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ABSTRACT

Golub, Michael M.S.M.E., Purdue University, August 2017. Characterization of Ten-
sile and Hardness Properties and Microstructure of 3d Printed Bronze Metal Clay.
Major Professor: Jing Zhang.

Bronze is a popular metal for many important uses. Currently, there are no
economical 3D printers that can print Bronze powders. A recent product, Bronze
Metal Clay (BMC) has arrived. Additionally, commercial metal 3D printers require
laser or electron beam sources, which are expensive and not easily accessible. The
objective of this research is to develop a new two-step processing technique to produce
3D printed metallic component. The processing step includes room temperature
3D printing followed by high-temperature sintering. Since no material data exists
for this clay, the tensile strength and hardness properties of BMC are compared to
wrought counterpart. In this research tests are completed to determine the mechanical
properties of C'uggSnq; Bronze Metal Clay. The author of this thesis compares the
physical properties of the same material in two different formats: 3D printed clay and
molded clay. Using measured stress-strain curves and derived mechanical properties,
including Young’s modulus, yield strength, and ultimate tensile strength, the two
formats demonstrate inherit differences.

The Ultimate tensile strength for molded BMC and 3D-printed specimens sin-
tered at 960°C was 161.94 MPa and 157 MPa, respectively. A 3D printed specimen
which was fired at 843°C had 104.32 MPa tensile strength. Factory acquired C90700
specimen had an ultimate stress of 209.29 MPa. The Young’s modulus for molded
BMC and 3D-printed specimens sintered at 960°C was 36.41 GPa and 37.05 GPa,
respectively. The 843°C 3D-printed specimen had a modulus of 22.12 GPa. C90700
had the highest modulus of 76.81 GPa. The Yield stress values for molded BMC and
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3D-printed specimens sintered at 960°C was 77.81 MPa and 72.82 MPa, respectively.
The 3D-printed specimen had 46.44 MPa. C90700 specimen had 115.21 MPa.

Hand molded specimens had a Rockwell hardness HRB85, while printed samples
had a mean of HRB69. Also, molded samples recorded a higher Young’s Modulus
of 43 GPa vs. 33 GPa for the printed specimens. Both samples were weaker than
the wrought C'ugg g Sn11P0.2 which had a 72 GPa. CugggSni1P0.2 also was a harder
material with an HRC45. The property difference between 3D printed, molded, and
wrought samples was explained by examining their micro structures. It shows that
3D printed sample had more pores than the molded one due to printing process. This
study demonstrates the flexibility and feasibility of using 3D printing to produce
metallic components, without laser or electron beam source.

Keywords: Bronze Metal Clay (BMC), additive manufacturing, 3D printing, ten-

sile, hardness



1. INTRODUCTION
1.1 Background

“Wilderness is the raw material out of which man has hammered the artifact called
civilization [1].” Production of metal materials is a relevant undertaking. There are
many fabrication choices when making metals parts. When selecting material for your
workpiece you can select a relevant metal object which comes in rod, bar, or plate.
This piece of metal can be cut with tools to make your finished part. This process
is called subtractive manufacturing. Powder Metallurgy(PM) [2] has been around
awhile and is one of the most elemental forms of metal manufacturing. Utilizing
previous PM raw ingredients, metal powders, hammering artifacts may not be the
only way to make civilizations. A slip can be created with metal powder, binder, and
water. A three dimensional (3D) syringe printer (Fig. 1.1) [3] can place the liquid
onto the tray and form printed parts.

Anywhere from 10% to 20% of clay volume is water added to make the slip.
The syringe contains metal slip. A vacuum-tube furnace is used to burn the binder
out and then finally sinter the metal. Creating metal in this way has many future
possibilities. This work brings us closer to looking at what effects this research will
have on future metal making processes. Artisans and engineers have always wanted
better materials for their craft and profession. Meanwhile, human civilization is
gauged by the sophistication of materials manipulation. Stone, bronze, and iron use
marked man’s Infantry years, while new materials and 3D printing technology define
current time. As pointed by Cowen, during the Bronze Age, bronze was alloyed with
other metals not through the hands of men but through the act of nature, whatever
metals appeared in the copper ores available. Tin Brongze is created from a mixture

of copper and tin (Fig. 1.2) [4]. The alloy setting by large plastic deformation
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Fig. 1.2. Copper and alloying metals [4].

obtained by hammering a hot or cold alloy progressively declined during the Roman
period [5, 6].

The ancient Egyptians, Greeks, Romans, and Aztecs all utilized copper for ill-
ness management. British naval ship’s hulls were enclosed in copper to guard against
biofouling. In support of the historical anecdotal indications, recent laboratory test-
ing has shown that copper and copper alloys are effective antimicrobial materials.
Copper, brass, and bronze work effectively against the most troublesome antibiotic-
resistant bacteria including Methicillin-resistant Staphylococcus aureus (MRSA) and
Vancomycin-resistant Enterococcus (VRE), as well as other common harmful bac-
teria [4,7,8] . Copper’s flexibility, machinability, and conductivity have made it a
preferred metal for manufacturers and engineers. Copper’s antimicrobial property
has continued its popularity. Copper alloys biocidal ability offers more practical ways
to make parts that have medical community benefits [9].

In modern times, humans not only make alloys with great precision of their compo-

nents, but also manipulate them through different technological methods: smashing,



melting, casting, and 3D printing. It is of great significance to conduct research in
intricate material science in for future human civilization [10].

