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EXECUTIVE SUMMARY

Pursuant to Public Law 111-302 (the Coin Modernization, Oversight, and Continuity Act of
2010), the Secretary of the Treasury was given “authority to conduct research and development
on all circulating coins.” Furthermore, this law authorized the Secretary of the Treasury to
“solicit input from or otherwise work in conjunction with entities within or outside of the Federal
Government.” To achieve an unbiased, independent assessment of potential and currently
available metallic materials and processing methods for production of United States (US)
circulating coins, the United States Mint, working on behalf of the Secretary of the Treasury,
awarded a competitively bid contract (Number TM-HQ-11-C-0049 entitled “Alternative
Materials Study”; referred to here as “the study”) to Concurrent Technologies Corporation
(CTC) headquartered in Johnstown, Pennsylvania. The objectives of this study were to:
e Reduce the costs to produce circulating coins
e Consider key stakeholders and, to the greatest extent possible, minimize conversion costs
that would be necessary to accommodate significant changes to all circulating coins
simultaneously
e Address critical performance attributes including physical, electromagnetic, mechanical
and chemical properties.

To accomplish the goals of this Act and the requirements of subchapter Il of chapter 51 of title
31, United States Code elements of this study or factors to be considered included the following:
e Research and development (R&D) of metallic materials appropriate for coinage
e Perform appropriate testing of appropriate coinage metallic materials within or outside
the Department of the Treasury
e Fraud prevention
e Ease of use and ability to co-circulate new coinage materials*
Analysis of production costs for each circulation coin and alternative material candidates,
cost trends for such production
Improved production efficiency
Impacts on current and potential suppliers
Environmental assessment
Detailed recommendations for any appropriate changes to metallic content of circulating
coins
e Recommendations for improved production efficiencies, changes in the methods of
producing coins, that would further reduce the costs to produce circulating coins.

This report summarizes the findings of the study from which important conclusions and
recommendations are presented that are related to each of these objectives.

To meet the schedule required by the study, CTC chose to leverage the research and
development of current material suppliers of coinage materials to the United States Mint. These
suppliers were selected as a result of their preexisting familiarity with US circulating coin

! Seamless — Differences and abilities to recognize or process incumbent coins and coins produced from alternative
material candidates cannot be distinguished through normal coin processing.

Co-circulate — Differences between incumbent coins and coins produced from alternative material candidates can be
accommodated, however, upgrades are required for coin-processing equipment.



specifications. In addition, these suppliers have proven ability to “develop and evaluate the use
of alternative metallic materials” and the “potential impact of any revisions to the composition of
the materials used in coin production,” as required by Public Law 111-302 section 2(a) and
section 2(b)(1), respectively. Each of these suppliers produces materials for other mints
throughout the world and was thereby familiar with and/or had previously developed potential
low-cost alternative materials for use in US circulating coins. In addition, other metallic material
suppliers were consulted and asked to recommend materials that would meet the current
specifications and demanding requirements of US circulating coins. A search was made of novel
methods to produce stock materials (including sheet, blanks [i.e., cylindrical disks] or planchets
[i.e., blanks that have been further processed and are ready for striking into a finished coin]).
Finally, the Royal Canadian Mint and the Royal Mint (in the United Kingdom) were consulted
relative to plated-steel coinage materials. In all cases, suppliers were asked to provide material
samples that were subsequently tested according to standard ASTM International and/or United
States Mint material tests that included wear, steam corrosion, color shift after steam corrosion,
hardness, determination of critical metallurgical features, electromagnetic properties and
coinability (i.e., the ability to be formed into a visually aesthetic coin).

There are two types of alternative material candidates presented for each denomination: 1)
potentially seamless candidates having approximately the same EMS and weight as the
incumbent coin and 2) non-seamless (co-circulate) alternative candidates having a different,
albeit unique, EMS and/or a different weight from the incumbent coin. The seamless alternative
material candidates provide for a modest cost savings, whereas the non-seamless alternative
material candidates result in larger cost savings to the United States Mint. Use of non-seamless
alternative material candidates may result in significant conversion costs to upgrade coin-
processing equipment.

