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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, 

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 

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.
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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 

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 μm [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, Fig. 1   Diagram of an FDM printing process [50]

Fig. 2   Binder during the FDMm 
process [56]
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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. 

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 

Table 1   Literature studies FDM 
filament information

Study Material Average powder size Filament wt.%/vol.%

Mousapour et al. [35] 316L Stainless Steel 32 μm 83.5 wt.%
Wang et al. [42] 316L Stainless Steel 3–15 μm 80 wt.%
Nurhudan et al. [58] 316LX Stainless Steel 13 μm 88 wt.%
Nurhudan et al. [58] 316L Stainless Steel 17 μm 55 vol.%
Liu et al. [60] 316L Stainless Steel 30–50 μm 88 wt.%
Quarto et al. [61] 316L Stainless Steel - 90 wt.%
Quarto et al. [61] 316L Stainless Steel 1–10 μm -
Sadaf et al. [62] 316L Stainless Steel 33 μm 65 vol.%
Kurose et al. [63] 316L Stainless Steel 10 μm 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 μm 55 vol.%
Wagner et al. [67] 316L Stainless Steel 2.8 μm -
Caminero et al. [68] 316LX Stainless Steel 1–20 μm 80 wt.%
Parenti et al. [69] 316L Stainless Steel 8.8 μm 92 wt.%, 60 vol.%
Lotfizarei et al. [70] 316L Stainless Steel 8.6 μm -
Ortega et al. [71] 316L Stainless Steel 3–4 μm -
Moritzer at al. [72] 316L Stainless Steel - 90 wt.%
Gonzalez-Gutierrez et al. [73] 316L Stainless Steel 15.1 μm 55 vol.%
Burkhardt et al. [74] 316L Stainless Steel - 55 vol.%
Nurhudan et al. [58] 17-4PH Stainless Steel 12 μm 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 μm -
Godec et al. [77] 17-4PH Stainless Steel 12.3 μm 55 vol.%
Gonzalez-Gutierrez et al. [78] 17-4PH Stainless Steel 12.3 μm 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 μm 58 vol.%
Gonzalez-Gutierrez et al. [73] 17-4PH Stainless Steel 12.3 μm 55 vol.%
Rahimi and Zamani [82] 4605 Steel 5 μm 90 wt.%
Vetter et al. [83] 1.2083 Tool Steel - 60 vol.%
Mousapour et al. [35] High Carbon Iron 129 μm 80 wt.%
Charpentier et al. [84] High Carbon Tool Steel 45 μm -
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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 

Table 2   Printing parameter description

Printing Parameter Definition of the parameter

Bed Temperature (°C) Temperature of the print bed during printing process [119].
Flow Rate (% or mm/s) Rate at which the printer will extrude material during printing [120].
Infill Density (%) Percentage measurement how much filament will be printed inside the shell [49].
Infill Pattern Structure/ Shape that is printing inside the part at the set density [121].
Infill Overlap (%) Parts of the infill walls that overlap which is typically attributed to infill densities 

over 100% [122].
Layer Height (mm) Adjusts the height each layer of filament is printed at [123].
Nozzle Diameter (mm) Exit diameter of the print nozzle [119].
Nozzle Temperature (°C) Temperature of the print head nozzle during printing [124].
Oversizing factors (%) Part increase percentages for shrinkage compensation [125].
Print Orientation (Flat, Flipped, Vertical) 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.

Print Speed (mm/s) Speed at which the printing head travels during printing [127].
Raster Angle (°) Angle of the deposition tool path with respect to the x-axis [128].
Shell Thickness (mm) The thickness of the contour lines used to cover the infill structure [129].
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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 

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. 

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

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 

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

Fig. 5   Micrograph of the pri-
mary and secondary binder [71]
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Table 4   Literature studies FDMm debinding information

Study Debinding process

Mousapour et al. [35] Thermal debinding was completed at 400°C for 1 h with different ramp rates until a 
specific mass loss was observed.

Abe et al. [75] Thermal debinding was completed at 600°C under nitrogen gas for 2 h.
Liu et al. [60] Thermal debinding was completed at 120°C under nitrogen gas for 8 h.
Lu et al. [37] Thermal debinding was completed at 300°C.
Quarto et al. [61] Catalytic debinding was preformed at 120°C until insufficient mass loss occurred.
Damon et al. [65] 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.
Sadaf et al. [62] Thermal debinding was preformed under Hydrogen gas at 500°C for 1.5 h.
Gonzalez-Gutierrez et al. [78] Solvent debinding was done using a cyclohexane solvent at 70°C until a mass loss of 

5.9% was achieved.
Thompson et al. [66] 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.

