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Abstract

Advancements in additive manufacturing (AM) have allowed for a transition in the manufacturing industry. The ability to
print solid metal parts for use in prototypes, custom tooling, and fast replacement parts has driven advancements in the
manufacturing sector. Material extrusion additive manufacturing processes such as fused deposition modeling (FDM) is a
common AM processes in the world of thermoplastics and it is being developed in the field of metal additive manufacturing.
Metal FDM (FDMm) process provides a low cost, customizable, and user-friendly printing experience while still delivering
high printing tolerances. While there are many materials that can be printed using FDM technologies, process parameters
vary across materials resulting in inconsistent process parameters across the industry. This review paper focuses on the
techniques and parameters performed by various researchers for the printing, debinding, and sintering of FDM printed 316L
Stainless Steel, 17-4PH Stainless Steel and high melt Iron alloy filaments.
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1 Introduction

Additive manufacturing (AM) technology is changing the
subtractive manufacturing field. AM builds a part up layer
by layer instead of traditionally starting with a bulk piece
removing material down to the desired part [1]. Additive
manufacturing uses a 3-dimensional computer aided design
(CAD) model to create a part in one machine instead of
many unique operation machines. This allows for the crea-
tion of quick, one-off prototypes created directly from a
CAD model with little manual intervention [1, 2]. Additive
manufacturing applications span across a vast number of
industries such as the automotive, agricultural, aerospace,
and medical [3-5]. Currently, metal AM is being used in
the manufacturing industry to create unique custom parts
such as custom tooling, cast mold creation, incorporation
of complex geometries into existing parts and developing
legacy parts for automobiles no longer in production [6, 7].
As metal 3D printing advances, it is set to take over the
subtractive manufacturing sector with increasing tolerances,
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reductions in waste and manual labor cost while creating an
energy-efficient and cost-effective solution to manufactur-
ing [8, 9].

While metal AM is in its earliest stages, many new meth-
ods and materials are being developed and tested. AM offers
printing capabilities for a range of materials such as ceram-
ics, high melt metal alloys, low melt metal alloys, thermo-
plastics bioplastics, resins and many more [5, 10, 11]. Mate-
rials such as stainless steel, titanium, bronze, and copper
have been experimentally printed and analyzed with prom-
ising results [8]. Currently, common metal AM technolo-
gies include powder bed fusion, direct energy deposition,
binder jetting, bound powder extrusion and fused deposition
modeling [12, 13]. Many of those AM technologies have
expensive setup and operating costs while suffering from a
complex operating procedure [14]. Fused filament fabrica-
tion (FFF), fused deposition modeling (FDM), and atomic
diffusion additive manufacturing (ADAM) are inexpensive
compared to other AM technologies as they provide the
opportunity for both industry and hobbyists to manufacture
relatively cheap metal parts [15]. Low cost fused deposition
modeling was introduced around 2005 with commercializa-
tion of the idea in 2013 by Statasys Inc. [16]. Fused filament
fabrication processes were developed to bypass Stratasys
patented “Fused deposition modeling (FDM)” terminology
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[17]. Atomic diffusion additive manufacturing is a metal
additive manufacturing process patented by Markforged
which uses a “plastic-bound metal powder” to produce high
precision metal parts [18-20]. The inclusion of metallic
powder within the thermoplastic filament allows for FDM/
FFF/ADAM technologies to successfully print metal. Fused
deposition modeling, FFF, and ADAM all essentially pro-
vide the same AM process by extruding metal-infused ther-
moplastic into the desired print [15]. Thus, from this point
forward fused deposition modeling, FDM and Metal FDM
(FDMm) will be a generalization of the three processes.
Metal FDM 3D printing follows 4 basic steps: splice, print,
debind, and sinter [21].

Splicing happens within the virtual 3D CAD model. The
CAD model is processed through a splicing software creat-
ing a G-Code file which tells the 3D printer how to print the
part [22]. Within the splicing software, adjustments can be
made to parameters such as infill percentage, support appli-
cation, scale, shell thickness, layer height, flow rate percent-
age, raster angle, print speed and many more [22].

FDMm printing is typically done using industrial 3D print-
ers designed for metal printing or by modifying a hobby ther-
moplastic printer to print metallic filament [23]. Industrial
FDM printers are produced by companies such as Desktop
Metal, Markforged and Rapidia, which provide faster and effi-
cient FDMm printing solutions; however, high cost, limited
material selection and customizability can hinder their use
[24-28]. Hobby printing manufacturers such as Creality, Any-
cubic and Prusa sell convertible FDM printers starting around
$160 USD [29-31]. Upgrading to a direct drive extrusion sys-
tem, hardened steel nozzle and filament support system can
convert a typical hobby printer to a metal FDM printer [32]. In
metal FDM filament, fine metal powder is infused into a print-
able thermoplastic [33]. Due to the inclusion of thermoplastic
in the filament, standard FDM 3D printers can print metal
filament into a high detail metal part. Metal FDM printing
using hobbyist printing conversion is a cheap and customiz-
able alternative compared to a commercial printer; however,
there is a loss in print consistency, print speed, and technical
support compared to industrial level printers.

Once printing is complete, it must undergo debinding
process where its thermoplastic binder is removed before
fusing the metal powder together [34]. Debinding is com-
pleted before the part is fully sintered. Debinding rates,
temperature and environment type can all play a major
factor in the effectiveness of the debinding and the qual-
ity of the final part [35]. The thermoplastic is typically
removed using catalytic debinding or thermal debinding.
Catalytic debinding uses a flow of inert gas within the sin-
tering process to remove the binders as the kiln sinters
the part [36]. Thermal debinding is incorporated into the
sintering process and removed the binder through thermal
vaporization [37]. The filaments binder is essential for the
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successfulness part. A good binder provides flexibility
when printing for bed adhesion, strength and must be able
to either thermally or chemically debind [21].

The next step is to sinter the part. Sintering fuses the
metallic powder in the part together, creating the final metal
part [38]. Parts are typically sintered in a furnace in an open
environment (typically inert) or enclosed in sintering refrac-
tory ballast and sintering carbon. The refractory ballast is
a very fine powder with a high melting temperature to help
retain the shape of the print during sintering [39]. Sintering
carbon is often added on top of the refractory ballast to pre-
vent carbon evaporation during sintering if not using an inert
environment [40]. The sintering cycle varies based on the
printed material and the size of the print. The temperature is
raised to the sintering temperature, this is where the metallic
powder fuses together to create the final metal part. After
sintering, the refractory ballast can be filtered then reused and
the parts are cleaned and machined if required. FDMm parts
and metal AM parts in general can be subjected to additional
heat treatment and post sintering processes to enhance their
microstructure and mechanical properties [41, 42].

This literary review brings together research of process
parameters and their results for high melt iron-based alloys.
High melt iron alloys such as 316L stainless steel (SS) and
17-4PH stainless steel (SS) are commonly 3D printed using
FDMm in order to remove the need for complex machining
and/or casting processes. 316L stainless steel is commonly
used in food and pharmaceutical grade infostructure, heat
exchangers, chemical processing and many parts that are
exposed to water due to its inability to rust [43, 44]. 17-4PH
SS has many applications in the aerospace, chemical pro-
cessing and oil/petroleum refining industries due to its high
strength [45, 46].

Individual research targeting select process parameters
of metal FDM printing has been completed. However, there
are no definite process parameters or starting points for addi-
tional research into the field. Bringing together information
on FDM printed high melt iron alloy process parameters,
successful research into parameter testing, and general
knowledge about materials/methods used will accelerate the
FDMm field and provide an adequate baseline for research-
ers entering the field. This review paper presents a compre-
hensive review about the process parameters used in FDMm
high melt iron alloy research and highlights key/unique pro-
cess parameter testing results. This review is split into three
subsections: (1) Printing process: this section focuses on the
metallic filament and printing parameters used in research
to achieve a successful print. (2) Debinding process: this
section focuses on the debinding process parameters and
experimental into the debinding process. (3) Sintering pro-
cess: this section provides key literary research on sintered
microstructure, heat treatment, sintering processes data and
mechanical properties.



The International Journal of Advanced Manufacturing Technology (2023) 129:1-22 3

2 Printing process

During FDM 3D printing, a thermoplastic filament is
extruded through a heated nozzle from the printing head
[47—-49]. The thermoplastic filament is pulled by a stepper
motor from a spool, fed through the drive system and out
of the heated nozzle. The extruded thermoplastic is melted
and sticks to the printers printing bed. The printing head
transitions across the printing bed using an x-y coordinate
system creating the first layer of the desired part. The printer
deposits a base thermoplastic layer on the printing bed and
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Fig. 1 Diagram of an FDM printing process [50]
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process [56]
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prints any additional layers on top of the already printed
thermoplastic. Layer by layer, the printer builds up the part
until a finished print is achieved [47—49]. Fig. 1 presents an
FDM 3D printer system [50].

