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Abstract

Additive manufacturing (AM) technologies provide a method of fabrication that minimizes the production of waste and
maximizes part customization. The most common form of this technology is material extrusion (ME) in which material is
deposited layer-by-layer to produce a highly customized part. However, this additive production method has experienced
difficulty in widespread adoption in metal fabrication due to the inability to produce metallic parts with strong mechanical
properties. This study presents some innovations on a new metal-fabrication technique for ME printing that allows for low-
cost metal printing. A metal powder polymer composite filament, with a high metal composition, can be printed and sintered
to yield a part that is completely metal. Overall, this study provides the initial investigation of the microstructural behavior
and the resulting hardness levels. This study found that the metal powder in finished parts is fused by approximately 90%
derived from the percent area porosity on a microstructural level. The final hardness of the processed parts is reduced by
approximately 60%. Characterizing these properties is the initial step in incorporating ME technology in the field of metal

3D printing.

Keywords Additive manufacturing - Metal 3D printing - Metal material extrusion - Microstructure - Hardness - Copper

1 Introduction

Additive manufacturing (AM) encompasses a variety of
fabrication technologies such as powder bed fusion (PBF),
vat polymerization, and material extrusion (ME) [1]. The
most commonly utilized method is ME in which a material
filament is fed into the extrusion system and heated near the
melting temperature of the polymer. The end effector will
feed and fuse the new layer of material to the previous one.
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The overall ME process of forming parts through layered
material extrusion is demonstrated in Fig. 1 [2]. By fabri-
cating metal parts via ME, the ease of operation, safety, and
waste reduction are all greatly improved. This unique form
of fabrication has allowed for opportunities in biological [3],
automotive [4], construction [6, 7], and aerospace printing
[7]. One area that is under-researched in AM, especially in
comparison to other forms of metal 3D printing (M3DP), is
metal ME (MME).

Common methods of metal printing are laser sintering
(LS), electron beam melting (EBM), and direct metal dep-
osition (DMD). These techniques are expensive, present
safety concerns, and require a large operational footprint.
Utilizing ME technology, the aforementioned disadvan-
tages can be mitigated to produce relatively inexpensive
metal parts within a unique research area that is narrowly
studied [8, 9]. This method involves fusing a polymer
matrix and metal powder to produce a filament that is
denoted as a metal polymer composite (MPC). The objec-
tive of the research presented here is to demonstrate the
validity of printing metal through the material extrusion
process. The overall density of the MPC material is com-
prised of both metal powders and a polymer matrix which
correlates to an expected higher porosity in the finished
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Filayment to be Extruded

Hot end to heat filament

Extruder nozzle 10 deposit filament

Part fabricated layer-by-layer of fused filament

Fig.1 The ME process deposits primed material layer-by-layer to
build up a 3D object

part versus other metal powder printing techniques that
do not rely on the polymer matrix. The results objective
is to determine the feasibility of MME as a process, and
in line with these objectives microstructure and hardness
analyses are performed.

The demonstrative view of the MPC material used
for this study is shown in Fig. 2. This graphic illustrates
the formation of the metal bead structure pre- and post-
printing. The metal is scattered randomly throughout the
filament and is more uniformly distributed after printing.
Following the sintering procedure, the metal powder melts
and fuses together to yield a metal formed object.

This high metal composition filament is printable
because of the base polymer which is described as a PLA-
compliant material. As such, the MPC filament prints
similarly to PLA feedstock with some changes necessary
to print properly. The finalized object can then be sintered
to produce a 100% metal part. The experimental setup and
overall process of MME using MPC material is demon-
strated in Fig. 3.

Fig.2 Demonstration of the
MME procedure in a step-wise
manner, and the overall metal

MME is defined by the following procedure:

e The metal composite filament is preheated during the
printing procedure to increase ductility.

e The MPC material is printed on an ME printer at reduced
speed and increased material flow.

e Printed specimens are suspended in a sintering ballast to
reduced oxidation.

e The temperature sweep passes through specific set points
to properly bond the metal and remove the polymer bond-
ing agent.

