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INTRODUCTION
The original impetus for this study was to investigate the use of 
sinter-based additive manufacturing (AM) to replace or supplement 
metal injection molding (MIM).1,2 MIM is a mature powder 
metallurgy (PM) manufacturing technology that competes well 
with discrete machining and investment casting. MIM performs 
best for small parts made in high volumes. Sinter-based AM works 
well with small parts but with much smaller production volumes. 
Both MIM and sinter-based AM first produce an intermediate 
part that is made from metal powder held together with an 
organic binder. These parts must be debound and sintered. MIM 
producers have debinding and sintering capacity and would have 
an advantage to adopting sinter-based AM by leveraging these 
operations. Thus, if sinter-based AM is able to match the quality of 
a MIM part but at lower production numbers, its adoption by MIM 
producers could expand the range of parts offered over a broader 
production volume scale.

These initial studies reported primarily on parts produced by 
binder jetting technology (BJT). To provide a more complete 
comparison of the current sinter-based AM technologies, data 
was collected from equipment manufacturers and manufacturers 
using material extrusion (MEX), material jetting technology 
(MJT), and vat photopolymerization (VPP). This information is 
compiled and presented so that those considering sinter-based 
AM can determine if that technology is appropriate with respect to 
achievable geometric tolerances and surface finishes.
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DESCRIPTIONS OF MIM AND SINTER-BASED METAL AM 
PROCESSES
All of the sinter-based metal AM technologies and MIM share the 
following attributes:
1.	 The feedstock is composed of metal powder. The particle size 

of the powder must be MIM grade (D90 < 30 microns) or finer.
2.	 An organic (polymer) binder is utilized to provide strength and 

shape to the otherwise loose powder.
3.	 The organic binder must be removed by a debinding operation, 

which may contain a solvent treatment but always includes a 
thermal treatment to volatize or “burn off” the binder.

4.	 After debinding, the part is subsequently heated in a controlled 
atmosphere furnace at elevated temperatures. This process 
is called “sintering” and results in metallurgical bonding and 
densification of the powder part.

A brief description of MIM is included for reference.

Metal Injection Molding: MIM is a combination of plastic 
injection molding and powder metallurgy.1 A MIM feedstock is 
prepared by combining metal powder and a mixture of polymers. 
This feedstock is processed by injection molding (heating and 
injection into a rigid mold) and produces a composite powder/
binder part. The part is then debound and subsequently sintered. 
The need for specific (and expensive) tooling makes this cost-
effective for high volumes of parts. There are several instances 
where MIM is being successfully used to make precious metal 
jewelry items in production.3

Figure 1: Metal Injection Molding (MIM) process schematic4
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Binder Jetting Technology: BJT is a powder bed technology. 
Layers of powder are spread and a liquid binder is deposited onto 
the powder bed by a print head moving horizontally along the x 
and y axes of the machine. The binder bonds the powder together. 
The component is built up layer by layer through the binding 
action of the liquid, shown in Figure 2.5 In most cases, the entire 
build chamber is heated to cure the binder, which usually contains 
a thermoset epoxy (UV curable epoxy). The printed parts are then 
debound and sintered to densify the powder into a solid dense 
metal part. In most cases, support structures are not necessary as 
the powder bed supports the part during the build and cure.

 

Figure 2: Diagram showing the fabrication of a gear by  
binder jetting (BJT)5 

Material Extrusion Technology: In MEX, the build material is 
a metal-filled polymer very similar to MIM feedstock. The build 
material is heated and extruded through a small nozzle and 
deposited layer by layer as shown in Figure 3.6 The print head is 
also guided by a typical X-Y gantry system. Support material may 
be the build material or a separate material (usually a ceramic) 
deposited by a second print head in the gantry. The debinding step 
may involve a solvent treatment to dissolve one component of the 
binder. The remaining binder is removed thermally. The debound 
parts are subsequently sintered.

Vat Photopolymerization: In VPP, a thin layer of a slurry, 
consisting of a photo-curable liquid resin and metal powder, is 
exposed to a rastered UV laser or a projected light pattern (DLP) 
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as shown in Figure 4.7 The exposed resin cross-links capturing the 
metal powder within. The printed parts are subsequently debound 
and sintered. In some configurations, the resin contains a wax 
component to facilitate debinding.