This section focuses on the metallic filament used in
metal FDM printing and the printing process parameters for
printing metal FDM. The goal of this section is to provide
information on common metal filament and to investigate
the printing parameters used for FDM printing of high melt
iron alloys successfully.

2.1 Metallic Filament

FDMm filament is a printable thermoplastic infused with
metallic particles. Commonly printed FDM thermoplastics
such as polyethylene (PE), Polyoxymethylene (POM), Poly-
lactic Acid (PLA), and Paraffin wax serve as binding agents
for the metallic powder in the filament [48, 51-53]. Multiple
binders can be mixed during the creation of filament, back-
bone binders 0-50 vol.% and soluble binders 50-90 vol.%
with the rest being stabilizers and additives [54, 55]. The
illustration done in Fig. 2 by Roshchupkin et al. [56] shows
the binders interaction with the metallic powder.

The additive grade powder which is added to the binder
tends to be sized between 20 and 80 pm [57]. The metallic
powder content within the filament typically ranges from 50
to 65 vol.% with some materials up to 80% [58]. FDM fila-
ment is commonly made with a circular diameter of 1.75 mm
or 2.85 mm [59]. From the literature reviewed in this study,

Solvent Thermal Atomic
extraction decomposition difussion
Debinding Sintering

. Backbone D Soluble binder
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Table 1 Literature studies FDM

. . Study
filament information

Material

Average powder size

Filament wt.%/vol.%

Mousapour et al. [35] 316L Stainless Steel 32 pm 83.5 wt.%
Wang et al. [42] 316L Stainless Steel 3-15 pm 80 wt.%
Nurhudan et al. [58] 316LX Stainless Steel 13 pm 88 wt.%
Nurhudan et al. [58] 316L Stainless Steel 17 pm 55 vol.%
Liu et al. [60] 316L Stainless Steel 30-50 pm 88 wt.%
Quarto et al. [61] 316L Stainless Steel - 90 wt.%
Quarto et al. [61] 316L Stainless Steel 1-10 pm -

Sadaf et al. [62] 316L Stainless Steel 33 pm 65 vol.%
Kurose et al. [63] 316L Stainless Steel 10 pm 60 vol.%
Hassan et al. [64] 316L Stainless Steel - 63 vol.%
Damon et al. [65] 316L Stainless Steel - >80 wt.%
Thompson et al. [66] 316L Stainless Steel 17.7 pm 55 vol.%
Wagner et al. [67] 316L Stainless Steel 2.8 pm -
Caminero et al. [68] 316LX Stainless Steel 1-20 pm 80 wt.%
Parenti et al. [69] 316L Stainless Steel 8.8 pum 92 wt.%, 60 vol.%
Lotfizarei et al. [70] 316L Stainless Steel 8.6 pm -

Ortega et al. [71] 316L Stainless Steel 3—4 um -
Moritzer at al. [72] 316L Stainless Steel - 90 wt.%
Gonzalez-Gutierrez et al. [73] 316L Stainless Steel 15.1 pm 55 vol.%
Burkhardt et al. [74] 316L Stainless Steel - 55 vol.%
Nurhudan et al. [58] 17-4PH Stainless Steel 12 pm 55 vol.%
Lotfizarei et al. [70] 17-4PH Stainless Steel 12.3 -

Abe et al. [75] 17-4PH Stainless Steel - 60 vol.%
Watson et al. [76] 17-4PH Stainless Steel 1-20 pm -

Godec et al. [77] 17-4PH Stainless Steel 12.3 pm 55 vol.%
Gonzalez-Gutierrez et al. [78] 17-4PH Stainless Steel 12.3 pm 55 vol.%
Jiang and Ning [79] 17-4PH Stainless Steel - 60 vol.%
Pellegrini et al. [80] 17-4PH Stainless Steel - 90 wt.%
Pellegrini et al. [80] 17-4PH Stainless Steel - 88 wt.%
Wu et al. [81] 17-4PH Stainless Steel 22 pm 58 vol.%
Gonzalez-Gutierrez et al. [73] 17-4PH Stainless Steel 12.3 pm 55 vol.%
Rahimi and Zamani [82] 4605 Steel 5 pm 90 wt.%
Vetter et al. [83] 1.2083 Tool Steel - 60 vol.%
Mousapour et al. [35] High Carbon Iron 129 pm 80 wt.%
Charpentier et al. [84] High Carbon Tool Steel 45 pm -

the filaments material, average powder size, and weight/vol-
ume percentage is listed in Table 1. It should be stated that
binder type is not included as composition of the binder is
often avoided in publications and patents [55].

2.2 Printing parameters

Although the FDMm filament is made from commonly
printed thermoplastics, the introduction of metallic powder
into the filament changes the printing behavior. The slicing
software offers adjustable printing parameters to customize
the printer how the part. Certain printing parameters infill
density and printing orientation are shown to have a signifi-
cant effect on the mechanical properties of the printed part.

@ Springer

Table 2 reports the printing parameter terminology used
within the literary studies.

Further in-depth analysis of the printing parameter test-
ing, and printing parameters used to complete studies on
FDMm for high melt iron alloys can be viewed below in
Table 3.

Quarto et al. [61] studied the effect of nozzle temperature,
infill pattern, print speed and layer height on the density,
shrinkage, and porosity of FDM printed 316L SS. A change
in nozzle temperature showed no effect, whereas, higher
print speed increased porosity and shrinkage of printed
sample. Inversely, increasing the layer height marginally
reduced the shrinkage rate by 17.5%. Ait-Mansour et al.
[85] examined the compressive strength of samples printed
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Table 2 Printing parameter description

Printing Parameter

Definition of the parameter

Bed Temperature (°C)
Flow Rate (% or mm/s)
Infill Density (%)

Infill Pattern

Infill Overlap (%)

Layer Height (mm)

Nozzle Diameter (mm)

Nozzle Temperature (°C)

Oversizing factors (%)

Print Orientation (Flat, Flipped, Vertical)

Print Speed (mm/s)
Raster Angle (°)
Shell Thickness (mm)

Temperature of the print bed during printing process [119].

Rate at which the printer will extrude material during printing [120].
Percentage measurement how much filament will be printed inside the shell [49].
Structure/ Shape that is printing inside the part at the set density [121].

Parts of the infill walls that overlap which is typically attributed to infill densities
over 100% [122].

Adjusts the height each layer of filament is printed at [123].

Exit diameter of the print nozzle [119].

Temperature of the print head nozzle during printing [124].

Part increase percentages for shrinkage compensation [125].

Orientation of the part relative to the print bed [126]. The print orientation dis-
cussed in the further printing sections has been modified to keep all wording
consistent as detailed below.

Flipped Flat Vertical

Speed at which the printing head travels during printing [127].
Angle of the deposition tool path with respect to the x-axis [128].
The thickness of the contour lines used to cover the infill structure [129].

with various infill densities and the effect of print orienta-
tion on tensile strength. Results found that increased infill
densities increased the compression strength and decreased
the compressive stress at comparable levels. In terms of the
printing orientation effect, samples printed flat had the high-
est ultimate tensile strength (UTS) with 311.81 MPa. Similar
results on the effect of infill densities were found by Wang
et al. [42]. Schmacher and Moritzer [86] investigated differ-
ent infill patterns on FDMm 316L SS and found that using a
rectilinear pattern provided better tensile strengths compared
to a honeycomb pattern. Atatreh et al. [93] also reported that
FDMm printed 17-4PH SS with solid infill patterns such as
rectangular provided better UTS compared to honeycomb
infill patterns.

Hassan et al. [64] tested the effects of layer height and
flow rate on the porosity and grain size of FDMm printed
316L SS. Study concluded that an increase in flow rate led
to additional porosity and larger grain size while an increase
in layer height yielded no effect on the porosity or grain size.
Kurose et al. [63] investigated the effects of printing layer
heights and printing orientation on the relative density of
FDMm printed 316L SS. It was concluded that print orienta-
tion didn’t have a significant impact on relative density; how-
ever, the samples printed flat had the highest tensile strength.
Similarly, Suwanpreecha and Manonukul [100] found that

samples printed using a flat orientation had a higher flexural
strength. Obadimu et al. [87] tested the effects that layer
height, raster angle, and print speed have on the mechani-
cal properties of 316L SS printed samples. It was revealed
that layer height and raster angle significantly influenced the
UTS while print speed does not show any statistical effect.
Caminero et al. [68] examined the effects of nozzle size,
print speed and print orientation. The densest sample were
printed using parameters 0.20 mm layer height, 30 mm/s
flow rate, and flat orientation. Parenti et al. [69] found that a
10 mm/s flow rate and a nozzle temperature of 120-125°C
provided the best samples. Moritzer et al. [72] found that
using a 0.40 mm nozzle diameter and an infill density of
120% is the optimal level of printing parameters. It was also
noted that minimizing the layer height provided better first
layer application.

