv is significantly reduced in most favor-
able conditions (ARv=—56.37% on H-upskin along the X
direction) and only partially reduced in the roughest orientation
(Rv=-34.05% on O-downskin along the X direction). This dif-
ference reflects on Rz, which reaches values lower than 10 pm
in the former case and higher than 17 pm in the latter.
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Rq behaves like Ra, whose average variations over all
tested conditions are — 92.29+1.94% for SiC-based paste,
—76.32+6.34% for SiO,-based paste, and — 66.30+4.94%
for Al,O;-based paste. Finally, Rsk and Rku for Al,O;-
and SiO,-based pastes present a spiked height distribution
shifted towards peaks, as for SiC-based paste: this is a gen-
eral trend of mass finishing processes that remove material
only from asperities, leaving flat surfaces characterized by
wide planes and few valleys.

3.2.2 Effect of surface orientation

The morphological and roughness differences observed in
the as-sintered specimens are reflected in the treated surfaces.
In particular, the H-upskin orientation exhibits the lowest
final roughness among all processes, achieving a minimum
Ra=0.26 pum in the SiC test along the X direction. Con-
versely, the O orientation remains the most unfavorable con-
dition: during processing, the layered structure characteristic
of the manufacturing process becomes evident, negatively
impacting the roughness, particularly along the Y direction.
After the mass finishing process, surface homogeneity gener-
ally improved. Differences between X and Y directions (Axy,
defined as Ayy =|Ra (X) — Ra (Y)|) and upskin and downskin
surfaces (Ayp, defined as Ay = |Ra (upskin) — Ra (down-
skin)|) on the same sample were considered. On average, for
the as-sintered samples Ayxy=1.52 um and Ayp=2.45 pm.
These values are reduced to 0.13 pm and 0.24 pm in the case
of SiC-based paste, to 0.64 um and 0.86 um in the case of
Al,0O5-based paste, and to 0.41 pm and 0.47 pm in the case
of SiO,-based paste. The reduction of these parameters dem-
onstrates an improvement in surface homogeneity. This trend
can be correlated with differences in material removal rate, as
already discussed for other roughness parameters.

3.2.3 Compositional analysis

EDX analysis highlights the presence of residues of abra-
sive pastes and media on the surface after mass finishing.
Figure 10 displays Si, C, and Al elemental distribution
on the samples treated with SiC-based paste: residues
smaller than 1 um are distributed all over the surface,
while larger particles (with a dimension of around 10 um)
get stuck in correspondence of deep valleys. The pres-
ence of Si is attributed to the main component of abrasive
paste (SiC): during the treatment, abrasive particles are
ground by media pressure and reduce their size, shifting
the granulometric distribution towards lower values. The
presence of carbon can be attributed to the SiC paste, to
environmental contamination, and to C presence as an
alloying element in the 17-4PH alloy. Al comes from
Al,0O3, a minor component in the abrasive paste RSP 587.
Similar conclusions can be drawn for samples treated
with other pastes: small traces, attributable to media or
abrasive pastes, were revealed on all samples. As surface
roughness increases, the possibility of finding macro-
scopic residues embedded in the porosities and valleys
increases as well.

Observed paste residues do not compromise components
biocompatibility. According to ISO 10,993 standards [47] for
biological evaluation of medical devices, biocompatibility
requirements depend on both the type and duration of tis-
sue contact. In the case of surgical instruments with transient
exposure to bone and soft tissues, surface residues of inert
compound such as SiC, and stable oxides like SiO. and Al-Os
are not considered critical. These compounds are widely used
in polishing protocols for biomedical alloys and are recog-
nized for their chemical stability and lack of cytotoxic or
inflammatory response in clinical applications [48].

Fig. 10 SEM micrographs at different magnifications, with (b) focusing on the highlighted area of (a), of the 17-4PH as-sintered sample after 4 h
mass finishing (SiC-based paste), with corresponding EDX maps for silicon, carbon, and aluminum
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Fig. 11 SEM morphologies of H900 samples printed in the vertical orientation a) before mass finishing and b) after 4 h of SiC abrasive treatment

Fig. 12 Surface topographies
of H900 samples printed in the

- -10
I--20
-30
40
50
60

vertical orientation a) before

mass finishing and b) after 4 h
of SiC abrasive treatment. White
areas in the picture on the left
correspond to points out of the
measuring range