 

Figure 3: Diagram showing the fabrication of a gear  
by material extrusion (MEX)6

 

Figure 4: Vat photopolymerization (VPP) showing the DLP 
configuration (left) and the scanning UV laser configuration (right)7

Material Jetting Technology: MJT is similar to BJT but does not 
use a powder bed. Instead, the build material (metal powder) is 
deposited as a slurry through an inkjet head. The slurry contains 
components that allow some portion to immediately volatilize and 
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other components to solidify (cure) to maintain the shape. Since 
the metal powder is being injected through an inkjet head the 
particle size must be smaller in size than the MIM-grade powders 
used in other sinter-based AM. In general, the maximum powder 
diameter must be below 5 microns. A schematic of MJT is shown in 
Figure 5.
 

Figure 5: Schematic of metal material jetting (MJT) AM process 
consisting of 3D printing at room temperature followed by sintering17

SIMILARITIES AND DIFFERENCES BETWEEN MIM AND 
SINTER-BASED METAL AM
Table 1 summarizes the major process differences between 
sinter-based AM and MIM. The primary difference is in the part 
fabrication step. Because of their many processing similarities in 
the debinding and sintering operations, an economic argument 
can be made for MIM companies to offer sinter-based metal AM 
options as the MIM producer should be able to leverage their 
debinding and sintering operations. 

Still, there are differences in the debinding step. Other than MEX, 
the other sinter-based AM processes entail the use of a UV-curable 
resin as the binder or a component in the binder formulation. 
These thermoset polymers are more difficult to remove and/or may 
leave residual carbon. Thus, changes to the atmospheres used and 
temperature profiles may be necessary.
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Table 1: Process Comparison Between MIM and  
Non-Fusion Metal AM
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SUMMARY OF PRIOR STUDIES
Prior studies1,2 investigated the potential of using sinter-based 
metal AM to supplement or even replace MIM. Part cost, attainable 
tolerance, and surface finish were the primary figures of merit used. 
The methodology was to pick several MIM parts that represented 
various levels of difficulty for MIM and have them quoted and 
produced by the various AM technologies. 
1.	 Part cost: With respect to part cost, as expected, the AM 

technologies could produce parts at a much lower cost than 
MIM for low production numbers. Conversely, for large 
production volumes (5,000 and greater), MIM was the lowest 
cost process. The main cost driver for MIM is the tooling, 
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which necessitates large production numbers to amortize the 
tooling cost.

2.	 Material density: The material density was used as an 
indication of part integrity and as a surrogate for mechanical 
properties. The densities achievable by the AM technologies 
were on par with those for MIM. Thus, it was assumed that the 
mechanical properties were equivalent.

3.	 Geometric tolerances: This is one area where the AM parts 
were challenged in meeting MIM requirements, except for a few 
specific cases. 

4.	 Surface finish: This attribute is where MIM currently has 
a strong advantage over the AM processes. The particular 
parts chosen for this project had much rougher surface finish 
requirements than typical MIM parts. Nonetheless, the AM 
processes, for the most part, were not capable of meeting those 
requirements, even after aggressive media blasting.

Details on the studies
Three of the manufacturers participating in the studies produced 
parts for these studies. All three printed parts via BJT. Parts made 
by MEX, MJT, and VPP were not represented. The BJT parts 
that were received had been aggressively media-blasted after the 
sintering operation.

Geometric tolerances 
The tolerance figure of merit chosen in this study is the percentage 
(percentage = 100*inch-tolerance/inch-base dimension). This is 
a general term that describes the ability for a process to meet the 
goal dimension by normalizing the capability over the size of the 
part. Generally, to report the process capabilities in this manner, 
a significant amount of process history is needed. This is not 
typically found in the research literature. Manufacturers can usually 
provide this information, and it is reported if made available. 

Three parts previously in production by MIM were chosen for 
the comparison. The three parts represented levels of difficulty 
for MIM from “easy” to “very challenging” based on specific 
base measurements, relative locations, and hole/surface radii and 
diameters. The entities had tolerances between +/- 0.3% and +/- 
1.6%. The process capability of MIM is generally considered to be 
+/- 0.5%,8 so secondary processes such as coining may be needed 
to achieve these closer tolerances. From the data collected, the 
ability for the AM parts to meet the print tolerances appeared to 
be more a function of the specific manufacturer than the entity 
tolerance. Only one manufacturer was able to meet all of the 
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chosen tolerances on one part (inner hook). And one manufacturer 
essentially missed all of the tolerances on all of the parts.