To properly characterize this fabrication technique, the
microstructure, dimensional accuracy, and material proper-
ties must be understood, which is the goal of this study.

2 Background

There are numerous studies that have investigated the field of
M3DP and the applications, fabrication methods, materials,
and overall technology. M3DP is most utilized in the field
of aerospace where the weight reduction and customization
that the technique affords cannot be fabricated by any other
method [10, 11].

The mechanical behavior of M3DP techniques is com-
pared to MME. It is found that the common M3DP tech-
niques have processing defects that result in a loss of maxi-
mum stress that the fabricated parts can withstand reducing
mechanical strength. Furthermore, these processes are also
shown to be time-consuming and expensive [12]. The busi-
ness case assessment will ultimately determine the success
of AM as it is currently favored in smaller production lots.
The higher cost of raw materials is offset by lower fixed costs
related to conventional manufacturing. However, there is a
large value to be put on AM due to the versatility and adapt-
ability of the process. Overall, AM is projected to lead to
new advancements in manufacturing components and will
continue to grow with technology [13].

l - Metal Powder Beads

powder bead behavior through
the process
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Fig. 3 Demonstration of the
experimental setup and MME
fabrication process

extrusion.

The test specimen is printed
using metal polymer composite
filament using material

Metal infused filament is
preheated to 40-60C and before
extrusion.
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used to support the specimen
during sintering.

To minimize layer variations,
parts are sanded to remove
cavitations before sintering.
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The printed part is coated with
the (AL,O,) and packed around

the formed specimen.

A temperature sweep is done in
a furnace to fuse the metal
powder together and remove the
polymer bonding agent.

P
/

»

The part(s) are air quenched
after the firing process and

yields a 100% metal part.

Commercially available metal 3D printers commonly uti-
lize the processes of laser sintering (LS) and DMD instead
of ME. LS and DMD have previously been examined and
compared to other powder metallurgy (PM) techniques [14].
The research group from the Singapore Centre for 3D print-
ing found that LS is a more applicable choice for fabricated
parts that require complex geometric internal structures
and cavitations. DMD is able to produce larger parts at the
expense of dimensional accuracy and can serve as an alter-
native to the fabrication of large-scale components. Another
recent study further compared MME fabrication to LS. The
two innovative technologies have different benefits, require-
ments, and strengths [9].

Indirect metal fabrication is the primary method of uti-
lizing ME technology in the field of M3DP. Parts printed
in 3D can be used to generate a casting mold, indirectly
forming patterns and sand-formed metal objects [15, 16].
These techniques encompass all of the expenses and safety
requirements associated with casting used to fabricate parts.

The relevancy of ME to metal is perceived to be low
in a literature review of M3DP. Duda et al. published a
literature study on the many forms of M3DP techniques,
outlining the benefits and drawbacks of each method [17].

The work done by the research group provides general
and design information on AM technologies and their
relevancy to metal fabrication. The group compared the
various processes in relation to material, labor, and energy
costs, and concluded that ME is not relevant to the field of
M3DP. The study of MME presented in this paper shows
that the AM method of ME should be considered relevant
to the field of M3DP counter to Pentair’s research [17].

MME was initially studied in 2016 by sintering a metal-
filled filament to yield a 100% metal object. Riecker et al.
produced their own polymer composite material by infus-
ing a polyamide nylon (PA) matrix with a metal powder
filling [8]. The weight percent of the metal polymer com-
position varied between 0 and 65%. The filament cre-
ated had brittle mechanical properties and was sintered
to remove the bonding agent [8]. Moreover, Hwang et al.
found a method of infusing acrylonitrile butadiene sty-
rene (ABS) with copper and iron powder to form a MPC
material [18]. The metal content varied from 10 to 50%
by weight. The results of this study showed that tensile
strength decreased with the introduction of metal powders
but thermal conductivity increased.
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The field of metal fabrication by ME has been explored
by both hobbyist and commercial communities, but it has
scarcely been investigated in research and development. Few
studies examine the concept of sintering ME objects to yield
a 100% metal part, presenting an opportunity in low-cost
M3DP characterization [8, 9].