Supporting the selection of potential material candidates, detailed production cost analyses were
completed. These analyses included the cost of materials (both raw material and vendor
fabrication costs), production costs at the United States Mint, transportation costs to the Federal
Reserve Bank and United States Mint indirect costs. The projected costs to manufacture
production quantities of these coins were then compared to known production costs for
incumbent US circulating coins to assess the economic viability of each potential alternative
material. Using the metals prices defined on the London Metal Exchange, CTC identified iron
(and steels), zinc and aluminum alloys as the leading alternative candidates to potentially reduce
the cost of coinage by replacing copper and nickel to varying degrees.

Two sets of striking trials were conducted on separate sets of alternative candidate materials.
These trials, which were conducted in an isolated room with controlled access in the United
States Mint facility located in Philadelphia, consisted of progressive striking trials followed by a
small test-production run of up to a few hundred nonsense test pieces.? The first striking trial
included 15 material-denomination combinations; the second striking trial included nine down
selected materials from the first striking trial that were found to have desirable coin
characteristics or properties; eight additional material-denomination combinations were also
evaluated in the second striking trial. Therefore, a total of 25 unique material-denomination
combinations were tested among the two striking trials; see table below. In addition, four

2 Nonsense pieces included an image of Martha Washington on the obverse, a scene on the reverse and letters that
were scrambled. These features were designed to replicate the detailed images common to circulating coins.



materials were corrosion tested for alternative materials for the dollar coin. The nonsense test
pieces produced from these striking trials represented potential alternative material candidates
for the one-cent, 5-cent, dime, quarter dollar and half dollar coins. Consistent with incumbent
US coinage, the project team assumed that the dime, quarter dollar and half dollar coins would
continue to be constructed of like materials in the same relative weight proportions as their
assigned monetary value. Of these three denominations, only quarter dollar nonsense pieces
were struck.

Candidates Alternative Materials Denomination
1 Aluminized Steel (Ryerson) One Cent
2 Aluminized Steel (Atlas) One Cent
3 5052-H32 Aluminum One Cent
4 Copper-Plated Steel (JZP) One Cent
5 Copper Plated Steel (RM) One Cent
6 430 Stainless Steel One Cent
7 302 Stainless Steel One Cent
8 Dura-White-Plated Zinc 3p Sn 5-Cent
9 Multi-Ply-Plated Steel (Lot #137) 5-Cent
10 Multi-Ply-Plated Steel (Lot #170) 5-Cent
11 302 Stainless Steel 5-Cent
12 430 Stainless Steel 5-Cent
13 G6 Mod 5-Cent
14 669z 5-Cent
15 Plated 31157 5-Cent
16 Unplated 31157 5-Cent
17 Nickel-Plated Steel (RM) 5-Cent
18 669z-Clad C110 Quiarter Dollar
19 Multi-Ply-Plated Steel (Lot #140) Quiarter Dollar
20 Dura-White-Plated Zinc 5p Sn Quarter Dollar
21 Dura-White-Plated Zinc 8u Sn Quarter Dollar
22 Dura-White-Plated Zinc 10pu Sn Quarter Dollar
23 Nickel-Plated Steel (RM) Quarter Dollar
24 302 Stainless Steel Quarter Dollar
25 302 Stainless Steel (Radical Anneal) Quarter Dollar
88Cu-12Sn-Plated Zinc Dollar
C69250-Clad C110 Dollar
K474-Clad C110 Dollar
Y42 Dollar

Stakeholders® dependent on coins to conduct commerce were considered. Conversion costs,*
ease of use and ability of new coins to co-circulate with incumbent coins were considered.