However, it was recognized that the AM companies had not 
optimized their process. They only provided the initial parts that 
were printed. Given the relative ease of modifying the printing 
parameters (offsets, scaling, etc.) to correct for the final geometry 
and reiterating a run, it was understood that parts meeting the 
required tolerances could be achieved in a short time and at a low 
cost. MIM, on the other hand, may require tooling modifications 
that are capital- and time-intensive to optimize the process. 
Thus, it was expected that all of the AM processes could meet the 
geometric tolerance requirement after optimization from printing 
modifications and process iterations.

Surface roughness 
Two of the parts chosen for these studies are shown in Figure 6. 
The magazine catch is a gun part and the inner hinge is a medical 
tool part, both common applications for MIM as they are both 
produced in large production volumes. The overall lengths of the 
magazine catch and the inner hinge are approximately 1 in. and 2.2 
in., respectively.

   

Figure 6: CAD renderings of magazine catch (left)  
and inner hinge (right)

It has been established that the surface roughness of AM parts 
is very dependent on the build direction.9 In general, the surface 
finish in the plane of the build (X-Y) represents the best surface 
finish while the surface perpendicular to this plane (Z) or 
other angles have the highest values for surface roughness.3 A 
representative set of the surface roughness was chosen on the 
inner hook as shown in Figure 7. These areas should represent the 
best and worst surfaces that these processes can produce, with 
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respect to a flat plane. The measured surface roughness data is 
summarized in Table 2. The surface roughness values support the 
premise that in-plane surface roughness will be better (lower Ra 
values) than out-of-plane surface roughness.

 

Figure 7: Build orientations for Manufacturer 1 (left) and 
Manufacturers 2 and 3 (right)

Table 2: Summary of surface roughness data, Ra data in µ-inches

In comparison to a “typical” MIM part, Table 3 summarizes some 
recent surface roughness measurements on a MIM part that was 
similar to the inner hook.4 It should be noted that the surface 
roughness of a MIM part is generally considered isotropic.

Table 3: Summary of surface roughness vs. condition for a flat  
surface on a typical MIM part;10  

data are an average of 15 measurements on the part 
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In contrast, the magazine catch contained curved surfaces which 
were, overall, far rougher than the inner hook (Figure 8). The 
surface roughness measurements across the curved surface 
exceeded 500 Ra with the part on the left having a slightly lower 
Ra value than the part in the center. This is a result of the build 
layer height for the part on the left being smaller than that for the 
part in the center.

  

Figure 8: Photographs of the surfaces of two magazine catches;  
the left part shows a thinner print height than the center part;  

picture on right for reference

TOLERANCES AND SURFACE FINISHES OF OTHER SINTER-
BASED METAL AM METHODS
The original studies were limited to BJT as the companies 
representing MEX, MJT, and VPP did not participate in producing 
actual parts for examination. In order to complete the comparison 
for this report, other reliable sources were sought. Data was 
compiled from parts manufacturers, researchers, and equipment 
manufacturers, both directly and through a literature search. 

With respect to geometric tolerances, much of the data reported 
in the literature references machine resolution or repeatability on 
shrinkage from sintering, neither of which is a good representation 
of overall process control. The data presented here is only 
from sources that specifically address overall process tolerance 
capability.

Surface roughness data provided in Ra (µ-meter) was converted 
and rounded and is reported here in Ra (µ-in) to be consistent. 

It must be noted that these other sources represent a wider range 
of processing including AM equipment and process parameters 
including materials, powder size, build layer thickness and other 
build strategies, sintered densities, and measurement techniques. 
Thus, the reported data embodies a range of values that is 
representative of the AM process capabilities overall. 
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Following this section the results and data references will be a 
summarized in Table 4.

MIM
As shown in Table 3, the surface finish of MIM is typically in the 
20’s µ-in Ra in the as-sintered conditions. Dry media blasting can 
actually increase the surface roughness while reductions in surface 
roughness can be achieved via media tumbling.