3 Methodology and output
3.1 Procedure for specimen fabrication

The material utilized for this study, as previously described,
is a MPC, which will be defined as MPC. For this study, the
filament has metal inclusions of copper powder along with
the polymer matrix. This material is obtained from virtual
foundry which has a stated metal composition of 90% by
weight [19]. As mentioned in the introduction, the print-
ing procedure for the MPC material is most similar to the
base polymer a PLA-compliant filament. Along with the
changes detailed later in Table 1, the printing temperature
must be set a little higher at 220 °C and the printer nozzle
diameter must be larger to compensate for the particle inclu-
sions. Once printed, the MPC specimen is then sintered,
resulting in a 100% metal part that retains the original fea-
tures of the 3D printed object. For the printing procedure,
a standard ME printer is used to fabricate with the MPC
material. An induction furnace is used to sinter the material
in an open-air environment. The final procedure is the post-
processing of the sintered specimens to remove oxides and
contaminants. MME As demonstrated previously in Fig. 2,
the metal powder behavior throughout the MME process is
that it is randomly scattered in the filament and is distributed
more consistently throughout the formed part. The details
and magnified visualization of the material used is shown
in Fig. 4.

Table 1 Description of the labelling nomenclature for the changed
variables for dimensional and microstructural analysis of copper

General specimen labels given in the form: CU-Ly-Sp-V

Material

CU Copper filament
Layer height (Ly)

03 0.3 mm

0225 0.225 mm

015 0.15 mm
Print speed (Sp)

10 10 mm/s

20 20 mm/s
Specimen size (V)

14 0.5 in’

@ Springer

MME The process of using powder-based 3D printing
allows for highly complex and customized parts; however,
the sintering portion of fabrication involves removing the
powder bonding agent. This removal of approximately
10 wt% polymer material results in dimensional changes
between the original specimen size and the post-sinter
metal samples. To better account for the influence of these
changes, a variety of printing parameters are chosen to
demonstrate the influence on the MME process. The print-
ing parameters of the specimens are varied to account for
the influence of the forming process on the dimensional
changes. The printing parameters that are varied for this
study are shown in Table 1. These variables are selected
based on the most commonly used settings for 3D printing.
For all testing performed, the sampled size (n) is equal to 3
to account for statistical variations.

The nozzle used for the printing process is stainless steel
with a bore hole diameter of 0.6 mm. The layer height (L)
chosen for this experimental analysis is determined using
a combination of professional knowledge of the material
extrusion process along with software suggested settings.
This knowledge is applied in the form of deriving the Ly
from the printing orifice. The minimal layer height should
not be below 25% of the nozzle bore diameter, and the maxi-
mum should be less than 75% of the nozzle bore diameter.
Therefore, layer heights within the range of 0.15-0.45 mm
are within acceptable values based on the diameter of the
nozzle. The default value and most commonly used layer
height for most 3D slicing software is 0.2 mm. Taking
three values for statistical variability, the layer height of
0.2+0.5% produces the Ly discrete values of [0.1 0.2 0.3]
mm. However, the minimum value of L;; based on 0.2 results
in a minimum layer height that is less than the advisable
value based on nozzle diameter. In exploratory testing, it
was found that layer heights of less than 0.15 mm would not
print effectively due to metal particles. Therefore, taking
the minimally accepted value based on the nozzle diameter
of 0.15 mm and a statistical variance of 3 over layer heights
to 0.3 mm results in the three discrete Ly values of [0.15,
0.225, 0.3] mm.