Furthermore, Abe et al. [75] examined the effect of print
orientation on the UTS of FDM printed 17-4PH SS. A flat
orientation provided the best UTS followed by flipped and
then vertical. Alkindi et al. [95] reported similar results
when testing intermediate printing orientations between
flat and vertical orientations. Godec et al. [77] examined
the effects of nozzle temperature, flow rate multiplier and
layer thickness had on FDM printed 17-4PH SS. It was con-
cluded that an increased nozzle temperature and flow rate

@ Springer



The International Journal of Advanced Manufacturing Technology (2023) 129:1-22

"BdIN €'0S JO SN 389USIY o Pey ,Gy—/,S+ pue 1ySIoy

JoAe] wwr ()g°() Jo uoneurquiod Junurid Ay, "SI0 Sy} UO ddudN[uI
[eonsne)s JuedYIuSIS pamoys JY3IIay JoAe] pue J[3ue ISty "YISuans
Q[ISuQ) dJewn[n 9y} uo joedwr JuedYIuSIS Ou MOYS S/W () pue

G¢ 01 0¢ woiy paads jurid ur aseaIdUr UB PIMOYS 3[qB)} VAONY UV

'so[dures 9y} ur paAIasqo 9ZIs ureid

pue £jrsozod oy} paseaIour s/WW ¢/ ] PUe S/WW G'Z] 0) G/ WOIJ
9seaIoul 9)eI mop y "sojdwres ay) Jo 9z1s uress pue Kjisoiod 9y} uo
199JJ2 ou pasold ww ()G°() PUB W Of°() 03 O¢'( WolJ dZueyd 3oy
JoAe] v "senzedoid parojurs [euy oy uo pey siojouwrered Sunurid

Jey) $)09JJ9 2y} SUIMOYS PRjONPUOd SEM UOTIBUTWEXD YAONY UV

BN £SF

Jo y13uams 9[Isud) 3say31y Y} pey W () Jo W19y J9Ae] © yiim
uoneuALIo Jey e Suisn suowroads pajurld ‘suswrdads [ed1IoA Uy}
paddrg Aq pamor[oF ssoms 9[Isua) 3seyS1y YY) pey suawroads jey]
*SUOTIBIUSLIO [[B SSOIOB AJISUSP QATIR[I 93BIOAR JSAUTIY Q) pey Wi
1°0 JO Y319y J1oAe] v ‘suonejuanio unurid [eonioa pue paddry ‘rey

1M PAUILIEXD Q1M (WW ¢°() ‘W ]°() SIYTIOY JoAR] JUSIQPIP OM],

‘uzeped [[yur Ieaur[oal pue AJISuap [[YUI %06 I8 PAIINI0 YeaIq

Je uoneSuo[d %06 UM eJIA 7S Jo YiSuans a[Isua) jsaysIy YL,

“uroned

[Igur quiooKauoy 0} paredwos YISuamns J[Isud) Y31y APU)ISISUOD
pasaryoe ureyed [[YUI JRAUITNOY "Pasearour A)SUap [[Jul oy} se
pasearour YySuons J[Isud) oy [, “urened [[yur quIooLsuoy pue Jeaurn

-001 Suisn 906 pue (09 ‘0 01 %G WOIJ PISLAIIUT IIM SINISUSP [[LU]

"UONLIUALIO
(edIA 85°6¢2) poddiy pue (edIA ZL'81T) [BO1I0A oY) 0) paredwod
y13uans 9[Isua) Ioy31y Apueoyrusis pey (edIN 18 T1¢) sojdures
pajurid je[q "peIsa) a1om uoneyuario Junurid jey pue paddiy ‘eon
-IOA JOJ ()3UAMS A[ISU, "SYISuAMNS AISSAIdWod 19Mo[ Apuedyrusrs
pamoys sofdwres AJISuap [[JUr %Gz UL, "PISea1odp AIsuop [[yur
AU} Se PISBAIOUI SSANS SAISSAIAWOD YY) “TOAIMOY] ‘SYISUIIS JAIS
-s21dwod Te[Iwis pey %6z [—(0G SANISUAP [[Yul ym sa[duwres “sjuow
-10UT %G SuIsn 9,6z 01 GZ WOIJ Palsa) sem AJISUSD [[Jul JULIJ
‘urened [[yur auI] pue
3oy 1oAe] w1 () ‘paads jurid syww ()7 Sursn paureiqo A)sudp
orduues 159q 9y, "oSeNULIYS 9} PISLaIoap W () 03 ['°() WOIJ
aseaour JYI1aY JoAe] y 9FequLIys pue A)isorod ur 9seaIour ue 0} pof
S/WW ()G 0} () WOl asearour paads jurig "Ayrsorod Jo oFexuLIys ur
oSueyd ou pamoys D,6L] 01 Ot/ WOIJ 95ea1oap aInjeraduwe) 9[zzoN

(606/0/SH—/SH+) 218Uy Io1sEy *

(s/wur Of ‘G¢ ‘0¢) poeds Iulid o

(ww §°()) I9RWeI(] I[ZZON @

(W 67°0 ‘07°0 *S1°0) WSIOH 1oKe T
(oSt) AUy oISy o

(Do5€1) 2ameradwoy, 9[ZZoN e

(ww §°()) J_RWeI(] J[ZZON @

([BONIOA ‘[BIUOZLIOH) UONBIUALI) JULI] @
(wur 0g°0 ‘0%°0 ‘0€°0) WSOH IoAeT o
(rern3ue)ovy]) urned [[Yuy e

(S ¢/ 1 “G'TT °G"L) el MOl @

(ww (9g°0) SSAUNOIYT, [19YS ©

(urwyurar (1) poads Sunuiid e

(SoX® 9JBUIPIOOD UM J[qRLIBA ) UOIBIUILIO FunuLld e
(Do0L1) anyeradwa], 9[ZZON e

(ww §°()) I91RWeI(] J[ZZON @

(wur 0g°0 ‘01°0) WS1oH 1AL o

(%001) Atsua( [Tyuy o

(Do0L) emyerodwa], pag e

(0,017 ‘0€7) 2ImeIadwo], 9[ZZON e
(ww §°()) IRWeI(] I[ZZON @

(wur 0z°0 “S1°0) WSToH 1AL o
(QUIOOAUOY ‘Teaul[noy) UINed [[Yu] e
(%06 ‘09 “0€ ‘S) Aisua( YU

(00021 *001) dmmeiadwiay, pag e

(sywur Og) paadg Jurig e

(DoS€7) 2amyerodwio], 9[ZZON @

(wuwr 0g°0) WSIOH JoAe] o

(%STT “00T “SL “0S ‘ST) Knsua( [[yu] e
(D006) 2aerodwa], pog e

(s/urwr (g “0g) paads Jutid
(o0t ‘6L1) 2Imerodwa], 9[ZZON e
(ww o0 *01°0) STy TokeT o
(e “ourT) uroned TIYu] ®

(SS 191¢€) [£8] Te 12 nwipeqQ

(SS1919)
[+9] ‘Te 10 uessey

(SS191€)
[€9] ‘Te 10 9soIny|

(SS191¢€)
[98] JozZiLIOIA pue JoydrWNYOS

(SS 191€)
[s8] 'Te 10 mosue -1y

(SS 191¢€)
[19] e 30 o1rend)

synsa1 Apms

Pa1s9) s1oyowrered Sunurig

Apmgs

uonewiojur Sunurid WA SAIpNIS 2InjeId] € d|qel

pringer

Qs



The International Journal of Advanced Manufacturing Technology (2023) 129:1-22

(unwyww 08g) paeds L | (Je1) UONBIUSLIQ L] | (D0£7) IMeIddwa], S[ZZON | (W 6Z'0) Jo1oWelq
o[zzoN | (ww 91°0) 3yS10y 10Ke | (re[n3ueiony) uIoNed [1YUI | (%001) ANSUSA [TYU] | (%001) e MOLT | (D609) 1meadwa], pog

(s/ww 1) paadg Sunurd | (D,01¢) amersdwa], 9[zzoN | (W 0g'0) WSOH IAeT | (%001) Asuaq [[YU] | (D,09) imersdwa], pag

(,06-0) 218Uy 19358y | (s/ww 0g) paads Sunurid | (D,0¢7) dmyesadwa], 9[zzoN
| (W 9°0) I91eUIRI( ]ZZON | (W (7°0) YSIOH 1948 | (1e[nSueiosy) usaned [1Yu] | (%001) ANsuad [1YU] | (D609) dmjeradwa], pag

AOWV|\OW.—V+V UMME/\ I91Sey
| (Do067-0L7) 2myeradwia], 2770N | (Wi 9°() 1919WrEI( 770N | (TE[NFUeIdNY) WIoNed [IYU] | (%001) ANSUSQ 1YY | (%501) N MOLT