Creating a metal using 3D technology is possible, but is expensive and time-
consuming. Three-D printing technology is progressing from weaker materials such
as wax to plastics to harder ones such as metals.

The wax could be used in the lost wax process to make molds for metal parts.
Nowadays, popular 3D printing technology has advanced.

Many FDM printers utilize spools of 1.7 mm plastic filament and a heated nozzle
to produce parts one layer at a time. Although plastic printed parts are usable, their
functionality is mostly limited by rapid prototyping.

FDM has limitations, but options are expanding. However, the idea of metal 3D
printed parts is highly attractive, because of the stronger mechanical properties of

metal, and the cost-savings in making intricate parts.

1.2 Metal 3D Printing Review

Some of the forms of current metal printing include: (1) Powder Bed Fusion
Process (PBFP); (2) Selective laser melting (SLM) and direct metal laser sintering
(DMLS), and (3) Directed Energy Deposit (DED).

Powder Bed Fusion Process (PBFP) creates metal with a laser or electron beam
energy source. Either method repeatedly spreads a layer of loose powder onto the
build platform which is then melted and fused with the preceding layer. Then the
platform drops to a lower location and this sequence is repeated. Depending on the
operating energy source, different atmospheres are required. The laser system uses
an inert atmosphere and the area is filled with nitrogen or argon.

The electron beam process requires a vacuum. This is necessary because of the
short mean free path of electrons. The vacuum also prevents oxidization. During
the melting phase a partial pressure of about 10 ?mbar helium is concentrated to

the build platform. This improves heat transfer and component cooling [11]. Many



reviews exist of both the laser and electron beam PBFP and can offer comparison
material [12,13].

Many Metal laser powder bed fusion additive manufacturing systems have similar
designs (Fig. 1.3). The method is composed of a powder delivery system and an
energy delivery system. The powder delivery system uses a piston to supply powder.
It also uses a coater to create each layer. Lastly, it also uses a piston to hold the part.

Using a single-mode continuous wave Ytterbium fiber laser, operating at 1075 nm
wavelength, an optical scanner creates a focused spot to the necessary points of the
platform.

Nitrogen or used over the powder bed helps protect the part from oxygen and clear
possible spray and metal exhaust. Several systems have a local monitoring ability that
images the melt pool. It uses a high-speed camera or a temperature sensor with the

laser system [14].
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Fig. 1.3. Select laser melt process schematic overview at the machine
and powder scales [15].

Electron Beam Melting (EBM) is comparable to the Selective Laser Melting (SLM)
process (see Fig. 1.3, Fig. 1.4) Both processes create parts layer by layer. There are



some differences between EBM and SLM process. An electron beam melts the powder
particles as an alternative of a laser beam. The powder bed is kept at temperatures
higher than 600°C, and the powder bed cools with time. The EBM process encom-
passes additional procedure parameters. The procedures are: “beam power, beam
scanning velocity, beam focus, beam diameter, beam line spacing, plate temperature,
pre-heat temperature, contour strategies, and scan strategy [16].”

Parameters optimization is more complex than the SLM process and there are
only few materials available for EBM [17].

EBM is slow process which adds to cost of the part. There are also part size
restrictions and the matrix structure cell minimum size. Larger parts than the sub-
strate plate can be built, but the part’s initial layers need to be less wide than the
substrate plate. The EBM process uses a near vacuum atmosphere, which is different
from the inert-atmosphere-SLM process. Oxidized parts are not generated. Any
adsorbed gases on the powder particles do not cause porosity in the EBM process. It
is not recommended to use volatile elements alloys such as Zn, Mg, Pb, and Bi. [16]

While SLM process particles are completely melted together, meanwhile, the
DMLS processed particles are only sintered. These techniques use a strong laser.
The SLM process (invented by ArcamEBM, a GE additive Company) melts the pow-
der using an electron beam melting (EBM).

With any Additive Manufacturing process, support material is needed to make
large holes or cavities. FDM processes have used dissolvable materials to alleviate
this issue. However, it can take several hours to clear the support material. Metal
3D printing requires subtractive manufacturing techniques to remove the support
material. Although the machining can be streamlined for the same part, machining
one-off parts can be untimely, difficult and expensive. Directed Energy Deposit (DED)
is another popular method of 3D metal printing. Here powder or wire is inserted into
the energy source and simultaneously deposited to make the workpiece shown in
Fig. 1.5. One critical advantage is that this process can be used to repair metal

parts. Also, features can be added to regular SM parts that are more intricate. This
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process also allows for different materials to be printed at the same time. DED uses
focused energy to generate a melt pool into which metal is deposited. The process
utilizes an arc, laser or electron beam heat source. The metal can be wire or powder.
This is similar to welding technology, because material can be placed outside a build
environment by using a shield gas over the liquid metal. The most popular DED

uses a laser heat source to melt the powder feedstock stream. DED was developed at



Sandia National Laboratories and is the patented LENS®) process. Other DED are
extensions of welding technology. Modified welding machines can make DED parts by
multi-pass welding. Wire-fed, arc heat source DED can build large geometries because
of the lower heat input that could cause porosity generation. The machine software
automatically checks most sensors which simplifies the use. Powder hoppers are filled
and a build substrate is used. Three or more axes can be used. The more axes used
allows for additional complex geometries to be printed. The feed rate is critical and
must verified. Nozzle cleaning is required if flow is obstructed. The build chamber is
enclosed and sometimes filled with inert gas. A shield gas directed at the melt pool
provides resistance to oxidation for nonreactive metals. When printing titanium and
niobium, the chamber is flooded with argon or nitrogen. To reduce oxygen partial
pressure a vacuum pump and purge cycles are run. The build chamber is larger than

PBFP systems because of the inert gas usage [19,20].