For the variable of printing speed (Sp), the term refers
to infill, wall, travel, and initial layer speed. For mate-
rial extrusion of filled filaments, Sp is reduced and the
amount of reduction is dependent on the extrusion method
and material used. For a Bowden extrusion setup, the dis-
tance between the extrusion motor and the heating ele-
ment is quite large. Therefore, the printing speeds are
further reduced for fragile filled filaments. In a prelimi-
nary exploration, it was found that speeds greater than
20 mm/s for copper filled filament in a Bowden printing
setup would result in voids during the printing process.
The values of printing speed are selected as [10, 20] mm/s
to establish some variance between 0 and 20 mm/s. The
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Fig.4 Magnified view of the 'y
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aforementioned printing and specimen parameters used for
the experimental process are detailed in Table 1. The table
further establishes the specimen nomenclature used for the
rest of the presentation of the data with specimen labels
presented as the following: CU for the copper material, Ly
for the printing layer height, Sp, for the printing speed, and
V for the specimen volume size. This results in specimen
labels written in the general form CU-Ly-Sp-V.

For the sintering process, the ballast that is used to sus-
pend the formed part is Al,O5, and the temperatures and
times used for the processing of the copper specimens are
detailed in Table 2. These settings are derived from pre-
liminary thermogravimetric analysis of the MPC material
used. The full decomposition temperature for the polymer
in the filament was~350 °C, and the melting point of cop-
per is ~ 1000 °C. Taking these two values into account, the
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Table 2 Description of the time and temperature sweeps used for the
sintering process

Temperature Time

150 °C Hold for 75 min

400 °C Ramp over 200 min at 1.25 °C/min
983 °C Ramp over 180 min at 3.24 °C/min
983 °C Hold for 240 min

early exploratory phase of this study found that the times and
temperature presented in Table 2 were the most effective in
the open-air furnace environment.

During the post-sintering phase, the containments and
oxides are removed, and the final resultant cubes are the
specimens that will be utilized for the microstructure and
hardness analyses. The dimensional changes during this
process was found in another study to be approximately
15.8% [20]. Therefore, the final specimens that are mounted
for testing are approximately 15.8% of the original size of
detailed in Table 1.

3.2 Procedure for microstructural investigation

In this research study, the microstructural and material prop-
erties of the process and metal powder used are analyzed
in relation to the MME process. When characterizing the
feasibility of the process, the correlation between the print-
ing parameters and the resultant porosity provides valuable
insight into the properties. The printing parameters for the
specimens used in this study are shown in Table 1. MME
During the sintering process, specimens experience
extremely high temperatures, and the polymer base material
either melts out of the part or sublimes to a gaseous state.
This resultant loss of material inevitably results in dimen-
sional and density losses. Through the use of an inverting
microscope, the percent area porosity of the specimens can
be analyzed post-sintering for the production pores. This
analysis allows for the observation of the metal powder bead

Fig.5 Description of micro-
structural percent area porosity,
and demonstration of the
microstructure of MME parts

post-sintering
post-sintering

Pores resulting from

imperfect metal
fusion
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Fused Copper metal

bonding and production of vacant spaces. A proper under-
standing of how the sintering process affects the overall
rigidity of the part is necessary to characterize this method
as a valid fabrication process. When loaded in tensile,
fatigue, or creep, the effects of stress concentration in these
cavitations cannot be ignored. However, understanding these
effects can lead to design criteria that minimize the reduction
in strength and maximize the benefits of this AM technique.

The percent area porosity is defined as the ratio of unoc-
cupied space to occupied space. In the case of microstruc-
tural analysis of metal parts, the unoccupied space is the
pores resulting from the sintering process, and the occupied
space is the region of form metal for a given area. The defini-
tion of percent area porosity in relation to the microstructure
of copper MME parts is demonstrated in Fig. 5.

Copper specimens of varying printing parameters
(Table 1) are sectioned using a diamond disc cutting blade
on a SYJ-200 precision cutting saw. For each set of three
specimens of correlative printing parameters, a specimen is
mounted to expose a XY, Z, and sectioned axis to the micro-
scope. The locations of these examinations are based on the
cartesian axes of the printing apparatus, for example the
Z-axis refers to the z printing direction, and are as follows:

e XY—Microstructural porosity was examined/averaged on
the cube faces that exposed the layer lines of the printing
process and correlate to the XY cartesian printing axes.

e Z—Microstructural porosity was examined/averaged on
the cube faces that exposed the top/bottom layers of the
printing process and correlate to the Z cartesian printing
axes.

e Section—Microstructural porosity was examined/aver-
aged on sectioned cube faces in the center of the speci-
men.