% Stakeholders included “vending machine and other coin acceptor equipment manufacturers, vending machine
owners and operators, transit officials, municipal parking officials, depository institution, coin and currency



Factors evaluated in this analysis included changes to coin dimensions (diameter and/or
thickness), weight and electromagnetic properties. Nonsense test pieces from the two striking
trials were tested by three coin-acceptance equipment manufacturers (two manufacturers, MEI
and Coinco, are American owned) to determine which of the material/denomination
combinations could be introduced into circulation without significant modifications to existing
coin-processing equipment. Coin fraud prevention was evaluated during both stakeholder
conversations and testing of nonsense test pieces. Each denomination and alternative material
was evaluated relative to actions that would “facilitate or allow the use of a coin with a lesser
value produced, minted, or issued by another country, or the use of any token or other easily or
regularly produced metal device of minimal value, in the place of a circulating coin produced by
the Secretary” [section 3(e) of Public Law 111-302].

An environmental assessment was made for each of the candidate materials. This assessment
included the effects of air and water pollution, worker health hazards, toxicological effects and
recycling. Local permitting issues at the United States Mint production sites were also
considered in these environmental assessments. All alternative material candidates were found
to have lower environmental impacts relative to incumbent coinage materials.

Based upon the information gathered from each of the above alternative material selection
factors, CTC offers the following detailed recommendations for consideration and
implementation by the United States Mint. The most salient recommendations are offered here;
additional recommendations, along with detailed descriptions of the study’s findings and
conclusions can be found in the body of the report.

e Maintain existing coin dimensions (i.e., thickness and diameter) for all future coins
regardless of their materials of construction. The conversion costs to coin-processing
equipment are too large to justify changes to coin dimensions.

e Maintain the incumbent materials of construction for the one-cent coin. When metal and
production costs are accounted for, copper-plated steel one-cent coins (which would have
the look and feel of incumbent one-cent coins) offer no cost savings from incumbent
copper-plated zinc one-cent coins. Other potentially low-cost metal alloys lacked the
ability to meet one or more provisions of the Coin Modernization, Oversight, and
Continuity Act of 2010: aluminum alloys jam or destroy some types of coin-acceptance
or coin-handling equipment, which would require costly upgrades to enable this
equipment to process aluminum-based coins; the surface-modifying technologies (to
reduce tarnish and/or corrosion of single-alloy coins) evaluated in this study lacked
application maturity; other alternatives did not offer sufficient corrosion and/or wear
resistance. Copper-plated zinc remains the most viable material option for the one-cent
coin.

e Further develop the copper-based alloys, unplated 31157, G6 and 669z, as future 5-cent
coin materials of construction. Although, it was not shown that these alloys would bring
the costs to parity, these alloys would produce material cost savings and decrease the
furnace annealing temperature resulting in decreased energy costs and prolonging furnace

handlers, armored-car operators, car wash operators and manufacturers of commercial coin processing equipment,”
as defined in Public Law 111-302 section 2(b)(3).

* Conversion costs are those required for machine alterations and/or changes to coin processing methods to enable
continued use of existing infrastructure.



life. The G6 and 669z have a yellow cast color while the unplated 31157 has a golden
hue color. From the Outreach surveys, it is CTC’s opinion that the general public would
readily accept the 5-cent coin color change. Reductions in the number of individuals
suffering from nickel allergies would also provide a cost benefit. However, each of these
alloys is less dense than the incumbent 5-cent coin material, which would result in
reduced coin weight if the 5-cent coin remained of the same size as the incumbent 5-cent
coin. Weight-based coin-acceptance equipment, which comprises far less than 5 percent
(%) of the total number of fielded units in the United States, would require one-time
conversion costs to the coin-acceptance equipment of approximately $11.3 million (M)
for an unplated 31157. Other candidate alloys G6 mod and 669z alloys as tested in the
current study, however, would require $56.4M to convert existing coin-processing
equipment resident in the US. These materials offer annual cost savings to the United
States Mint of up to $16.7M, using March 2012 metal pricing and 2011 production rates
of 5-cent coins from the United States Mint. Also note that bulk coin handlers would be
impacted by change to the weight of 5-cent coins since additional coin handling would be
required to separate incumbent coins from those made of alternative materials of
construction. The annual costs for handling 5-cent coins of a different weight than the
incumbent 5-cent coins were estimated to be $3.75M.