1.3 Objective of Thesis

Creating metal objects, from the simple to the complex, there are several pro-
cesses. Today, more and more techniques have been developed. The objective of this
thesis is to conduct the design and fabrication of 3D printed bronze using the two-
step process utilizing Metal Clay. The first step is to print the clay into tensile bars.
The second step requires sintering to make it into a solid bronze object. With these
creations, several material properties can be determined. The 3D printed materi-
als mechanical properties, including tensile and micro-hardness can be characterized.
Lastly, the properties of the 3D printed with conventional wrought and molded coun-
terparts are compared. Precious Metal Clay or PMC was developed in the early 1990s
in Japan by metallurgist Dr. A. Morikawa [22]. His material consisted of microscopic
particles of pure silver or fine gold powder and a water-soluble, non-toxic, organic
binder which burns off during firing. Success was first achieved with gold and later

duplicated with silver. The original formula of PMC, now called ”Standard”, must



Fig. 1.5. Layout and flow paths for a LENS®) system [21].

be fired in a kiln at 900°C (1,650°F) and has a shrinkage rate of 30%. PMC+ is
available in sheet form which used in origami [23]. Today, metal clay is commercially
available in silver, gold, bronze, copper, and steel. It allows artists to make intricate
jewelry, beads, and small sculptures. The clay can be used just like any soft clay.
After drying, the clay can be fired in a variety of ways such as in a kiln or furnace.

When the binder burns during heating the pure sintered metal remains. Shrinkage is
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an issue with between 8% and 30% occurring depending on the binder concentration.
Alloys such as bronze, sterling silver, and steel also are available. However, no tensile
strength data exists. Quantifying the tensile strength and hardness properties and

comparing it to wrought and cast metal are needed.

1.4 Problem Statement

Nowadays, Engineers are seeking out new and clever ways to design intricate parts.
The old ways and proven ways of creating parts are being looked at more critically.

Competition amongst manufacturing companies is making them find more cost
effective ways of doing business. Parts have the potential to be manufactured with
lower unit cost. This is dependent on the time it takes a part to be manufactured,
the materials used, the machines that make the parts, and labor costs [24]. Most
3D printed metallic components are fabricated using laser or electron beam sources,
which are expensive and not easily accessible.

In this work, what is explored is new manufacturing technique to fabricate 3D
printed metallic materials using a two-step process: room-temperature 3D printing
followed by sintering. The new 3D printing approach is inexpensive and flexible. How-
ever, the mechanical properties of the 3D printed metal are unknown yet. Material
properties of Bronze Metal Clay (BMC) are not understood. Currently, using BMC
for part making will have unknown reliability. The properties need to be computed
and the differences between different bronzes need to be explored to better serve the

engineering community.

1.5 Structure of Thesis

This thesis is organized into five chapters, providing clear and reasonable flow of
content. The first chapter introduces thesis work, gives the background of research,
and presents a statement of the current problem and objective of this thesis. Chapter

2, Chapter 3, Chapter 4, and Chapter 5 focus on materials used, printing process,
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test method, and research data and correlated graphs, tensile test, and hardness test.

Last but not least, Chapter 6 gives conclusions and directions of future study.
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2. MATERIAL PROPERTIES AND PREPARATION

2.1 Copper

Copper was the first metal discovered and used, and the third widely used metal
after iron and aluminum. Over the centuries it has been used for art and engineer-
ing. It has great electrical conductivity, corrosion resistance, easy machinability and
beautiful color. Interestingly, copper has a high thermal conductivity and it is non-
magnetic. A face-centered cubic structure helps copper to have good ductility and
strength. Alloyed copper has increased hardness and strength properties. There are
hundreds of wrought-copper alloy and cast-copper-alloy compositions [25]. The plain
copper-tin bronzes usually contain trace amounts of phosphorus for deoxidizing [26].

Tin-Bronze is an ancient alloy used for thousands of years. Because the ancient peo-

Table 2.1.

Popular Tin-Bronze Alloys
Specifications | Cu | Sn | P
C51000 95 |5 | trace
C51100 95.6 | 4.2 | .2
52100 92 8 | trace
(52400 90 10 | trace
C90700 8 |11 | .3
C90800 87 | 12
90900 87 |13
C91100 84 |16
91300 81 19
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ple used this formula, it is natural to think that when new methods are pioneered to
make metals, it is natural to start with Tin-Bronze [27]. Bronze alloys are available in
wrought, cast or powders made from those materials. Copper-tin alloys are liquefied
and poured into a mold to make casted materials.