Kurose et al. [63] Thermal debinding was completed under nitrogen gas at 600°C for 2 h.
Watson et al. [76] Part is initially debound in an organic solvent for 30–40 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.

Hassan et al. [64] 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.

Wagner et al. [67] Solvent debinding in cyclohexane for 7 h at 60°C followed by thermal debinding at 
490°C for 10 h

Vetter et al. [83] 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.

Atatreh et al. [93] Solvent debinding wash until specified mass loss is achieved.
Wang et al. [42] 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.
Caminero et al. [68] 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.

Lavecchia et al. [94] (2 Different Debinding Processes) 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.
Pellegrini et al. [80] (2 Different Debinding Processes) 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 HNO3 environment

Santamaria et al. [89] Solvent debinding at 50°C for 15 h followed by thermal debinding at 550°C for 2 h
Rahimi and Zamani [82] Solvent debinding completed in a n-heptane solution at 70°C for 5 h followed by ther-

mal debinding
Parenti et al. [69] Printed were submerged in 50°C stirred water followed by a thermal debinding at 680 

for 10 h.
Ortega Varela de Seijas et al. [71] Solvent debinding using acetone solvent with 99.5% purity at 45°C until no further 

mass loss was recorded after 24 h.
Lawrence et al. [96] Solvent debinding in industrial solvent Opteon SF79 until a mass loss condition is met.
Henry et al. [97] Solvent debinding in industrial solvent Opteon SF79 for a minimum of 6 h until a mass 

loss condition is met.
Ghadimi et al. [108] Solvent debinding in a heated industrial solvent Opteon sion until a mass loss condition 

is met.
Chemkhi et al. [102] Solvent debinding in industrial solvent Opteon SF79 for 12 h.
Galati and Minetola [103] Solvent debinding in a heated industrial solvent Opteon sion for a minimum of 28 h
Forcellese et al. [104] Solvent debinding using trans-1,2 dichloroethylene for 30–40 h.
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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 
g/cc [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 

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].

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] Solvent debinding in Cyclohexane at 75°C for 12 h until a mass loss condition is met
Giberi et al. [109] Water debinding at 60°C for 10 h
Sumanpreecha and Manonukul [100] Thermal debinding at 450°C for 100 min.

Fig. 6   316L SS microstructure at 100 μm [35]
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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 μm, 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 SiO2. 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.

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

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

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

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.

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

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 
et al. [102] used SMAT to increase strain hardening on the sur-
face of the samples. The parameters seen in Table 5 allow for 
a 700 MPa reduction in residual stresses within the samples.

4.2.1 � Sintering process and mechanical properties

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

5 � Research gaps and challenges

To increase the viability of AM in the industrial setting, 
further experimentation in process optimization is needed. 
Optimization of the filament making, printing, debinding 
and sintering is needed to create strong and repeatable parts.

Table 6   Literature studies FDMm sintering and mechanical properties information

Study Material Sintering 
temp.

Sintering hold 
length

UTS Percentage 
of ASTM 
standard

Shrinkage x/y-
direction

Shrinkage 
z-direction

Density 
achieved

Mousapour 
et al. [35]

316L SS 1310–1400°C 1 h, 6 h, 12 h - - 10% avg. 87–92%

Liu et al. [60] 316 SS 1360°C 2 h 441 MPa 85.1% 17% avg. 92.2%
Quarto et al. 

[61]
316 SS - - - - 17% 20% 95%

Sadaf et al. 
[62]

316L SS 1380°C 3 h 520 MPa 100.4% 11% 15% 91–93%

Kurose et al. 
[63]

316L SS 1280°C 2 h 453 MPa 87.5% 14–15% 15–17% 92.9%

Hassan et al. 
[64]

316L SS 1350°C 1 h - - 12.7% avg. 7.11 g/cm3 +/− 
0.13

Damon et al. 
[65]

316L SS 1380°C 3 h ≈500 MPa 96.5% 20% avg. 98.5%

Thompson 
et al. [66]

316L SS 1360°C 2 h - - 16.3% 17.4% 95%

Wagner et al. 
[67]

316L SS 1200, 1250, 
1300, 1350

3 h 561 MPa 108.3% - - 96%

Wang et al. 
[42]