MIM process tolerances of +/-0.3% to +/-0.5% and surface finishes 
of 8-32 µ-in Ra are commonly reported throughout the MIM 
industry.11,12 Micro-MIM claims13 to be able to produce surface 
roughness values as low as 8 µ-in Ra, using 2-micron powder. 
Additionally, the sinter shrinkage of MIM is generally considered 
to be isotropic. While this is not a direct indication of tolerance 
capability, it does imply a level of consistency and repeatability 
above that of most AM technologies, which tend to exhibit non-
isotropic shrinkage.

BJT
Munsch et al14 reported surface finishes for laser powder bed 
fusion (PBF), MIM, BJT, and MEX. Their data for BJT (XY of 
164 µ-in Ra and Z of 308 µ-in Ra) is in agreement with that of the 
part built by Manufacturer #3.1,2 A comprehensive study of build 
parameters vs. surface roughness was conducted by Meyers et al.15 
The best surface roughness achieved with an optimized set of build 
parameters was 162 µ-in Ra, and the highest value (Z direction on 
an angled surface) was 391 µ-in Ra; again, in reasonable agreement 
with Strauss1,2 and Schmidt.14

A manufacturer practicing both BJT and MJT16 confirms the 
findings of the two initial studies for BJT with respect to surface 
finish capabilities. They are in general agreement with respect to 
the achievable tolerances of BJT; they claim their process capability 
to be within +/- 1.5% for new builds which can be reduced to +/- 
0.75% on well-designed parts after part-specific optimization.17 

Another manufacturer using BJT18 reports a process tolerance 
capability of +/- 1.0% with surface roughness in the 150 Ra µ-inch 
range; again, consistent with others including our base line 
study.1,2,16

A study on the optimization of printing parameters to minimize the 
surface roughness19 concludes that the build layer thickness is the 
primary contributor to the surface roughness, especially in the Z 
direction.
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MJT
There is a very limited amount of production data for metal MJT 
as there are very few (possibly only one, at the time of this report) 
used in production in the US. It was shown17 that MJT is able to 
achieve surface finishes for 316 SS of less than 40 µ-in Ra in the X 
and Y direction and less than 120 µ-in Ra in the Z direction for a 
flat plane. Tolerances realized for MJT are +/- 0.75% on any given 
entity with a best of +/- 0.5% on well-designed parts after part-
specific optimization.

MEX
The studies on MEX encompassed the widest range for surface 
finish and tolerance in comparison to the other metal sinter-
based AM reported. At least part of this is because MEX is the 
most widely used AM technology, which is in part due to the low 
cost of equipment from numerous companies and the availability 
of a wide range of build materials for both the consumer and 
industrial markets. Unlike BJT, MJT, and VPP, where there are 
limited manufacturers of equipment and feedstock, the studies for 
MEX involved a myriad of machines, which cover a wide range of 
capabilities. In addition, the studies reflected numerous materials, 
feedstock forms (filament, rod, and pellet), and process strategies.

Ampower14 reports on the surface finish data of MEX with a 
roughness in the XY plane of 216 µ-in Ra and Z of 740 µ-in Ra. 
Galati and Minetola,20 printing 17-4 PH, report the lowest surface 
roughness values found in this study of 60 and 124 µ-in Ra for the 
XY plane and Z planes, respectively for small cubes and 380 and 
364 µ-in Ra for the XY plane and Z planes, respectively for large 
cubes. This difference reflects the build layer thickness; the small 
cubes used a layer thickness of 0.05 mm and the large cubes were 
printed with a 0.125 mm layer thickness. Small cubes had a process 
tolerance of +/- 1.8% while large cubes had process tolerances 
of +/- 2.2%. Incidentally, Akessa et al21 reports that the particle 
size of the powder used in this feedstock is substantially under 
10 microns. Singh et al.22 used granulated 17-4 PH feedstock in a 
pneumatic extruder and achieved values of 108 and 144 µ-in Ra. 
The particle size of the feedstock is reported to be between 2 and 
10 microns.