Either the processes of die, sand or permanent-mold casting is used. Once casted,
metal can be further processed by extrusion, rolling, or forging. Major benefits of
castings are their flexible design process and inexpensive processes. Casted metal has
some general properties. This metal usually has a larger grain size, extraneous inclu-
sions, and porosity. The porosity is caused by gases in the metal or shrinkage during
solidification. Of course, the art in making good castings relies on reducing the defects
while getting the most out of the process economies [28]. Phosphor bronzes (Cu-Sn)
are one of five families of copper alloys that are used for bearing and wear-resistant
alloys in cast form. The others families are Phosphor bronzes with lead (Cu-Sn-Pb)
alloys, aluminum bronze, manganese bronze, and silicon bronze. Phosphor bronzes
have trace phosphorus fluctuating from 0.1 to 1 percent. Hardness rises with addi-
tional phosphorus content. Meanwhile, Cu-Sn-Pb alloys have, reasonable strength,
high-value hardness, and great wear resistance [29].vDeficient lubricant applications
require these higher lead compositions. Aluminum, Mn and Si bronzes have great
tensile strength, high hardness, and good shock resistance. Despite the advantages of
other family members, the tin bronzes (commonly referred to as phosphor bronzes),
are the dominant alloys in this family. Most popular wrought phosphor bronze al-
loys contain 5, 8, or 10 percent tin. Respectively these allows are: C51000, C52100,
and C52400. Typically these three alloys contain less than 0.4 percent phosphorus
(see Table 2.1). Again this elemental addition improves hardness. Also these al-
loys have outstanding elastic properties. The numbering system is from the Unified
Numbering Systems (UNS). Copper alloys are designated by a ‘C’ followed by 5 num-
bers. The Copper Development Association created a three digit numbering system
which has been expanded for more compositions. Wrought allows start at Clxxxx,

and cast alloys are either C8xxxx or C9xxxx. There are material property differ-
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ences between wrought and cast copper alloys that contain the same compositions.
Casting allows better latitude because less hot-working and cold-working takes place.
Still, the impurities that occur during the casting process can create lower quality

castings [27,30-33].

2.2 Material Selection, Metal Clay

Lump metal clay in bronze was introduced in 2008 by Metal Adventures Inc. (Fig.
2.1) and in 2009 by Prometheus. Because of the lower cost, the BMCs are used by
artists more often than the gold and silver metal clays. The actual creation time of a
bronze piece is also far greater than that of its silver counterpart. Base metal clays,
such as bronze, copper, and steel metal clays are best fired in the absence of oxygen to
eliminate the oxidation of the metal by atmospheric oxygen. A means to accomplish
this to place the pieces in activated carbon inside a container was developed by Dr.
William Struve [34].

Metal clays are also available as dry powders to which water is added to hydrate
and kneaded to attain a clay consistency. One advantage to the powders are their
unlimited shelf life. Silver is a noble metal and it resists oxidation. Silver can be
fused by heat in an oxygen environment in a kiln. When particles are heated, close to
melting temperature, but not melting, they move close together and become sticky,
adhering to each other. This compaction and partial fusing is called ’sintering’. Sin-
tering produces metals that are more porous and lighter than cast metal, also not as
strong. Precious metals are costly, and a ’base metal’ clays solution was sought [36].
Base metals like copper and bronze can corrode when heated in an oxygen atmo-
sphere. Using activated charcoal in a closed, stainless steel container produces a low
oxygen environment for sintering base metal clay. When heated to high temperatures,
the charcoal tries to burn and uses any available oxygen in the area, thus preventing
oxidation of metal particles. The BMC used has 89% copper and 11% tin. Using the

phase diagram (Fig. 2.2), the alpha phase plus liquid starts at 843°C.



Fig. 2.1. A 100g pouch of BRONZclay™ [35].
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Fig. 2.2. Phase diagram of CuSn [37].

However, in the first stage of firing base metal clay, the organic binders need to
be burned away first. Then it is followed up with a sintering temperature. The exact
composition of BMC is unknown to the general public, however Cu89Snl11 is the
promised alloy. Pre-alloy bronze powder are commercially available and Table 2.1
shows the possible alloy names. C90700 appears to be an exact match. Meanwhile,
the microscopic metal particles makeup 80% to 90% by weight of the clay. Water
is from 10% to 20%. Finally the binder which is usually methyl cellulose takes up
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Table 2.2.
XRF Delta Element Results

Readout Alloy | MN | Cu Sn P
Unfired BMC | C524 | 1.1 | 87.20 | 12.61 | 0.2
Fired BMC Ch24 | 1.4 | 87.42|12.39 | 0.2

1% by weight. The binder allows for: (1) slow drying; (2) improve stability; (3)
reduce brittleness of dry clay, and (4) make carving of dry clay easier. The particles
come in various mesh sizes and can come pre-alloyed or an elemental mixture of tin
and copper. BMC is analyzed while it was clay and after firing. Utilizing the Delta
Element hand held X-ray fluorescence (XRF) reader (Fig. 2.4) we found a match [38].

XRF is non-destructive method to determine the elemental composition of mate-
rials. XRF devices measure the fluorescent X-ray emitted from a specimen while it
is excited by a X-ray. The XRF device has a built in library shown in Fig. 2.5. The
library had additional alloys added and the software matched the alloy to C52400
shown in Fig. 2.6. Table 2.2 shows the results from the two tests. The unfired BMC
had a close match value of MN:1.1 vs. fired BMC of MN:1.4. Also, the appearance
of phosphorus was not a surprise because it is a popular added element and assists
in deoxidation the alloy [39,40].

Several samples were found in the literature [41-43] that are shown in Fig. 2.7
and attributes in Table 2.3. These alloys are chosen because they closely matched
the BMC.The SLM specimen had the best result in ultimate stress, but the C90700
cast had the highest modulus stress value. These values are what we will compare

our results to in this thesis.

2.3 Molding

Utilizing commercial available product: BRONZclay™, the clay formed into

molded tensile bars. The first method was to 3D print a plastic mold [44](Fig. 2.7).



Table 2.3.