(D,0€7) 2aeredwa], 9[zzoN | (wwr (z°0) WSIOY IoAe T | (Fendueidoay]) urened [[yuf

(D,017) dmeraduwrd, 9[ZZON | (Wl () 101U 9[ZZON] | (W 1°0) WSO ToKe T | (%001) Lsua( [MYU] | (D,06) o1mjeradwa], pog

(oSP—/oSP+) dI8uY JAIsey | (urw/ww )pOz) peeds Sunurg
1 (D60127) damerodwa], 9[zzoN | (Www 84°() WSIOH JART| (Saul| [S[[ered) ussned [[YU] | (%001) 918y MOL | (D,0T1) 2imjesadwd], pag

(s/uur 09) paads Jutid | (D,S€7) dmesadway, 91zzoN | (ww 0z°0) S1OH 10Ke ]

(wur ¢71) sSOUYIIYL, [[9YS | (oSt~/oSH+) A[BUY 10Isey

| (surur og) peadg Jutid | (Do§LT) ermeradwa], o[zZON | (W ()() 1SWEI( 9[2ZON | (W G1°() WSIOH 10K.T | (D,69) armeradway, pag
(9T “SET1T “SE'1T) %Z°A X :S1030B] SUIZISIOAQ

1 (D05¢) armeradwa], 9[zzoN | (W () JJourel(] 3[2ZON | (W T°0) WSWH JoKeT | (%001) Ansusd YUl | (D,001) 2rmetedwa], pag

“edIA 0TS JO SN ® ey sired parajurg

"9SUAP %66 9q 01 pajurid axom syred pAurg ‘Sunurid 10y papusw

w091 Sem %] JO AJISUSp [[YJUI Uk PUR WW (f°() JO 9ZIS 9[ZZOU
10318 Y "UOISAUpe JoAe[ ISIY 1912q pey JYSIAY JoAe] pasealdop Y

-armpadoid Jur[ru
jred u9213 woIJ SISl Is9q Y} Ae3 D,GZI-0Z1 JO aameradwo)
9[ZZOu ® pue S/WW () JO 9)el MOy & SuIsn Jey) punoj sIoyine ayJ,
LA
Po9J IoYSIY B YIIM IQJOWRIP 9[ZZOU [[ews Ay} 0) paredwod AoeIndoe
[euorsuowIp 9siom pey sioowered Sunurid 9say) ‘1OAOMOY ‘SIoke]
pue Juowey pajsodap oy Jo Sunoedwod 19119q pajeaId uoneulq
-Wwod STY) ey} AJOU SIOYINe Y], 'S/WW ()¢ JO )l padj e pue JyS1oy
JoKe[ W ()7°() “9[ZZOU W 9°() & SuIisn payeald sem dfduwes jsosuop
ay [, ‘suonejuario Sunurid 104jo o) 03 paredwiod ssaUYSNOI 90eYINS
1SOMO] ) PeY UoNBIUALIo Jef v “A)1so1od JoAe[Io)ul SSO] Sem

219y se o3exuLIys ssof op1aoid 0} peaoid 9z1s 9[zzou wiw 9°() YL,

(c06/0S¥) 2[Suy Iaisey o

(sww ¢ “Gg “0g) poodg Jutid o
(ww o0 ‘ST°0) Jerowel(] 9[ZZON
(ww ¢z1°0) WSO 10Ae] e
(TeournOoy) IR [[YU] @
(%T'TST ‘0TI “S'LY) Asud( [[yu] e
(D,0T1) 2amesodwo], pog o
(oSt—/oSt+) QI3UY 12ISEY o

(D07 1-06) dmmeroduwo], 9[ZZON @
(ww () Io1eWeI(] S[ZZON ®
(sywur 1) a1ey MO[]

(eonaeA ‘paddifq “e[) uonejuaLIQ JuULI] @
(D,0€7) 2anyeradwa], 9[ZZON e

(ww 9°() “4°()) IIoWRI(] I[ZZON] @

(wur 6z°0 ‘07°0) WSoH 1AL
(o1muaduo))) uraned [[yuy e

(%001) Lyisua( T[yut

(s/ww OG “0F “0€) e MO[] o

(D,001) 2amerodwa], pog e

(SS 191¢) [£9] "Te 30 10UTepy

(SS191¢)

[s¢] e 30 1nodesnopy
(SS T191¢)

[29] e 10 Jepes

(SS 191¢)

[99] ‘Te 10 uosdwoy],
(SS191¢€)

[09] Te 10 nrg

(SS T191¢9)

[16] T8 30 01507,

(SS T1919)

[S9] ‘Te 10 uowreq
(SS191¢)

[06] 'Te 32 Suon
(SS 191¢) [68] T8 0 BLIRWERURS

(SS 191¢) [88] Te 10 BIOIZPIY]

(SS191€) [2L] 'Te 10 1070

(SS 191€) [69] Te 19 nuareq

(SS XT91¢€) [89] Te 30 orourwe)

synsa1 Apms

Pa1s9) s1oyowrered Sunurig

Apmgs

(ponunuoo) ¢ 3jqey

pringer

A's



The International Journal of Advanced Manufacturing Technology (2023) 129:1-22

‘suowiroads urened [yur prjos

) uey) 93evjuaoad 3o95ep 1oySIy © pey urayed [yur ren3ueri],

‘ToMO[ Apueoyrusis sem 1,0 suraned [[yur ren3ueLy oY) o[Iym
Hd#-L1 WYSnoim 0} 350[9 S Ue PIAIIYI. suawdads [[yul prjos

Aoanoadsar

‘edIN L8 616 PUB 97" /6 Sem YISUaIS 9[ISUQ) o) ‘UOTIBIUSLIO (T

PUE () IV 509~ [UN PISLaIOdP A[IPe)s Jealq Je uonesuo[o pue
$SOIS 9[ISUD) AY) ()6 03 () WOIJ PASLAIdUT Sem UoneIuaLIo Jurid ay) Sy

SN sordues
9y} U0 109J9 1ULOYIUSIS B PeY UOIBIUSLIO JULL] "SIOAR[ [[em 9 pue
79U} Ud9M]aq PIjou oIk ST, Ul SUOIIRIASD JYSI[S "UOIRIUSLIO Jef)

e SuIsn s194e[ [[eM T YIIM punoj sem S1.0 159q 9y, ‘SUONIEIUILIO
PIINQ JB[ PUE [BONISA )M SISKR] [[BM Q PUR 7 U9am)dq uostieduio))
“jutod wonoauuos dn 03 dn se[Suern oY) Je SULLINOO0 SUOZ dINJORIJ

' pajou os[e sioyine ay ], ‘so[dwes payurid prjos oy 0} paredwod

qI3uams J[Isu) Jamo[ Apueoyrugis pey sojdures [[yur Jenueriy,

‘son1adoid of1su9) pojurid-se oy} uo s309)J9 JuBdYIU3IS pey
SSowIY) JoAe] pue Jordnnu 2Jel MOp PISEIIOUL UB SB [[oM SE ‘aIn)
-e1odwe) 9[zZou Jey) pamoys d[qe} VAONY UV ‘sired pojurid-se oy
I1e Jo sen1adoid 9[Isud) 159q Y} PIASIYIL WW 7'() JO SSAUNIIY) JoKe|

pue %/ 71 Jo erdnnuw 2je1 mop D,6¢g Jo armeraduwo) o[zzou y
-orduwres 1oyjoowrs A[qQISIA & UT PAINSAT 938l MO} pue aInjeroduwo)
9[Zzou ur 9seardur ue jey) pamoys Sunurid 19)ye uonoadsur rensip

*SUOIRIUALIO J9Y}0 0} paredwod
yISuons 9[ISuQ) dJeWII[N JS9q AY) PUE SISA[EUE QINJONIISOIDIW Y}
ur se1od Jo JoqUINU JSOMO] 9} Pey UONBIUALIO uawroads jef oy,

(oSt—/oSH+) FBUY 10ISEY o
(o[3uel1y, ‘sour) urened [[YuJ e
(%001 ‘Lg) Ksua( [[yu] o

(wur 1) sSawIL, [[9YS o
(STeAIIUT ()] SUISN [BOT}IAA 0} JB[]) UOTJRIUSLI() JULI] @
(ww ¢Z1°0) WSO 1okeT o

(I1yu1 %001) ANsusp [[yuy e
(TeonIoA ‘je[]) UONRIUALIQ) JULld ®
(s g¢) paadg Jutid e

DoSH7) 2rmeradwa], 9[ZZoN e
(ww §°()) I9RWRI(] I[ZZON @
(%001) Ansua( [1yu] ®

(%¥01) ey MOl »

(D,0€ 1) 2amerodwa], pog e
(oSt—/oSt+) FI3UY 1oIsEY o
([eonIdA “1e[) UONBIUALI) JULI] @
(W °()) J9JoWeRI(] I[ZZON ®
(%001) Lyisua( [yuy