316L SS 1320°C 2 h 412 MPa 79.5% - - 92.5%

Caminero et al. 
[68]

316L SS 1380°C 1.5 h 495, 497 MPa 95.6–95.9% - - 94.01–99.49%

Obadimu et al. 
[87]

316L SS - - - - 16.5% 19.8% -

Kedziora et al. 
[88]

316L SS - - 314 MPa 60.6% 21.35%*** 26%*** -

Gong et al. 
[90]

316L SS - - 465 MPa 89.8% 13 - 18% 18%-23% 98.5%

Tosto et al. 
[112]

316L SS - - 443.9 MPa 85.7% - - 90.33%

Santamaria 
et al. [89]

316L SS 1350°C 2 h 524 MPa 101.2% - - 98.73%

Parenti et al. 
[69]

316L SS 1340°C 1 h - - - - -

Ortega Varela 
de Seijas 
et al. [71]

316L SS 1350°C 10 s, 30 s, 1 
min, 4 min 
and 6 min

- - - - 64.7–99.9%

Jimbo and 
Tateno [92]

316L SS 1350°C 2 h - - 28.2% volume shrinkage -

Abe et al. [75] 17-4PH SS 1280°C 2 h 1100 MPa,
1140MPa

79.8–82.7% 15% 16.8–17.1% 97.9%, 98.1%

Watson et al. 
[76]

17-4PH SS 1404–1440°C - 1042 MPa 97.4%** 18.6%*** 19.5%*** 98%
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*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]

Table 6   (continued)

Study Material Sintering 
temp.

Sintering hold 
length

UTS Percentage 
of ASTM 
standard

Shrinkage x/y-
direction

Shrinkage 
z-direction

Density 
achieved

Gonzalez-
Gutierrez 
et al. [78]

17-4PH SS 1380°C 5 h - - 16% 20% 95.7%

Jiang and Ning 
[79]

17-4PH SS - - - - 15.2% 14.1% -

Pellegrini et al. 
[80]

17-4PH SS 1100°C 1 h - - - - 97.6%

Pellegrini et al. 
[80]

17-4PH SS 1300°C 3 h - - - - 97.8%

Atatreh et al. 
[93]

17-4PH SS 1300-1380°C - 1018 MPa 73.8% - - -

Kedziora et al. 
[88]

17-4PH SS - - 496 MPa 36.0% 19.5%*** 20%*** -

Tosto et al. 
[91]

17-4PH SS - - 942.6 MPa* 68.4% 19.72% 25.20% 95.7%

Lavecchia et al. 
[94]

17-4PH SS 
BASF 
Ultrafuse

1300°C 3 h 472-898 MPa 34.2–65.1% - - 88.9-95.5%

Lavecchia et al. 
[94]

17-4PH SS 
Markforged

1100°C 26–27 h Total 436-836 MPa 31.6–60.6% - - 97.6–98.7%

Leonard and 
Tammas-Wil-
liams[113]

17-4PH SS 1300°C - - - 15.20% 15.66% -

Henry et al. 
[97]

17-4PH SS - 26 h Total - - 20%*** 20%*** -

Chemkhi et al. 
[102]

17-4PH SS 1300°C 27 h Total - - - - -

Galati and 
Minetola 
[103]

17-4PH SS - - - - 72.6% volume shrinkage 88.2–90.9%

Watson et al. 
[105]

17-4PH SS 1304–1390°C 48 h Total 1042 MPa 75.5% - - 98%

Fongsamootr 
et al. [99]

17-4PH SS - - 852 MPa 81.69%** - - -

Suwanpreecha 
and Manon-
ukul [100]

17-4PH SS 1200°C 3 h - - - - -

Vetter et al. 
[83]

1.2083 Tool 
Steel

1250°C 3 h - - 12.7% avg. 7.4 g/cm3

Rahimi and 
Zamani [82]

4605 Steel 1200°C 1.5 h 278–522 MPa 18.7–35.3% 
[114]

- - 96.3%

Mousapour 
et al. [35]

High Carbon 
Iron

1310–1400°C 1 h, 6 h, 12 h - - 10% avg. 87–92%

Charpentier 
et al. [84]

High Carbon 
Tool Steel

1250°C 0.5 h, 2 h, 3.5 
h, 5 h

- - - 97.22–97.36%

Giberti et al. 
[109]

AISI 630 
Stainless 
Steel

1360°C - - - 12.1% avg. -
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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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