Stress values of several copper alloys

Modulus | Yield | Ultimate
Alloy

(GPa) (MPa) | (MPa)
CuSn10 powder Typical Cast [Scudino] | 38.89 82.25 | 166.03
CuSn10 powder SLM [Scudino] 77.89 180.24 | 417.68
CuSn10 powder Cast [Tavakoli] 86.43 132.24 | 207.1
CuSn10 Pre-alloy powder Cast [Tavakoli] | 88.84 167.9 | 297.16
C907 Cast [MetalTek] 265.7 178.02 | 225.42
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Fig. 2.3. Delta Element [38].
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The design of the tensile bar shape was created by Laboratory Devices [45] and
used by both Mechanical Engineering and Mechanical Engineering Technology teach-
ing labs at IUPUI as well as many other universities here in the USA. These specimens
do not meet either the ASTM 370 or ASTM E8/E8M standards because of the 4 in
length requirement. This allows causes the grip length to be smaller. The specifica-
tion calls out a total length of 4 in, and grip sections of 1.25 in. Laboratory Devices
reports that these are the tensile flat specimens they have been selling for many years.
As long as the machine will hold the sample, it is believed that adequate data can
be obtained. Our grip length averaged around 38 mm which was within ASTM spec-
ifications. The clay was pushed into the mold. Uniform results were not obtained.
Another molding procedure used was flattening the clay with a rolling pin with rubber
band spaces to ensure uniform thickness. This was problematic. It tended to cause
cracks in the clay. Lastly, using a tortilla press a uniform thickness was established

and a tensile bar was cut out with a razor blade (Fig. 2.8, Fig. 2.9, Fig. 2.10).

2.4 3D Printing

The tensile bar specimen was converted in an stl file format and was sliced in
G-code. Then the G-code was run on the Createbot clay printer [3,46,47]. A 3D
printed BMC tensile bars were made (Fig. 2.14). Fig. 2.15 shows the shrinkage from
80 mm to 60 mm that occurs after firing. That is a 75 percent decrease in length.
Createbot suggested to use a layer height of 0.74 mm with a first layer height of 0.84
mm shown in Fig. 2.13. The slip was refrigerated to 4°C prior to use, and no heating
was used in the printer. The printer used a 14 gauge Luer lock nozzle. The printer

was set at a print speed of 20 mm/s.

2.5 Sintering

Sintering is the step of the 2 step process to make BMC into bronze. It is well

established that different ways of sintering will cause effect on the porosity and the
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material characteristics of the final metal [37,48-53]. To fire BMC a kiln or furnace
is used. This research project used a vacuum tube furnace, model QSH-VTF-1700T,
which is capable of reaching 1700°C. The vacuum apparatus for the furnace was
not used, because Dr. Struve protocols of using the activated coconut carbon were
adhered to. A stainless steel container with a lid was created out of a stainless steel
butter dish. Activated carbon is added to the pan about 6 mm deep. Then the dried
clay is placed on the charcoal and is covered by at least another 6 mm of charcoal.

The vessel is loaded into the tube furnace (Fig. 2.11) and the best temperature
combination used was 60 minute ramp to 343°C, holding for 180 minutes and then
240 ramp to 900°C to 960°C, and holding for 240 minutes. Fig. 2.12 shows the face
panel of the furnace. Two major readouts use Celsius degree units. The Present Value
(PV) and Seek Value(SV) are illuminated display in red and green colors, respectively.
Table 2.4 shows the temperature profile that was used.

The binder was confirmed that it burnt at 300°C. The ’correct’ sintering tem-
perature depends on the specific kiln. For safety, the container is removed from the
furnace at below 260°C.

After the furnace is cool enough the metal tray is removed. The charcoal is

removed and the BMC is has become a bronze tensile bar (Fig. 2.13).



Table 2.4.
Temperature Profile
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User Input
Segment | Panel Symbol | [Celsius] Explanation
[minutes|
1 Co1 0°C Initial Temperature
Ramping time from 0°C to 343°C
2 t01 60 minutes
Average heating rate is 5.7 C/min
Target temperature value to
3 C02 343°C
first heating stage (343°C)
4 t02 180 minutes | Searing time at 343°C stage
Temperature value at the heating
5 C03 343°C
flat to burn off the binder
Second heating time from
343°C to 900°C
6 t03 240 minutes
Average heating rate is
2.32 C/min
Target temperature value
7 Co4 900°C
at peak heating flat
8 t04 240 minutes | Searing time at 900°C stage
9 C05 900°C Temperature value at the heating flat
Program End, Output power off.
10 t05 -121

Furnace cooling down naturally
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Table 15 Copper and nickel alloys

C 110 C510 C 864 B 1900 1617 MarM421
C172 €524 C 867 B-1900 Hf 1-625 Manel400
C 194 C534 C 868 C-1023 1-690 Monel411
C210 C544 C875 GMR235 1-700 MonelK500
€220 C 623 C 8932 GID222 1702 MuMetal
C 260 C 630 €903 Hast BC1 1706 Ni 200
C 270 C 655 Cc922 HastB 1713 NichromeV
C 310 C 667 €932 HastB2 1718 Nim101
C314 C673 C 937 HastB3 1720 Nim263
€330 C675 C955 || HastC2000 1722 Nimonic75
3 C 706 C194HiCu || HastC22 1725 | NimonicS80A
C 340 C710 C197HiCu || HastC276 1738 Nimonic90
C 32 C715 ElecCu HastC4 1-750 PWA1480
C 360 C745 Muntz HastF 1792 PWA1484
c377 C752 NarloyZ HastG 1-800 RA333
C 425 Csl4 SeBiLOYI || HastG2 1-801 Renel25
C 443 C836 SeBiLOYI || HastG3 1-825 Reneld2
C 464 C857 | SeBiLOYIHI || HastG30 1901 Rene220
C 482 HastN 1903 Renedl
C 485 HastR 1-907-909 Rene77
Hast5 1939 Rene80
HastW | IN100Mar Rene95
HastX MO002 Supertherm
Haynes230 | MarM200 | Udimet500
HR160 | MarM246 | Udimet520
HyMu80 | MarM247 | Udimet700
1-1021-49 Waspaloy
1-600
1-601
144 AppendixH