Each of these samples are mounted using a slow curing
epoxy and pulled in a vacuum to eliminate the inclusion of
air bubbles. After hardening, the mounted samples are pol-
ished and imaged using the following procedure:
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Table 3 Microstructural analysis results from copper-MME fabricated parts

Microstructural analysis by magnification (averaged from XY, Z, and section 10X 20x 40x

views)

Average percent area porosity by magnification

Average total percent area porosity by magnification
Microstructural analysis by view (averaged from 10X, 20X, 40 X)
Average area percent porosity by view

Average total area percent porosity by view

Total area percent porosity

13.19+1.19%
10.40+1.74%
Section XY zZ
6.18+0.75% 13.13+1.20% 12.52+0.91%
10.61+2.22%

10.51+1.26%

10.83 £1.00% 7.19+1.04%

e Specimens are polished with emery papers for grits from
400 to 600

e Then the lapping operation is performed using diamond
paste of 3 pm and 1 um grits.

¢ Final images are taken on a Nikon SMZ 1500

After mounting and polishing the specimens, the poros-
ity is examined at different magnifications and views for the
percent area porosity of voids. The microscope software is
able to perform image processing and select the percentage
of pores for a given area. This tolerance can be selected to
not include minor imperfections such as discoloration from
polishing compound or scratches from post-processing. The
overall results are further shown in Table 3. The total sample
size for the analysis of porosity is comprised of 6 samples,
3 magnifications, and 3 mounted views resulting in a total
dataset of 54 values.

The microstructural analysis values show a significant
amount of fused metal post-sintering with, on a microlevel,
the internal structure containing significantly fewer voids.
Depending on the application of MME, the 89.44% overall
fused material is an acceptable and quantifiable metric with
overall percent area trends shown in Figs. 6 and 7.

The average percent area porosity by magnification is
10.40 + 1.74%; the data are averaged by magnification and
do not consider the specimen view bias. The significant
difference in percent area porosity between the magnifica-
tion of 10x and 40x demonstrates that the specimens are
mostly comprised of larger pores. Therefore, it can be con-
cluded that the final total average is primarily comprised
of larger pores. The average percent area porosity by view
is 10.61 £2.22%; the data are averaged by view and do not
consider the magnification bias. The significantly lower per-
cent area porosity within the section view data when com-
pared to the XY-Z views data demonstrates that the metal
is more fully fused in the center of the specimens. There-
fore, it can be concluded that a majority of voids within the
total average are located at the outer edges of the samples.
The total average percent area porosity is approximately
10.51 £ 1.26%. Therefore, the final percent of fused metal
based on the microstructure is 89.44 + 1.26% with a majority

Percent Area Porosity By Magnification
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of the resultant porosity from the MME process being larger
pores located on the outer edges of the specimens.

3.3 Procedure for hardness investigation

The mechanical properties of hardness are analyzed in

relation to the MME process. When validating the feasi-
bility of this fabrication method, the mechanical strength
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and rigidity are important characteristics to consider
when designing for any potentially load-bearing applica-
tion. The primary material examined in this study is cop-
per MPC with a metal composition of 90% by weight and
approximately 65% by volume. The printing parameters
are as described in Sect. 3.1, and the specimens are tested
using a Rockwell Hardness method.

A reference set of specimens for copper is tested three
times on three different samples of copper to establish
a valid average. For the experimental setup, a noncon-
ventional Rockwell Hardness test for copper (HRH) is
performed so a reference value with the same setup must
be used. The MPC material that is used for the MME
study is fabricated utilizing powder metallurgy. There-
fore, the hardness is expected to be significantly lower.
In preliminary testing, the indenter and force load of the
standard copper HR tests of HRB and HRF resulted in
invalid numbers in the MME specimens. This is due to
the fabrication method of powder metallurgy significantly
affecting the hardness of the finalized object. To con-
sistently achieve valid numbers, the HR testing method
with the largest indenter and lowest load is selected.
This method is the HRH standard. The hardness analysis
shown in Fig. 8 is done with an H Rockwell Hardness
(HRH) testing method, which is set to the conditions of
a 1/8" ball indenter and an applied force of 60 kg based
on the ASTM standard for hardness of metals [22]. The
hardness tester used for this analysis is a Wilson Rock-
well Series 2000. The standard HRH value for copper, as
per testing, is found to be 106 in a test specimen shown
in Fig. 8.