Lavecchia et al.23 compared two different 17-4 PH feedstocks, 
one made with a wax-polymer (WP) MIM-type formulation and 
one using a polyoxymethylene (POM) formulation that requires 
a catalytic debind process. Their surface measurements used 
a truncated scan (0.8 mm) which limits the true effect of the 
deposition size and direction. For the WP feedstock they reported 
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(averaged) 60, 162, and 370 µ-in Ra for the X, Y, and Z axes, 
respectively. For the POM feedstock they reported (averaged) 
156, 240, and 360 µ-in Ra for the X, Y, and Z axes, respectively. 
This implied that better surface finishes are achieved with the WA 
feedstock. However, the two materials were printed on different 
printers with different print strategies. In addition, the layer 
thickness used may not have been the same and it is not known if 
the powder particle size in the two build filaments were equivalent. 
In comparison, Kedziora et al.24 compared the same 17-4 PH WA 
feedstock and a 316 SS POM formulation. Again, two different 
printers were used. It should be noted that the parameters for the 
conventional-type feedstock were most likely the same between 
the two studies as they are dictated by the printer. In contrast, 
they report 326 and 662 µ-in Ra for the X and Z axes, respectively, 
which is significantly different than Lavecchia et al.23 For the 316 
material they report 294 and 300 µ-in Ra for the X, and Z axes, 
respectively. These studies used different build layer thicknesses 
(0.125 mm for the 17-4 PH with the WP and 0.150 mm for the 316 
SS with the POM binder). 

Boschetto et al.25 used the same 316 SS POM feedstock and studied 
the surface roughness as a function of several build parameters 
including build layer thickness, extrusion temperature, and 
deposition speed. The lowest value measured was 96 µ-in Ra with 
other, less-optimized builds having surface roughness values as 
high as 448 µ-in Ra. This shows that the build parameters can have 
a significant influence on the surface roughness, outside of the 
layer thickness and the directional (XY vs Z) effects.

Kluczynski et al.26 and O’Connor et al.27 used the same material 
(POM 316SS) and the same manufacture of printer. They reported 
surface roughness values of 156 to 224 µ-in Ra26 and 774 µ-in Ra.27 
However, their build strategies differed significantly. 

Suwanpreecha et al.28 printed 17-4 parts using a different system 
and feedstock. The particle size of the powder in this feedstock was 
much coarser (D50 greater than 10 microns) than the other 17-4 
PH feedstocks reported in this paper. Using a layer thickness of 
0.15 mm, they achieved surface roughness values of 264 and 632 
µ-in Ra for the X and Z axes, respectively.

It is to be noted that these studies are not direct comparisons 
but the data is still valid as it indicates the wide range of various 
process capabilities across the MEX space.
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VPP
VPP systems for processing polymers are well represented in 
AM manufacturing with numerous manufacturers of equipment 
and a myriad of polymer systems. However, there are only a few 
equipment manufacturers that have specifically integrated metal 
powder into the build capabilities.

Harakaly et al.29 used MIM-grade powder loaded to 55% solids in 
their VPP slurry, making it similar to MIM feedstock. The powders 
had D90’s of 22, 16, and 10 microns. Reducing the powder size 
from a D90 of 22 microns to a D90 of 16 microns reduced the 
surface roughness from 79 to 59 µ-in Ra for 316L powder, and from 
79 to 60 µ-in Ra for 17-4 PH powder. However, further reductions 
in particle size did not reduce the surface finish values. This is 
attributed to a non-optimized process. It was also noted that the 
ability to produce fine (smaller) feature resolution was enhanced 
with the use of finer powders.

Burkhardt et al.30 reported on 316 SS with surface roughness 
value of 50 µ-in Ra and a process tolerance capability of +/-0.5%. 
The tolerance capability is in agreement with VPP for an overall 
value but adds that for most builds the tolerance range is typically 
+/0.3 to +/-0.4% with this value increasing above +/-0.5% when 
referenced to intra-part features around 100 microns.

Melentiev et al.31 made VPP prints with a 0.025 mm layer 
thickness. The surface roughness data reported is in close 
agreement with Harakaly et al.29 and it is also reported that the 
sintering shrinkage is nearly isotropic as opposed to other metal 
sinter-based AM processes.

Harkaly et al.32 reports 316 SS parts sintered with a surface 
roughness of 94 µ-in Ra were able to be polished to a surface 
roughness less than 3 µ-in Ra with only 80 microns of material 
removed from the surface.

Burkhardt33 reports surface roughness values up to 240 µ-in Ra and 
mentions that the shrinkage is isotropic.