Fig. 2.4. Delta Element Built-in library.
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Fig. 2.5. XRF results using Ready-Allow software
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Fig. 2.6. Stress Strain Curve of several copper alloys.

Fig. 2.7. 3D Printed Mold and Clay tensile bar.
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Fig. 2.8. Ball of clay on tortilla press.

Fig. 2.9. Flatten clay on tortilla press.
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Fig. 2.10. Tensile strip partially cut out from the clay.
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Fig. 2.11. 3D printed sample.



Fig. 2.12. 3D printed specimens after firing.

29




30

T Repetier-Host V1.62
Fle View Config Printer Took Help

RN

Load  Start Print

Y 4 @ @

ot Toggle Log Show Filament Show Travel

3 Viee [Tmparatere. Curvs (SRS

Layer height

@ Loyers and perimeters Layer height:
bl ) First layer height:
(8 Siirt and brim
& Support material
Vertical shells
Multiple Extruders
P Advanced Perimeters:
& Ovtput options Spiral vase:

Horizontal shells

Sokid layers:

NOR@ROLEHQ
{

Quality (slower slicing)
Extra perimeters # needed

Aunlil seaesine. masimetase

Version 1.2.9 - Remember to chack for updates at hetpy/sicir.org/

074 mm
084 men or %

3 2 {rminimum)
Top: 3 I Bottom: 3

— |0bject Placonant Slicer Primt Preview | Massal Costrol | $3 Cord

oW R
(2

Printer Settings Easy Mode Emergency Stop

P> Slice with Slic3r Kill Shicing
Slicer Slicde v | ofWasager
0 Confaguration 2
Frint Setting 0.4 — -
Printer Settings: 0.84 -
Extruder | 0.54 »

Override Shicdr Settings

Sk 2 seceie mienal mopae whch can be e seow ey For e
hormtons mare vae e bhomcg metoRge M wam sk

Fig. 2.13. Settings for the Createbot.

Fig. 2.14. Stainless steel tray sits in the center of the tube furnace.
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Fig. 2.16. Stainless steel dish with charcoal and bronze tensile bar.
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3. TENSILE TEST
3.1 Experimental Details

Engineering materials can utilize several mechanical tests to measure strength.
Specimens are destroyed in the test process. Perhaps the most common experiment
is the tensile force. Hardness is usually defined in terms of resistance of the material
to penetration by a hard ball or point. Specimens are affectionately called dog bones.
This is because of the shape is a bar with larger sized ends. We used the ASTM

standards [54,55] for metal testing (Fig. 3.1) using our specimen design [45].

Fig. 3.1. Dog bone Tensile bar shape.
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Utilizing the plan for the specimens the goal was to make them uniform and
smooth (un-notched). When performing tensile force testing various experimental
devices exist. Both simple hand-operated and computer control devices exist. The

large computer control devices are called universal testing machines.

Machine The test

[ Instail specimen in machine
Is test machine 1 (5.2, 7.2, and 7.3)
calibrated?

5.1

Is yield
behavior to be
determined?

Are the proper
grips installed?
(5.2)

install extensometer
Class B-2 for vield strength
7.5.1 and 7.5.2)
Class B-2 or C for yield point
(7.6.2.1 and 7.6.2.2

Are grips
in good condition?
(5.2)

Zero test mahcine Report_ No
{(7.2) to Supervisor

I 7y 3

Yes

Is extensometer/
recorder system
calibrated?
Method E 83

Specimen [

Measure
specimen

Set speed of testing
(7.4)

[ Perform test l
< Are the Record data and calculate
dimensions within No vield behavior
tolerance? (7.5 and 7.8)
(6, 7.1, 7.10.3) Tensile strength (7.7)
Elongation (7.8)
Reduction of area (7.9)
Read calculated values J
No (7.10)

Is elongation to
be determined?

Was test
satisfactory?
711

Yes

Mark gage length
%6.15)

[ Report results (8) i

Fig. 3.2. ASTM standard E8 flowchart [55].

3.2 Test

The specimen width and length of the specimen are recorded with a 0.001 in
caliper. The MTS computer requires the width and thickness as well as the grip
separation. After loading the specimen into the grips on the MTS QTest the grip
separation measurement can be recorded. The extensometer is installed on the spec-

imen and then zeroed out on the computer. Some specimens required the grip sep-
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aration to be different depending on the specimen thickness. A tensile strain rate
applied of 0.0847 mm/s was utilized. The machine stops immediately when a break
is detected, or if the extensometer has gone beyond its maximum height. The MTS
Testworks software will record a raw data which was analyzed in Microsoft Excel and
Matlab. Fig. 3.2 shows the E8 testing procedures that were followed when testing

the specimens.