(W 6Z1°0 ‘ST1°0) WSIOH 1AL o

(Ten3ueLL], ‘prjoS) uIoned [[Yu]

(oSP) J[Suy 10158y °

(sywrwx G¢) poads Sunuiid e

(20092 “0ST “S€T ‘07T ‘01¢) 2mmeradwd, 9]2Z0N @

(wur 7°0 ‘70 “02°0 “ST°0 “T1°0) SSAWONYL, Toke] o
(%S1) defraAaQ [ryu o

(rern3ue)ody) uINRd [[YU] @

(%001) Lyisua( YUy

(%LTT °0CTT 01T ‘101 S6) ey MO[] o

(D,001) 2amerodwa], pog e

(oSP—/oSp+) d[Sue 1aIsey @

(TeonaA ‘paddrfg “yer) uoneuLALI) JULI] @

(ww 1°Q) WSIOY IoAeT e

(ren3ue)ody) uIRNRd [[YU] ®

(%001) Asua( [1yuf

(s/uur 0G) paadg urid | (U §*() IoJOUIRI( [ZZON

(Do0%7) 2aerodwa], 9[zzoN | (W () I)QWRI(] 9[ZZON] | (W 77 () WSIOH JoAe

(sywwr () paeds juty | (D,0L1) 2imeradwa], 9[zzoN | (Ww G1°()) WSIOH J9AeT | (axmeredwa], wooy) armerodwa], pag

(s/uur Og) paadg Jutig

1 (D,0€¢) 2rmeredwa], 9[zzON | (W () 1JoUIel(] J[ZZON | (W ('() SSAUNIIY, 1Ae] | (SeZ-317Z) uroned [[yu] | (%001) Ansuaq [1yuf

(SS Hdv-L1D)
[96] "Te 10 9ouaime |

(SS HAV-LT)
[s6] Te 3o U1y

«(9sngenin ASVE SS Hdv-L1) [#6] Te 19 e1yooae ]

(POSIOPIIEIN SS Hdb-LT) [+6] T8 10 eIyoooAe

(SS Hdt-L1) [€6] Te 19 yanery

(SS Hdt-L1) [LL] 'Te 19 99poD

(SSHAP-LT) [SL] Te 1w 29qy
(SST191¢) [¥L] 'Te 10 ypreypng
(SS 191¢) [T6] "ousiey, pue oquif

(SS 191¢)
[1L] 'Te 32 €S0

(SST191¢) [p] e 10 Suepm

synsa1 Apms

Pa1s9) s1oyowrered Sunurig

Apmgs

(ponunuoo) ¢ 3jqey

pringer

Qs



The International Journal of Advanced Manufacturing Technology (2023) 129:1-22

s1ojowrered Sunurid juareyyip pasn 1jurid yoes st payroads 2Iom SIOINJORINUBTU JOJULI 4

(2,007) dmye1odway, 91ZZON | (W §°() 10)WeI( A[ZZON | (Ww Og"0) WSIH 2£8T | (%001) ANsuad MIYU] | (D,09) dmjeadw], pog

‘Kysuap jurid ur oFueyd juedyrudisur papraoid D G4 01 O] WoIf
armesedwe) Sunurid ur eseasour uy - wo/3 [°G jo Asuop jurid
1S9USIY 9y} UI PAYNSAI %()9] 03 OS] WOIJ ).l MO} ) Sulsealou]
‘Sunurid orrym diys Juswre[y paseaour 0 anp A[qeqoid ST S1y} Jey)
pajou sioyne Ay, " Wwo/3 78"t 03 G6't woiy Aysuap pajurid-se

Q) PASLAIOAP S/WW ()8/09 03 §7/07 Woiy paads jurid oy Suneasrg

(s/wur 08/09 ‘$z/07) paads Sunuiid e
(Do0¥1) 2ayerodwa], 9[ZZON

(ww §°()) J_RWeI(] J[ZZON @

(wwr 60'0) WSIOH IoAe] o

(aur) uroned yuy o

(%0G1) 918y MOL] @

(D609) 2merodwa], pog e

(W ) SSAWYOIYL, [19YS | (S/ww 0g) paads JLd | (J,0L1) dImeaadway, 9[zzoN | (W z°0) WSH 19487 | (D,06) S1esddwa], pag
(S'61 ‘98T ‘9'81) % Z ‘X *X 1810198 SUIZISIAQ | (W () danjeradwa], 9[zzoN | (Ww §0'0) WYSIOH 19Ke]

(606 “5S¥ *50) UONEIUSLIO UL | (WU () ISWL(] 9]ZZON

(W 60°0 “ST1°0) WSIOH IoKe] | (S[SUBLLL, pasol) ‘PIOS) UIaNed [[YU]
(D0817) armeraduwidy, 9zzoN | (Wwg( Q) WSOH 1048 | (%001) Asusq [1yuf
(oSt—/oSt+) QI3UY Io1sEY | (Te[d) UONBIUALIQ JULL] | (WW §0'() WSIOH oK. T | (%001) Lsuaq [TYu]

(ww 4() Jejewer( 2[zzoN | (ww GO'Q) WSIOH JeAe

(W 4°0) Terdwel( 9[zzoN | (W ¢0°0) WSO 1ok | (%001) Asua( [yu]

(0T °S°61 ‘S'61) % “Z ‘A X :SI0108] SUIZISIOAQ |

(D,0¢T) 2mmeradwa], 9[2ZON | (W G'() IoIUIEI( [ZZON | (Wt GTT"0) WSIH 1oKBT | (%001) Asusd MYyl | (DoSTT) 2rmeredwa], pog

*SUOTIBIUALIO IO A} 0} paredwod

[)3uans [eInxa[ 1say3ry oy pasaryde sojdwes pojurid jef ‘uon

-eJuaLo JuLId [RONIOA B 0] paredwiod SaNISUIP PAIdIuls JANR[I PUR
pajurd-se 10ySy e pey paddiy pue je[ pojurid axom jey) sojdureg

"P1sa) SO[Sue I9)seY JOYI0 Y}

01 paredwod yyuans ajewn|n 1SYSIY aY) PIAIYIE ,()9/,( JO J[Sue

I10)58Yy "UQWIoads asuap 997 03 paredwod §1,) IOYSIY X9 Sem
ordues asuop [[nJ V "pasearour A)ISUSp [[JUl Y} Se pasearour 1.0

‘(A1oAnoadsal ‘BN 97/ PUB $]§) SUONBIUSLIO [BIT)IOA
pue paddig 2y Jo S, 25eI2AR ) ULY) IYIIY APUROYIUSIS Sem
yorym edIN 0,01 JO SN 2SeIsAe ue paaaryoe jey pajurid sojdweg

‘9[3ue 19ISeI [ Gh+/Sh—
s sofduwres 03 paredwos §1,0 19YS1Y pasaryde uonoarp [[nd
oy 03 [9qexed sourf [[yur pue uonejuaLio paddry e yym sojdweg

(oSt—/oSt+) F[3UY 1oIsEY o

(syurw ()7) paeds Sunuiid e

(reonaop ‘paddrfq ‘1e[q) uoneiuaniQ Sunurid e
(D607 2ameradway, 9[ZZoN

(ww ¢71°0) WSIoY JokeT o

(%001) Lyisua( YU

(D0L) 21eIadwoy, pag e

(606/00€ ‘oS LIsSH/oST *609/50) AUV 19158y @
(p11oS ‘o[3uelLL) UINEd [YU] *
(%001 “¥T 0T “91) Ansua [yu] o

(oSt—/oSH+) QISUY IAISEY ®

(TeonaoA ‘paddiy “yer]) uoneIuaLI UL @
(606/00 ‘oSt—/oSt+) S[3uy 13358 *
(eonaaA ‘paddifq “ye[) uonejuaLIQ JULI] @
(0T 0T 07) %Z ‘A X :s10308] SUIZISIOAQ e

(19915 [0o[, uoqre y31H) [8] Te 10 1onuadiey)

(19918 1001, €80T°T) [£8] "Te 10 010
(1991S S09t) [8] ruewey pue nuryey
(SS Hdt-L1) [S01] e 30 uosiepy

(SS Hd +-L1) [$01] T& 3 959190104
(SS Hd t-L1) [€01] e[0IoUIN pue nE[eD
(SS Hd +-L1) [201] "Te 30 npjuay)

(SS Hd +-L1) [101] "Te 30 Z1zenog

(SS Hd +-L1) [9L] 'Te 10 uosjepm

(SS Hd¥-L1) [6L] SuIN pue Suerf

(SS HdP-L1) [88] T 19 e101ZPUSY

(SS Hd+-L1) [001] (monuouey pue eyosarduemng

(SS Hdt-L1) [66] Te 10 nooures3uo,f

(SS Hd t-L1) [86] zodo] voemiog, e pue wroyiofg

(SS Hd¥-L1)
[L6] Te 3 Krusyg

synsa1 Apms

Pa1s9) s1oyowrered Sunurig

Apmgs

(ponunuoo) ¢ 3jqey

pringer

A's



10 The International Journal of Advanced Manufacturing Technology (2023) 129:1-22

resulted in a visible smoother sample. An increased flow rate
multiplier resulted in a strand overlap increase from 97 to
127%. The authors noted an increase in nozzle temperature,
flow rate multiplier and layer thickness improved the tensile
strength of the sample. Lavecchia et al. [94] reported that
the highest UTS occurred with less shell thickness and a
flat orientation. Lawrence et al. [96] concluded that solid
infill pattern had significantly higher UTS compared to tri-
angular infill pattern. This was further confirmed by Fong-
samootr et al. [99]. Henry et al. [97] found that samples with
a flipped orientation with infill lines parallel with the tensile
pull direction achieved the best UTS.