3.3 Comparison of SiC mass finishing on the as-
sintered and H900 samples

The most effective finishing process was repeated on the
thermally treated material. Samples employed for the ther-
mal aging belonged to a different printing batch and therefore
their initial roughness differed from that of the samples used
for the optimization mass finishing process (Section 3.2).
The mass finishing efficiency and efficacy was quantified in
terms of roughness decrease rate and mass loss, thus the ini-
tial difference in surface quality was not believed to affect the
overall evaluation. SiC-based paste effectively smoothened
the specimen surface, as shown in Figs. 11 and 12 for the
V samples. Additional SEM images showing surface mor-
phological evolution of the H and O specimens are reported
in Supplementary Materials. The average final value of
Ra=1.80+£0.91 pm, corresponding to an average reduction
of ARa (4 h)=—81.1%, was obtained on the different surface
orientations. Figure 13 shows the roughness change during
the SiC mass finishing process for the different orientations
of thermal-aged samples. Reductions were lower compared
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to those obtained in the same conditions on untreated samples
(final average Ra=0.62+0.26 um; ARa (4 h)=—92.2%): the
reduced process efficiency can be correlated with the lower
material removal rate experienced on the thermally treated
samples (Fig. 14). After thermal treatment the hardness
increased (AHV=+42.9%), improving material abrasion
resistance: a reduced thickness of material was removed, lead-
ing to the formation of smaller flat islands, alternated by deep
valleys (average Rz after 4 h was 5.62 pm and 12.67 pm, for
the as-sintered and H900 aged material, respectively). Similar
conclusions can be drawn considering surface morphologies
(Fig. 11): in the first hour of the process, few planes were
formed, and most of the surface looked similar to the as-sin-
tered one. In the following hours, planes widened, and valleys
width reduced. However, after four hours, the valleys width
remained between 20 and 50 pum. Reduced smoothening was
found on the sample with H-downskin orientation, where ini-
tial roughness was higher: the lowest ARa (4 h) was measured
(on average — 73.0% along X direction, and — 67.9% along Y
direction), resulting in a final Ra exceeding 3 pm. The reduced
efficacy of this orientation was most probably due to the
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Fig. 13 Average roughness (Ra) "

of H900 aged as a function of 10 1
mass finishing time with SiC 9
abrasive paste and measured 8

on X and Y directions for the V
sample, H-upskin surface, and
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Fig. 14 Mass loss measured on as-sintered and H900 V-samples as a
function of time during SiC mass finishing

anomalous initial roughness of the sample, much higher than
the others. Concerning other orientations, samples presented
ARa (4 h)>80% (83.7% on average), with the only excep-
tion of O-upskin along X direction, corresponding to final Ra
between 1 and 2 um. Thermally treated samples exhibited a
more uniform decrease in surface roughness over time com-
pared with the as-printed ones (Fig. 13), with an average ARa/
At=1.84 um/h and 2.06 um/h for V-sample along X and Y

T T T T T

3 4 0 1 2 3 4
Time (h)

directions, respectively. In the first hour of the test, roughness
reduction was slightly higher compared to the following three
hours: for V-samples along the X direction, ARa/At (1 h) was
2.87 um/h and average ARa/At in the following three hours
was 1.49 um/h; along the Y direction it was 3.91 pm/h in the
first hour and 1.44 pm/h in the following three hours. This
behavior is different with respect to that observed on as-sin-
tered samples polished with SiC-based paste, that underwent
a significantly higher roughness reduction in the first hour of
the process and a limited reduction afterward. Based on this
observation, a further roughness reduction may be expected
on thermally treated samples by extending process time: in
particular, Ra values similar to those of the as-sintered sam-
ples can be obtained with only one additional processing
hour. From Table 4, it can be observed that the reduction of
Rp on thermally treated samples is significantly lower than
on as-sintered ones: Rp remained higher than 1 um (even
higher than 2 um in less favorable conditions) on thermally
treated surfaces, while it was always reduced below 1 um on
as-sintered samples. Since Rp was not as low as in the case of
as-sintered samples, by increasing processing time a further
reduction of roughness is expected. Deep valleys remained
on polished thermally treated surfaces, as shown by sur-
face topography (Fig. 12), with Rv values ranging from 5 to
10 um. As already mentioned, these sites may easily trap resi-
dues from media or abrasive pastes. The limited variations of
Rp and Rv affected the improvement of Rz and Rq, Rz being

Table 4 Relevant roughness parameters in the as-printed condition (initial) and after 4 h of mass finishing (final) SiC-based abrasive paste on
thermally aged (H900) horizontal (H), vertical (V), and oblique (O) samples

SiC on hardened 17—4 PH

Horizontal (up - X) Vertical (X)

Oblique (down - X)