Table 4 demonstrates the hardness data points that are
used to formulate an average HRH value for the MME
specimens. For reference, the aforementioned test copper
was found to have an average HRH value of 106 shown in
Fig. 8. This value is used to calculate the percent differ-
ence between the reference copper and MME copper fab-
ricated samples for the non-standard HRH testing method
for copper.

From the data shown in Table 4, these 18 data
points are used to establish an overall average value of
44.68 +5.66. The average variation is quite significant
with an error of 5.66 HRH and further evidenced by val-
ues of ~10 HRH as well as ~ 100 HRH. The significant
difference in error demonstrates that the sintering process
does not fuse the objects uniformly. The percent differ-
ence between the aforementioned standard copper HRH
value of 106, and the MME specimen value of 44.68 is
approximately 58%. The final conclusion that can be
drawn from the data is that for the process of MME there
is a hardness loss of greater than 50% when compared
to standard copper, and that the hardness of the copper
powder does not fuse uniformly.
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Table 4 HRH hardness values in MME copper

Al,O; sintering ballast

Specimen XY z Sec Average
CU01510 54.9 42.8 43.9 44.68
CU01520 453 8.8 59.7

CU022510 41.6 48.0 Percent diff:
CU022520 10.8 4.7 57.98%
CU0310 40.2 47.7 96.1

CU0320 52.3 49.8 68.2

4 Discussion

This research study examines the process of MME, and
the influences that printing parameters have on the dimen-
sional, microstructural, and hardness properties. These
values are related to the parameters at which the specimens
were printed, and the influence of outside variables could
be investigated further.

It is shown that the dimensional losses can be mitigated
to be as low as 5% under the ideal printing and sinter-
ing conditions. For more precise printing parameters, the
dimensional losses are lessened. However, as the accuracy
decreases, the influence of oxidation on the dimensional
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parameters during sintering becomes greater than that of
the printing parameters as shown in Fig. 7. This correla-
tion between parameters and dimensional loss is shown to
be vague in relation to other variables, such as sintering
temperature, time, and ballast type, which can influence
the dimensional loss.

For the microstructural data, the internal percent area
porosity can also be reduced through printing parameters
and sintering material to be as low as 4.3%. As shown in
Figs. 6, 7, the percent area porosity of the section view is
greatly reduced from the XY and Z views. This difference in
the area ratio correlates to greater metal powder bonding in
the center of the MME part. Exterior portions of parts fab-
ricated by this method result in great pores, and the interior
portions of these parts experience less void production by
sintering.

The percent difference between MME specimens and tra-
ditionally fabricated parts is a decrease of 58% on the HRH
scale when compared to standard copper. The process of PM
introduces mechanical properties losses and compensates
with the production of complex parts. Likewise, the MME
process is shown to be capable of producing complex parts
and also introduces mechanical property losses. For a new
fabrication method that utilizes the fusion of metal powders,
the significant loss of hardness is expected and can be fur-
ther minimized with future work.

5 Conclusions

This study explored dimensional, microstructural, and initial
hardness in the MME process. Most powder-based metal
printing technologies that utilize sintering do so in a vacuum
environment. However, the oxidation effects can be greatly
decreased using an inert system. By investigating MME in
an open-air environment, it is shown that the dimensional
losses can be mitigated to be within an acceptable margin.
The ballast that is used and the parameters within which the
parts are fabricated all greatly influence the amount of mate-
rial lost during the sintering procedure. It is further shown
that the production of pores on a microstructural level is
within an acceptable range, depending on the application.
Overall, it is shown that the metal production system devel-
oped produces an accurate range of products verified from
the dimensional, microstructural, and hardness studies.
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