Vetter et al. [83] examined the effects of printing param-
eters on FDM printed 1.2083 tool steel. Results concluded
that an increase in flow rate increased the printed density
while an increase in print speed decreased the printed den-
sity. A change in nozzle temperature provided no significant
change to the print density.

3 Debinding process

The debinding process removes the thermoplastic binder
from the print in preparation for sintering. A good binder
will contain the metallic powder well, prevent warping of
the printed part and debind without difficulty [55]. There
are four major types of debinding processes: thermal, sol-
vent, water, and catalytic debinding [70]. Thermal debind-
ing removes the binder through vaporizing/evaporating the
binder within the part [106]. Solvent debinding removes a
portion of the binder (typically wax based) by dissolving it
in a solvent [106, 107]. Some binders can also be dissolved
using agitated warm water. Catalytic debinding breaks down
the binder by reacting with the binder and changing it to gas
and exhausting it out of the system [106].

Debinding time and temperature are dependent on type
of binder used in the filament [55]. A rapid increase in
temperature can result in violent thermal expansion during

1 °C/min

_..a)

vaporization/evaporation of the polymer. The escaping gas
can cause increased porosity and large defects within the
printed part [21]. Many studies only note that a debinding
process had been completed, without focusing on the debind-
ing process parameters. The goal of this section is to report
debinding processes used to remove the binder material in
high melt iron alloys. The debinding temperature cycle is a
critical part of the debinding process. Many literatures have
studies the debinding process in FDMm 3D printing. Lu [37]
examined the thermal degradation temperature of different
filaments from The Virtual Foundry. The thermal degrading
of 316L SS filament started at 227.33 and 252.08°C and was
fully degraded around 416°C with a final weight percentage
around 83%. The High Carbon filament started degrading at
267.83 and 262.95°C and was fully degraded around 421°C
with a final weight percentage around 76%.

Mousapour et al. [35] used microscopy analysis to investi-
gate the effects of debinding rates on the porosity of 316L SS
printed using FDMm. Printed samples were heated to 250°C
at a rate of 5°C/min then up to 400°C using a rate of 0.2,
0.7, and 1°C/min. The process was monitored until no further
mass changes were recorded. The parts were subsequently sin-
tered for sintered porosity analysis. Samples of each debinding
rate were tested at a sintering temperature of 1360°C for 6
h. Sintered samples with lower debinding rates had a higher
relative density. The results showed a substantial porosity
improvement as the debinding rate decreased (see Fig. 3).

Thompson et al. [66] research into the effects of debind-
ing rates agreed that lower debinding rate reduced the poros-
ity. External visible defects at different debinding rates can
be seen in Fig. 4.

Wagner et al. [67] examined how parts of the debind-
ing cycle affected the removal of the binder. It was con-
cluded that the two-step debinding process of solvent and
thermal debinding effectively removed the binder. Com-
plete thermal degradation of the stearic acid portion of the
binder took place between 160 and 260°C while the thermal
decomposition of TPE took place between 300 and 460°C.

200pum 200pum
[— —_—

¢) 0.2 °C/min

Fig. 3 Porosity comparison in microstructure for debinding rates of (a) 1°C/min (b) 0.7°C/min (¢) 0.2°C/min done by Mousapour et al. [35]

@ Springer
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C) 1 mm

Fig.4 Visible thermal defects from debinding rates of (a) 3°C/min, (b) 1°C/min, and (c¢) 0.2°C/min [66]

Investigation into the effects of the heating rate on the micro-
structure revealed that the binder content has a large effect
in the formation of defects within the sample. Samples with
23% binder using a heating rate of 5°C/min showed open
blisters on the surface after sintering whereas no blisters
were noted at a heating rate of 0.5°C/min. After using 99.5%
Acetone as a solvent debinder, microscopic images of the
remaining primary and secondary binder were taken by
Ortega Varela de Seijas et al. [71] (see Fig. 5).

The debinding information provided in literary studies for
FDMm printing are reported in Table 4.

4 Sintering process

Most the FDMm printed high melt iron alloys undergo a
similar sintering process with alterations to the temperatures
and hold times. To start the sintering process, the kiln tem-
perature is slowly raised from room temperature through the
thermal debinding process if applicable. The temperature is
subsequently raised to a sub-sinter temperature allowing the
center of the crucible rise to the kiln temperature. Finally,
the temperature is raised to the sintering temperature, this is
where the metallic powder fuses together to create the final
metal part. The sintering time is another major parameter
that can be optimized. Some studies use a lower temperature
for a longer amount of time, while other choose a higher

Fig.5 Micrograph of the pri-
mary and secondary binder [71]

Primary
binder

temperature with a shorter sinter cycle. Key mechanical
properties such as shrinkage, porosity, and microstructure
can be greatly affected by the applied sintering cycles.

Sintering and heat treatment are the final steps to having a
complete FDMm printed part. The sintering process fuses the
metallic powder from the filament into one solid metal piece.
Temperature ramp rates, sintering temperature and sintering
hold time are the major contributing factors to the success-
fulness of the finished print. FDMm filament supplier such
as The Virtual Foundry recommends setting the sintering
temperature between 80 and 90% of the metals melting tem-
perature [40]. This would result in 316L SS and 17-4PH SS
having a sinter temperature between 1200 and 1350°C [110,
111]. Heat treatment processes can be applied to the samples
to enhance their microstructure and mechanical properties.
The furnace is cooled to room temperature for removal of
the completed FDMm parts. Experimental mechanical analy-
sis such as microstructure analysis, spectroscopy study, and
tensile testing can help researchers to establish the effects of
printing parameters and post printing techniques.

Shrinkage and porosity of the final part are major down-
sides in the FDMm printing quality, the removal of a high-
volume binder creates significant porosity within the print
before sintering [55]. During the sintering process the
printed part shrinks to fill the porosity left in the binder’s
wake. Sintering processes attempt to establish low/controlla-
ble shrinkage while maintaining low porosity. In the FDMm

Debinded

Secondary
binder
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Table 4 Literature studies FDMm debinding information

Study

Debinding process

Mousapour et al. [35]

Abe et al. [75]
Liu et al. [60]

Lu et al. [37]
Quarto et al. [61]
Damon et al. [65]

Sadaf et al. [62]
Gonzalez-Gutierrez et al. [78]

Thompson et al. [66]

Kurose et al. [63]
Watson et al. [76]

Hassan et al. [64]

Wagner et al. [67]
Vetter et al. [83]
Atatreh et al. [93]
Wang et al. [42]

Caminero et al. [68]

Lavecchia et al. [94] (2 Different Debinding Processes)

Pellegrini et al. [80] (2 Different Debinding Processes)

Santamaria et al. [89]
Rahimi and Zamani [82]

Parenti et al. [69]
Ortega Varela de Seijas et al. [71]

Lawrence et al. [96]
Henry et al. [97]

Ghadimi et al. [108]

Chemkhi et al. [102]
Galati and Minetola [103]
Forcellese et al. [104]

Thermal debinding was completed at 400°C for 1 h with different ramp rates until a
specific mass loss was observed.

Thermal debinding was completed at 600°C under nitrogen gas for 2 h.

Thermal debinding was completed at 120°C under nitrogen gas for 8 h.

Thermal debinding was completed at 300°C.

Catalytic debinding was preformed at 120°C until insufficient mass loss occurred.

Catalytic debinding using Acidic gas at 120°C for 2 h followed by thermal debinding at
600°C for 1 h to burn away residual binder.

Thermal debinding was preformed under Hydrogen gas at 500°C for 1.5 h.

Solvent debinding was done using a cyclohexane solvent at 70°C until a mass loss of
5.9% was achieved.

Solvent debinding was completed using a cyclohexane solvent at 65°C for 24-57 h
until a 1% mass loss was completed. This was followed by a thermal debinding in a
vacuum furnace between 375 and 500°C.

Thermal debinding was completed under nitrogen gas at 600°C for 2 h.