Initial (um) Final (um) Variation Initial (pm) Final (um) Variation Initial (um) Final (um) Variation
(%) (%) (%)
Rq 9.10 1.69 —81.43 10.57 1.79 —83.07 10.07 2.06 —79.54
Rz 41.87 9.21 -78.00 50.01 10.32 —79.36 45.74 11.30 —75.29
Rp 21.26 1.49 —94.14 24.11 1.40 —94.19 21.95 2.04 —90.71
Rv 20.61 7.72 —62.54 25.90 8.92 —65.56 23.78 9.25 —61.10
Rsk 0.16 -2.53 -1710.6 0.05 -3.23 -6283.0 -0.04 -2.30 5897.4
Rku 2.75 10.81 292.37 2.92 16.50 464.69 2.90 11.47 295.48
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more affected by the presence of a few deep valleys. Finally,
Rsk and Rku have a spiked height distribution and shifted
towards peaks, as for as-sintered samples.

Figure 14 shows the mass loss measured on as-sintered and
H900 V-samples as a function of treatment time. The average
slopes of the profile were 28 and 22 mg/h for the untreated
and hardened conditions, respectively. Figure 15 compares
the average roughness change along X and Y directions. In
contrast with the mass loss, the difference between the as-
sintered and thermally treated conditions is not so evident, at
least visually. In fact, after 4 h of finishing on V-sample, the
Ra is lowered by 91.9% on the as-sintered material while by
87.2% on the thermally hardened steel (X-direction).

The mass finishing performance was influenced by the
specimen hardness and by the inherent variability of the
BIT printing quality. The roughness of the thermally aged
material decreases more slowly than that of the as-sintered
one. Since it is reasonable to consider that the roughness is
not altered by the thermal treatment, we conclude that it is
preferable to perform the mass finishing before the thermal
aging, to meet the roughness requirements in a shorter time.

4 Conclusions

Binder Jetting (BJT) is an AM technology that allows for pro-
ducing 17-4PH steel components characterized by mechani-
cal properties comparable to those obtained by conventional
production techniques. It is of particular interest because of its
high productivity and easy implementation within the powder
metallurgy industry. Mass finishing is a well-established sur-
face finishing technique at the industrial level, that reduces
roughness by mechanical abrasion in a single-step process.
Although it has already been exploited for post-processing of
components produced by laser-based AM technologies, the lit-
erature still lacks a systematic investigation focused on the BIT
finishing.

@ Springer

The present work optimized a mass finishing process for
17-4PH parts produced via BJT for the manufacturing of
orthopedic surgical instruments, analyzing the surface char-
acteristics of polished components before and after the pre-
cipitation hardening heat treatment. Specifically, the effect
of three different abrasive pastes (namely SiC-, SiO,-, and
Al,0O5-based pastes) was investigated on flat surfaces printed
with different orientations. Surface morphologies and rough-
ness parameters were monitored during the mass finishing
process. The main findings of the study are listed as follows:

e Mass finishing has proven to be a valid process to address
the surface finishing of components produced via BJT,
complying with the functional requirements of the bio-
medical sector. By means of SiC-containing paste, lowest
roughness was reached, with Ra = 0.62 £+ 0.25 um (aver-
age among the five different surfaces of interest) after 4 h
of mass finishing in a centrifugal disk machine.

e Abrasive paste effectiveness was correlated with the
material removal rate. The SiC-containing paste, which
led to the highest material removal rate, provided the
best surface smoothening.

e Traces of abrasive pastes, including micrometric residues
of Si and Al, were detected on the surfaces. Being inert
and confined to surface valleys, they do not raise biocom-
patibility concerns according to the ISO 10,993 [47].

e The roughness parameters and material removal rate
of the as-sintered and thermally aged (H900) samples
were compared, observing that the hardening of the steel
lowers the finishing rate. Therefore, to obtain a similar
Ra value to the as-sintered condition, it is necessary to
extend the finishing time on thermally treated samples.

e Within the production cycle of additively manufactured
orthopedic surgery instruments, it is preferable to per-
form the mass finishing process on the as-sintered com-
ponents and proceed later with the thermal hardening of
the material.
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The present work succeeded in identifying a mass fin-
ishing process for BJT components able to obtain results
compliant with requirements for the biomedical sector. Fur-
ther tests on objects with real dimensions and geometries
are necessary: the process has been developed limitedly to
small components with simple shapes. It can be expected
that when transferring the process to components of differ-
ent sizes and geometries, modifications will be necessary,
such as the choice of media that must be able to reach all
surfaces of the components.

Overall, these findings support the integration of mass
finishing into the production workflow of BJT-manufactured
surgical instruments, enabling improved surface quality
without compromising process efficiency.
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