Work done in conjunction with Strauss1,2,34 measured two VPP parts 
printed from 316 SS. Figure 9 shows the surface roughness values 
for the parts in various orientations. The values measured are in 
good agreement with the other VPP data summarized above.
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Figure 9: VPP printed parts with surface roughness in µ-in Ra

DISCUSSION
Table 5 is a summary of the data presented in Table 4 for a more 
concise view. The data collected encompasses a very wide range 
of surface finishes and tolerances. One cannot definitively choose 
which process is optimum for a particular part or application. With 
respect to jewelry applications, surface finish is paramount. And, 
related to this, the amount of material that must be removed to 
achieve the required surface finish is crucial to the economics of 
the operation.

It is acknowledged that the Ra measure for surface roughness is 
not as good an indicator as Rt with respect to how it is related 
to the amount of material removal needed to achieve the desired 
finish. However, Ra was the most common measure reported in the 
majority of the studies and it is still a representative indication of 
the amount of material removal that is needed. 

With respect to surface finish and MIM, it is acknowledged that 
better surface finishes are achieved using finer powders35 and 
higher loading factors in the feedstock.36 Since the metal sinter-
based AM technologies are powder metallurgy technologies by 
default, and are fundamentally similar to MIM with respect to 
debinding and sintering being an integral part of the process, the 
same rules will apply; finer powder and higher material loading in 
the print feedstock will result in lower surface roughness values. 

The studies reviewed in this report covered numerous printing 
parameters for each technology. Within technologies (primarily 
MEX), there appear to be some complex relationships between 
process parameters and surface roughness. However, among the 
various technologies, it appears that those technologies that can 
print thinner layers have an advantage in producing finer surface 
finishes. 
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Table 4: Summary of sinter-based technologies and capabilities 
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Table 5: Summary of data from Table 4

Other than the surface roughness reported for the part in Figure 
7 (magazine catch), all the other collected data were taken from 
flat planes on the parts. Thus, the reported surface finish data 
presented here represents the best surface finishes achievable from 
the various AM technologies. A curved surface will produce higher 
surface roughness values due to the layering or the staircase effect 
of layer-wise manufacturing,37 which is ubiquitous to all AM to 
one extent or another. Thus, any of these processes will produce 
rougher surfaces for off-axis or curved surface, which essentially 
characterizes most jewelry items.

To minimize the negative contribution to surface roughness 
caused by layering, minimizing the layer thickness is fundamental. 
However, this is not without its own disadvantages. Thinner layers 
require finer powder, which will cost more. Printing thinner layers 
requires more time, which also increases manufacturing costs. 

One advantage of using finer powders is that higher sintered 
densities are more readily achieved.38 The effect on sintered density 
and jewelry polished is not well-documented in the literature, 
however, densities above 95% and special polishing techniques will 
produce a jewelry-quality finish.3

The use of one sinter-based AM process versus another is not a 
straightforward choice for precious metals. The final cost of the 
piece is a complex function that includes capital equipment and use 
cost, powder cost, and finishing cost. The cost differential between 
precious metal alloys could determine which process is used for 
which material system. Processes that produce AM parts at a lower 
cost but require extensive finishing may be more suitable for silver 
alloys with respect to material loss. In contrast, systems that print 
thinner layers using finer powders and with lower material loss 
from finishing may be better suited for gold and platinum alloys.
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The data reported was predominantly for stainless steel. Every 
sinter-based system has been successfully used to produce stainless 
steel parts either in testing or production. At this time, there are 
no sinter-based systems specifically designed for use with precious 
metals. However, if the system has been proven for copper it will 
also work with silver and gold-based jewelry alloys.3

CONCLUSIONS
There are several metal sinter-based AM that have potential to 
produce jewelry items.

Although the geometric tolerance capabilities of these systems 
lag behind MIM, they are similar to those of investment casting. 
However, one of the advantages of AM is that tuning the build to 
produce parts that are within the required geometric tolerance 
is simply a scaling issue that can be resolved by reiterative print 
cycles, a relatively low time and cost intensive undertaking.

Since surface finish is an important manufacturing and design 
factor in jewelry, AM processes that are capable of printing smaller 
build layer thicknesses may have an advantage from a post-process 
finishing cost perspective. 
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