Part is initially debound in an organic solvent for 3040 h. This is followed by a thermal
debinding process at 400°C in an argon/hydrogen rich environment to remove the
remainder of the binder.

For initial debinding the print was put in 40°C solvent for 48 h. Following solvent
debinding, the parts were added to a kiln Slow heating to remove moisture from the
part with thermal debinding being completed at 300°C for 2 h.

Solvent debinding in cyclohexane for 7 h at 60°C followed by thermal debinding at
490°C for 10 h

Solvent debinding in acetone at 42.5°C with all soluble binder removed from samples
<12 mm between 30 and 40 h. Insoluble binder was thermally removed between 300
and 400°C.

Solvent debinding wash until specified mass loss is achieved.

Thermal debinding of binder through heating to 200°C at a rate of 5 °C/s with a hold
time of 2 h. The temperature was increased to 425°C and held for 1 h.

Catalytic debinding in nitric acid gas at 120°C with a rate of 1-2 mm/h for each exter-
nal surface. This was followed by thermal debinding at 600°C for 1 h with a ramp of
5°C/min for 1 h.

Solvent debinding in the industrial solvent Opteon SF79. Solvent was kept at 50°C until
a mass loss condition was reached. Thermal debinding was completed in the sintering
process for the remaining binder.

Catalytic debinding in nitric acid at 120°C until a mass loss condition was reached.

Solvent debinding in the industrial solvent Opteon SF79 at 50°C until a mass loss
condition was reached.

Catalytic debinding at 120°C for 8 h in a HNO; environment
Solvent debinding at 50°C for 15 h followed by thermal debinding at 550°C for 2 h

Solvent debinding completed in a n-heptane solution at 70°C for 5 h followed by ther-
mal debinding

Printed were submerged in 50°C stirred water followed by a thermal debinding at 680
for 10 h.

Solvent debinding using acetone solvent with 99.5% purity at 45°C until no further
mass loss was recorded after 24 h.

Solvent debinding in industrial solvent Opteon SF79 until a mass loss condition is met.

Solvent debinding in industrial solvent Opteon SF79 for a minimum of 6 h until a mass
loss condition is met.

Solvent debinding in a heated industrial solvent Opteon sion until a mass loss condition
is met.

Solvent debinding in industrial solvent Opteon SF79 for 12 h.

Solvent debinding in a heated industrial solvent Opteon sion for a minimum of 28 h

Solvent debinding using trans-1,2 dichloroethylene for 30-40 h.
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Table 4 (continued)

Study

Debinding process

Watson et al. [105]

Debinding between 30 and 40 h until a mass loss condition is met followed by thermal

debinding at 400°C.

Charpentier et al. [84]

Thermal debinding carried out in a neutral nitrogen rich environment starting at 25 to

300°C at a rate of 30°C/h

Gonzalez-Gutierrez et al. [73]
Giberi et al. [109]
Sumanpreecha and Manonukul [100]

Solvent debinding in Cyclohexane at 75°C for 12 h until a mass loss condition is met
Water debinding at 60°C for 10 h
Thermal debinding at 450°C for 100 min.

process, the x-y direction shrinkage is typically uniform;
however, the z-direction shrinkage is increased due to the
effect of gravity [63]. Mechanical properties analysis such
as tensile or compressive test provides insight into the suc-
cessfulness of process parameters and a comparison point
for metal FDMm.

This section provides information into the key sintering
parameters and microstructure studies on sintered FDMm
high melt iron alloy parts. Listed below in literary work into
the heat treatment and microstructure analysis of FDMm
printed and sintered high melt iron alloy prints.

Table 6 displays information of the sintering processes,
mechanical testing results and mechanical properties for
FDM printed 316L SS and 17-4PH SS. For comparison,
316L SS has a UTS of 518 MPa with a density of 8 g/cc and
17-4 PH SS had a UTS of 1379 MPa with a density of 7.8
glcc [111, 115-117].

4.1 Microstructure analysis

Microstructure imaging can provide vital incite into how
process changes are affecting the parts internally. Since
the microstructure is primarily created during the sintering
phase. Studies with unique microstructures and their associ-
ated sintering parameters are described below. Finally, this
section discusses heat treatment after sintering and Sur-
face Mechanical Attrition Treatment (SMAT) to improve
mechanical properties and alter microstructure.

Microscopic evaluation of sintered FDMm printed 316L
SS preformed by Mousapour et al. [35]. This work compared
the microstructure at the top to the bottom of the sample
after sintering (see Fig. 6). In this work, samples were sin-
tered with at a peak sintering temperature of 1360°C with a
6-h dwell time. The top of the sample contained more poros-
ity than the bottom due to densification of gravity.

Liu et al. [60] performed microstructure analysis for
FDMm printed 316L SS sintered at a peak sinter tempera-
ture of 1360°C for 2 h (see Fig. 7). The finding revealed that
the printing layer lines were still evident in the fully sintered
316L SS part. The authors also highlighted a twin crystal
formation as seen in Fig. 8 that occurred in FDM printed
316L SS. The twin crystal microstructure noted in Fig. 8

e e
10
ol 8 e. - -
=N\ A v
L »
..” -
:
‘_ 100w
— o G Or, v
\ :
4
o
< N e,
T "‘ll e *
—_ 3 - .
-t - -y
-
— Y 100pum
oL —
) /i WB
d
. 41‘ -
= o
E ¢ - m -
= 12/ ‘
— =
o
LO
S A WV
llU'lr

Fig.6 316L SS microstructure at 100 pm [35]

increases the hardness of the specimen. Similar layer lines
were found by Atatreh et al. [93], Ghamdimi et al. [108],
and Kedziora et al. [88] using FDMm printed 316L SS and
17-4PH SS.

Kurose et al. [63] investigated the fracture surfaces of
316L SS samples sintered using a peak sinter temperature
of 1280°C held for 2 h. Layer directions going parallel to
the force application achieved high tensile strength and had
similar break structures as seen in Fig. 9(a) and (b). The
samples with layer directions going to the force applica-
tion had a different fracture surface and significantly lower
tensile strength results as seen in Fig. 9(c) [63]. The author
notes that “the voids oriented perpendicular to the tensile
direction in the L-specimen would act as defects which
could cause stress concentrations” [63].

@ Springer
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Fig.7 Sintered 316L SS imaging with layer lines visible (A), (B) [60]

twin crystal

100pum

Fig.8 316L SS microstructure at 100 pm [60]

Fig.9 Fracture surfaces of
tensile samples at each printing
orientation showing internal
printing porosity at (a) flat (b)
flipped (c) vertical [63]

@ Springer

As noted in a previous work, layer lines and large poros-
ity were evident after sintering at 1280 and 1360°C for 2 h
dwell. In addition, Wagner et al. [67] used micrography to
examine the porosity at different peak sintering temperatures
in FDM printed 316L SS. Fig. 10 shows that 1350°C had the
least amount of porosity compared to a peak sinter tempera-
ture of 1200, 1250 or 1300°C.

Santamaria et al. [89] used the Hall-Petch parameters on
the microstructure to predict the strength from the micro-
structure image of the FDMm printed 316L SS. Samples
were sintered at 1350°C for 2 h which lead to an average
grain size of 40 +/— 23 pm, ASTM grain size number of 7.5
and an average grain aspect ration of 3.0 +/— 2.4. The authors
attributed the lower yield strength to the large grain size from
the Hall-Petch relationship. It was noted that this metric can
produce inconsistent results in the sample has high porosity.

Microstructure examination done by Abe et al. [75] on as-
sintered and aging heat treated 17-4 PH specimens showed
a little change in microstructure, deeming the aging heat
treatment not effective. The bright and dark grains seen in
Fig. 11 are martensite and ferrite phases respectively with
the small spherical nodes noted to be SiO,. Samples were
sintered at 1280°C with a dwell time of 2 h.

Vetter et al. [83] identified the printing defects in 1.2083
tool steel samples sintered at 1250°C for 3 hours. As high-
lighted in Fig. 12, printing layer lines are still evident in the
FDMm printed tool steel after sintering which resulted in
large pores.