3.3 Tensile Test Equations

To begin the tensile testing, it is essential to understand the fundamental theory
behind the tensile test. Some very basic principles need to be defined. First, engi-

neering stress is defined as

S=-" (3.1)

where F is the axial tensile force and Ay is the initial undeformed cross-sectional area
of the specimen. Second, the engineering strain is defined as
AL

e= o (3.2)

where the L is the initial unchanged length and AL is the change in length with
respect to the initial length, Ly. The ratio of the stress to the strain is called the

elastic modulus and can be defined as

o~ | Q

(3.3)

The relationship between the stress and the strain is given by a stress-strain curve as
shown below. To determine the modulus of elasticity for each material, an algorithm

involving the linear regression was created. The algorithm begins by storing all the
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data points between the initial start point and the maximum peak point (ultimate
strength). It is then that the stored data set is split into approximately six equal sets
with zero overlap. Within each region, a linear regression is performed in order to

determine the slope of the line.
Linear Regression Line Equation:

Y = 50X + 51 (34)

Linear Regression Coefficient:

> (2 — 2)(yi — 9)
Bo=E— (3.5)

(@ = 2)*

()

Once the slopes are all determine, the maximum slope is taken as the experimen-
tally determined modulus of elasticity for the elastic region of the curve. It should be
noted that depending on the frequency of data collection (number of points taken)
six regions may not be enough to get a good approximation of the modulus. In this
case, six was chosen since it has been well established as the number in algorithms
used by Universal Tensile Test Machines, such as Instron.

Once the modulus is known, the 0.2% offset is generated in order to calculate the
yield stress [56,57]. The algorithm employed was a simple minimization method in
order to determine the intersection of the closest points on the curve and offset line.
Since the tensile test frequency of data collection varied greatly, the algorithm incor-
porated a linear interpolation method between every two points on the stress strain
curve to ensure sufficient number of points for a good approximation. The algorithm

would start by calculating the distance between every point on the offset line with
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Fig. 3.3. Stress Strain example curve.

respect to every point on the interpolated line between two points. This is done for
every set of two points consecutively. As it is calculating, the program compares
the distance for each one. The smallest distance between two points has its interpo-
lated values stored. When complete, the stored interpolated points is considered the

approximated yield stress.



Table 3.1.
Stress Tests Results

Modulus | Yield | Ultimate
Alloy

(MPa) (MPa) | (MPa)
CuSn10 powder

38.89 82.25 | 166.03
Typical Cast [Scudino]
CuSn10 powder SLM [Scudino] 77.89 180.24 | 417.68
CuSnl10 powder Cast [Tavakoli] 86.43 132.24 | 207.10
CuSn10 Pre-alloy powder Cast [Tavakoli] | 88.84 167.90 | 297.16
C907 Cast [Metaltek] 265.70 178.02 | 225.42
C90700

76.81 115.21 | 209.29
Cast Prepared Specimen (G)
BMC printed and sintered in 4

22.12 46.44 | 104.32
hours ramp to 843C (K)
BMC printed and sintered in 4

37.05 77.81 | 157.00
hours ramp to 960C (L)
BMC molded and sintered in 10

36.41 72.82 | 161.94

hours ramp to 960C (Z)
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3.4 Results and Discussion

The stress-strain curves of tested tensile bars of four specimens are plotted with
previous known data in Fig. 3.4. The C90700 sample aligned well with the MetalTek
data. Two printed specimens were ramped up in four hours to either 843°C or 960°C,
while the molded one were ramped up in 10 hours. The long time involved before
break for the molded specimens caused the extensometer to go past its maximum

height. The 10 hour sintering creates a stronger material.

3.5 Comparison of Selected Tensile Data

Additionally, looking at the output data stronger material. Also, molded samples
recorded a higher modulus of 37.05 GPa vs. 22.12 GPa for the printed specimens
(See Table 3.1). Both samples were much weaker than the wrought Cu88.8 Sn11 P0.2
which had a 72.81 GPa. Molded specimens are in Fig. 3.4. Printed specimens are
shown in Fig. 3.5.
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Fig. 3.4. Stress Strain test curve.
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Fig. 3.5. Molded specimen after break.

Fig. 3.6. Printed specimen after break.



Fig. 3.7. Printed specimen K. Top photo shows the specimen after
being printed and before firing. The middle photo shows the fired
specimen at 80% smaller. Bottom photo shows the same specimen
after tensile test fracture.

41



42

4. HARDNESS TEST

~10f 4 ZEROMI

Fig. 4.1. Rockwell Dial Indicator.

4.1 Experimental Details

Hardness testing was completed use both HRB and HRC using a Rockwell Hard-
ness tester (Fig. 4.1) using ASTM standard E18 [58].
Fig. 4.5 explains the three-step method when completing a Rockwell Harness test.

During step 1 an initial force, Fy, is put onto the point and a hole is indented. Step
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2 completes the indentation with force, Fy. Step 3 the F) force is removed and a
reading is recorded from the indicator.

Rockwell tests scales go from A to Z and have specifications for the indenter and
required test force. The equations used in this research are based on two cases. Here
e is the total increase of penetration depth under initial force after additional force
removal. Units are in 0.002 mm.

Rockwell test with Brale Indenter (Fig 4.3):

hardness = 100 — e (4.1)

Rockwell test with Ball Indenter (Fig. 4.4)

hardness = 130 — e (4.2)

4.2 Test

Sample of CugaSng plate was hardness tested (Fig. 4.4). Another sample of
C'ugoSng plate was heated (Fig. 4.4). the grain pattern was disrupted in the ‘O’
specimen which caused a higher HRB value.