Ortega Varela de Seijas et al. [71] sintered 316L SS sam-
ples in a vacuum furnace at 1350°C for 10 s, 30 s, 1 min,
4 min, and 6 min. Average samples density significantly
increased from 66.4 to 99.9% as the sinter time increased
from 10 s to 6 min. Samples sintered in the vacuum furnace
had higher Austenitic and less Ferrite in the microstructure
compared to samples sintered in the refractory ballast.
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1200 °C

d

1350 °C

Fig. 10 Comparison of peak sintering temperatures for FDM printed 316L SS at (a) 1200°C (b) 1250°C (¢) 1300°C (d) 1350°C [67]

Fig. 11 Microstructure results
from 17-4PH (a) as-sintered and
(b) heat treated specimens [75]

Fig. 12 Printing defects in FDMm sintered 1.2083 tool steel [83]

4.2 Post-sinter treatment

Wang et al. [42] preformed hot isostatic pressing (HIPing)
at 80 MPa for 1 h on sintered tensile samples. A significant
porosity reduction from 7.5 to 0.3 vol% was achieved. HIP-
ing was also found in increase in the tensile strength from
412 to 540 MPa while removing anisotropic properties. Pel-
legrini et al. [80] investigated the effects of H900 and H1150
aging treatment for FDMm 17-4PH SS printing by 2 different
printing brands. An 18.9% and 34.4% increase in hardness
was achieved after the H900 heat aging process. The authors
noted that this was likely due to a Cu-precipitate enrichment

(b)

in the martensite matrix. A 17.4 and 18.0% decrease in hard-
ness was achieved after preforming the H1150. A decrease in
hardness can happen when the feedstock has high levels of
austenite which will decrease during heat treatment. An 18.4
and 34.3% reduction in porosity was found after the H900
heat treatment and a 21.3 and 32.2% reduction in porosity
occurred after the H1150 [80]. A similar study by Bouaziz
et al. [101] showed that H900 heat treatment increased the
UTS by 16%.

Forcellese et al. [104] preformed heat treatments of the
sintered parts to increase the martensite grain structure. The
authors used a solubilization heat treatment for 1 h at 1040°C
followed an aging treatment at 482°C for 1 h. Condruz et al.
[118] subjected FDMm printed 17-4PH SS to a quenching
heat treatment. Samples were quenched at 1040°C for 40
min and air cooled to room temperature. Samples were either
tempered at 550°C or 450°C for 90 min.

Table 5 SMAT parameters [102]

Post-treatment parameters SMAT high
Ball material 100Cr6 steel
Ball diameter 3 mm
Processing time 30 min

Power and frequency of the generator 30% and 20 kHz
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Outside of the common heat treatment techniques, Chemkhi 5 Research gaps and challenges
et al. [102] used SMAT to increase strain hardening on the sur-

face of the samples. The parameters seen in Table 5 allow for  To increase the viability of AM in the industrial setting,

a 700 MPa reduction in residual stresses within the samples. further experimentation in process optimization is needed.
Optimization of the filament making, printing, debinding
4.2.1 Sintering process and mechanical properties and sintering is needed to create strong and repeatable parts.

In this section, Table 6 summarizes key numerical data for
sintering used in the literature.

Table 6 Literature studies FDMm sintering and mechanical properties information

Study Material Sintering Sintering hold UTS Percentage Shrinkage x/y- Shrinkage Density
temp. length of ASTM direction z-direction achieved
standard

Mousapour 316L SS 1310-1400°C  1h,6h,12h - - 10% avg. 87-92%
et al. [35]

Liuetal. [60] 316 SS 1360°C 2h 441 MPa 85.1% 17% avg. 92.2%

Quarto et al. 316 SS - - - - 17% 20% 95%
[61]

Sadaf et al. 316L SS 1380°C 3h 520 MPa 100.4% 11% 15% 91-93%
[62]

Kurose et al. 316L SS 1280°C 2h 453 MPa 87.5% 14-15% 15-17% 92.9%
[63]

Hassan et al. 316L SS 1350°C lh - - 12.7% avg. 7.11 glem? +/—
[64] 0.13

Damon et al. 316L SS 1380°C 3h ~500 MPa 96.5% 20% avg. 98.5%
[65]

Thompson 316L SS 1360°C 2h - - 16.3% 17.4% 95%
et al. [66]

Wagneretal.  316L SS 1200, 1250, 3h 561 MPa 108.3% - - 96%
[67] 1300, 1350

Wang et al. 316L SS 1320°C 2h 412 MPa 79.5% - - 92.5%
[42]

Caminero et al. 316L SS 1380°C 1.5h 495,497 MPa  95.6-95.9% - - 94.01-99.49%
[68]

Obadimu etal. 316L SS - - - - 16.5% 19.8% -
[87]

Kedzioraetal. 316L SS - - 314 MPa 60.6% 21.35%%*** 26%*** -
[88]

Gong et al. 316L SS - - 465 MPa 89.8% 13-18% 18%-23% 98.5%
[90]

Tosto et al. 316L SS - - 443.9 MPa 85.7% - - 90.33%
[112]

Santamaria 316L SS 1350°C 2h 524 MPa 101.2% - - 98.73%
et al. [89]

Parenti et al. 316L SS 1340°C 1h - - - - -
[69]

Ortega Varela  316L SS 1350°C 105,305, 1 - - - - 64.7-99.9%
de Seijas min, 4 min
etal. [71] and 6 min

Jimbo and 316L SS 1350°C 2h - - 28.2% volume shrinkage -
Tateno [92]

Abeetal. [75] 17-4PH SS 1280°C 2h 1100 MPa, 79.8-82.7% 15% 16.8-17.1% 97.9%, 98.1%

1140MPa

Watson et al. 17-4PH SS 1404-1440°C - 1042 MPa 97.4%** 18.6%*** 19.5%*** 98%

[76]
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Table 6 (continued)

Study Material Sintering Sintering hold UTS Percentage Shrinkage x/y- Shrinkage Density
temp. length of ASTM direction z-direction achieved
standard

Gonzalez- 17-4PH SS 1380°C 5h - - 16% 20% 95.7%
Gutierrez
etal. [78]

Jiang and Ning 17-4PH SS - - - - 15.2% 14.1% -
[79]

Pellegrini et al. 17-4PH SS 1100°C lh - - - - 97.6%
[80]

Pellegrini et al. 17-4PH SS 1300°C 3h - - - - 97.8%
[80]

Atatreh et al. 17-4PH SS 1300-1380°C - 1018 MPa 73.8% - - -
[93]

Kedzioraetal. 17-4PH SS - - 496 MPa 36.0% 19.5%*** 20%*** -
[88]

Tosto et al. 17-4PH SS - - 942.6 MPa* 68.4% 19.72% 25.20% 95.7%
[91]

Lavecchiaetal. 17-4PH SS 1300°C 3h 472-898 MPa  34.2-65.1% - - 88.9-95.5%
[94] BASF

Ultrafuse

Lavecchia et al. 17-4PH SS 1100°C 26-27 h Total 436-836 MPa  31.6-60.6% - - 97.6-98.7%
[94] Markforged

Leonard and 17-4PH SS 1300°C - - - 15.20% 15.66% -
Tammas-Wil-
liams[113]

Henry et al. 17-4PH SS - 26 h Total - - 20%*** 20%*** -
[97]

Chemkhi etal. 17-4PH SS 1300°C 27 h Total - - - - -
[102]

Galati and 17-4PH SS - - - - 72.6% volume shrinkage 88.2-90.9%
Minetola
[103]

Watson et al. 17-4PH SS 1304-1390°C 48 h Total 1042 MPa 75.5% - - 98%
[105]

Fongsamootr 17-4PH SS - - 852 MPa 81.69%** - - -
et al. [99]

Suwanpreecha  17-4PH SS 1200°C 3h - - - - -
and Manon-
ukul [100]

Vetter et al. 1.2083 Tool 1250°C 3h - - 12.7% avg. 7.4 g/lem®
[83] Steel

Rahimi and 4605 Steel 1200°C 1.5h 278-522 MPa  18.7-35.3% - - 96.3%
Zamani [82] [114]

Mousapour High Carbon 1310-1400°C  1h,6h,12h - - 10% avg. 87-92%
et al. [35] Iron

Charpentier High Carbon ~ 1250°C 05h,2h,35 - - - 97.22-97.36%
et al. [84] Tool Steel h,5h

Giberti et al. AISI 630 1360°C - - - 12.1% avg. -
[109] Stainless

Steel

*Corrected tensile strength based on real load bearing area [91]
**Author Compared to Wrought 17-4PH Stainless Steel sample

***Software shrinkage compensation values [76, 88]

@ Springer



18 The International Journal of Advanced Manufacturing Technology (2023) 129:1-22

Listed below are challenges and gaps in the research that
need further investigation:

1. Investigation into different binder packing capacities and pro-
cesses to create an optimally dense and printable filament.

2. Investigation into different filament manufacturing tech-
niques to create the metallically dense and most chemi-
cally consistent filament

3. Further optimization of printing parameters to maximize
the strength, density and tolerances of a print

4. Experimentation into debinding techniques such as tem-
perature, temperature acceleration rate, environment and
time to see the effects on porosity and other defects dur-
ing debinding.

5. Experimentation into effects of sintering parameters
such as peak sinter temperature, peak sinter hold length,
sub-sinter temperature, temperature acceleration rate,
sintering atmosphere and cooldown rate.

6. Optimization of the heat treatment process from an opti-
mized sintering process. Testing different heat treatment
cycles on sintered parts can improve mechanical proper-
ties of FDM sintered parts.
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