Using alloy C52100 shown in Fig. 4.6 and Fig. 4.7 the detection of grain pattern
is difficult to decipher [59-61].

Alloy C90700 is shown in Fig. 4.8, Fig. 4.9, and Fig 4.10.

4.3 Results and Discussion

Hand molded specimens had a Rockwell hardness HRB85, while printed samples
had a mean of HRB69 (Fig. 4.11). Copper alloy CuggsSni1FPo2 was a hard material
with a HRC45 (Fig. 4.12).



HRC-3 Hardness penetrator
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Fig. 4.2. A diamond tip and other tips that use different size balls for
hardness testing.
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Rockwell C Hardness Test

Load 150 kg

Spherical diamond-tipped
cone of 120° angle

Depth of impression

Fig. 4.3. HRC [53).



Rockwell B Hardness Test

Load 100 kg

Depth of impression

Fig. 4.4. HRB [58].
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Indenter
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Fig. 4.5. Rockwell Hardness test method [58].
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Fig. 4.6. Sample ‘P’.



49

407'

Fig. 4.7. Sample
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Fig. 4.8. Sample ‘G’.



Fig. 4.9. Sample ‘M’.
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Fig. 4.11. Rockwell hardness testing
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5. MICROSTRUCTURE ANALYSIS

5.1 Results

Five specimens were cut-up and etched with Nitric Acid [62,63] (Fig. 5.1, Fig.
5.2, Fig. 5.3, Fig. 5.4 and Fig 5.5).
5.2 Bronze Metal Clay

Voids are trapped spaces caused by the unburnt binder or trapped binder gases
(Fig. 5.1). Tin can be seen in Fig. 5.2.
5.3 Alloys C52100 and C90700

Although C52100 had a clear grain structure (Fig. 5.3) C90700 did not produce
a clear grain structure (Fig. 5.4, Fig 5.5)



Fig. 5.1. 200x magnification of Molded BMC.

0.002inch
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0.005 inch

Fig. 5.2. 200x magnification of Printed BMC. Specimen ‘K’.
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Fig. 5.3. 200x magnification of C52100.
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Fig. 5.4. 200x magnification of C90700. Specimen ‘G’.

0.002 inch
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Fig. 5.5. 200x magnification of C90700.
300°C for 20 minutes.

0.005.inch: -

Specimen ‘M’. Heat treated
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6. CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary

This research project was an innovative approach to current technologies. Utiliz-
ing two recent developments of BMC and 3D printers had much to synergize. The
motivation was to determine if the bronze that was created would have adequate
properties. Molded and printed specimens were created using an ASTM 638 speci-
men size. Tensile tests and hardness tests where completed and the results show that

the molded samples were stronger.

6.2 Conclusions

6.2.1 Ultimate Tensile Strength

The Ultimate tensile strength for BMC ‘Z’ specimen was 161.94 MPa. This molded
specimen was better than BMC ‘K’ printed specimen which was fired at lower tem-
perature of 843°C and had a ultimate stress of 104.32 MPa. Meanwhile, BMC ‘L’
printed specimen had a ultimate stress of 157 MPa. This value closely resembles ‘Z’
because they were both fired to a higher temperature of 960°C. The C90700 speci-
men had an ultimate stress of 209.29 MPa which was greater than any of the BMC

specimens.

6.2.2 Young’s Modulus

The Young’s modulus was 37.05 GPa and 36.41 GPa for ‘L’ and ‘Z’, respectively.

These samples were both fired at the same temperature. Meanwhile ‘K’ had a modulus
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of 22.12 GPa because of the lower sintering temperature reduced the strength. C90700
had the highest modulus of 76.81 GPa.

6.2.3 Yield Stress

Both ‘L” and ‘Z’ had similar Yield stress values. They were 77.81 MPa and 72.82
MPa. These values are not as close as the modulus. The 3D printed specimen L’

had the highest value of the three BMC samples regarding yield stress. Finally the
C90700 specimen had 115.21 MPa for yield stress.

6.2.4 Best Specimen

Of the three BMC specimens the printed BMC specimen ‘L’ had led in 2 areas,
and was less than specimen ‘Z’ in one value by only 2%. The conclusion is that 3D
printed materials have slightly better mechanical properties than molded parts. A
higher temperature of 960°C increased the strength becuase there was less /alpha
The C90700 was adequate in establishing an upper-bound, and ensured that our data
was consistent.

From this work we see that BMC is a worthwhile material to make metal parts.
Both the 3D printing process and molded materials have very similar mechanical
properties, but do not approach the high values of the C90700 alloy bar stock. Bronze
is a worthy metal in the engineering toolbox. The possibility of inexpensively creating

intricate objects now exists.

6.3 Recommendations

Progress can be continued to be made on this current effort. The material used is
low cost, and many more specimens can be produced. Several areas of possible testing
include compression, and 3 bar bending. Also BMC can be combined with pure

copper clay which would allow samples from the range of CuggSni; to Cugg9Sng, to
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be created and then tested. With a temperature chamber the material can be tested
under different conditions. A lot of effort was to devise a procedure that did not
require a vacuum furnace, however allowing for vacuum could decrease firing times,
and increase the amount of binder that is removed from the work piece. Changes to
the 3D printer settings may be helpful in getting better specimens. Three-D printing
the slip was not consistent. Humidity may play a roll. It appears using air pressure

may be a better option than an acme lead screw threaded rod.
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