Consider copper-based alloy, 669z clad to C110 copper alloy for use in dime, quarter
dollar and half dollar coins. Based upon validation testing completed in this study,
quarter dollar nonsense test pieces of this construction showed evidence of being a
seamless alternative to the incumbent quarter dollar coin. Potential reduced expenses to
the United States Mint for dime and quarter dollar coins of 669z-clad C110 were
estimated to be approximately $2.2M annually, using March 2012 metal pricing and 2011
production rates of quarter dollar coins. In addition, the annual potential reduced
expenses to the United States Mint for dime coins was estimated to be $3.9M; however,
these savings need to be validated in future efforts since 669z clad C110 copper dime
nonsense pieces were not tested in this study. Also note that bulk coin handlers would be
impacted by change to the weight of quarter-dollar coins since additional coin handling
would be required to separate incumbent coins from those made of alternative materials
of construction. The annual costs for handling quarter-dollar coins of a different weight
than the incumbent quarter-dollar coins was estimated to be $9.20M; similar costs for the
dime coins are $6.92M and for the half dollar the value was estimated to be $0.04M. It
should be noted that 669z-clad C110 has a slight yellow cast and may cause confusion
with the golden dollar coin, although it is CTC’s opinion that the dollar coin is not widely
used in transactions.

Maintain current dollar coin alloy composition. None of the dollar coin alternative
material candidates improved upon the incumbent materials’ steam corrosion
characteristics and did not show any improvement in cost. As it was deemed that
revising the incumbent dollar coin material would have minimal impact to overall United
States Mint costs, the dollar coin received a lower priority than the other denominations.
Alternative material candidates for the dollar coin were tested for steam corrosion only.
Provide future generations of nonsense test pieces to appropriate organizations for testing
and evaluation as potential replacement alloys are further developed beyond that of the
current study. Comments and additional recommendations related to potential changes in
properties and/or performance from these evaluators should be considered by the United



States Mint to increase the likelihood of a smooth introduction and transition of
alternative coins into circulation. Each of these nonsense pieces need to be well
controlled since such nonsense pieces would be highly prized by numismatists.

Provide manufacturers of automated coin-processing equipment samples of the final
coins (made from the new materials of construction) at least 18 months in advance of the
expected release date for introducing these coins into circulation, enabling the coin-
process industry time to respond to changes in the construction of coins. These samples
are expected to be used to design the necessary changes to the manufacturer’s equipment
and to get their clients prepared for the release of these coins into circulation.

All denominations of alternative construction should be introduced into circulation on or
approximately on the same date. Doing so will minimize the conversion costs to
stakeholders.

Continue long-range research on surface engineering of zinc or low-carbon steel for the
one-cent coin may be a useful technology to obviate the copper plating and its associated
costs. For example, inexpensive paints or colored particles on bare zinc covered with a
wear resistant coating could considerably reduce costs to produce one-cent coins.
Continue research and development (R&D) efforts on stainless steels as a potential
alternative material for lower-denomination coins. Also development of stainless steel
alloys clad to C110 alloy for higher denomination coinage to be able to mimic the current
electromagnetic signature (EMS) of the incumbent dime, quarter dollar and half dollar
coins to avoid the need for upgrading coin-processing equipment, increase cost
effectiveness and have the same appearance of the incumbent coins.

Plated coins for medium- and high-value coins (approximately those greater than 25
cents), is not recommended. Coins whose construction is based upon plating of low-cost
alloys were found to potentially reduce United States Mint’s material costs approximately
50%. However, for medium- and high-value coins (approximately those greater than 25
cents), plated coins pose security and fraud issues because plating is a common and
inexpensive process used by counterfeiters. Plated-steel coins require substantially
broader acceptance limits in automated coin-processing equipment, with significant
impacts to coin sorting and counting, and would lead to less secure coin identification
standards.

Establish methods for the level-loading of production rates. Complicating the
management of coin production, orders from the Cash Product Office of the Federal
Reserve are estimated one month in advance, but the actual quantity of coins ordered can
still vary by as much as 30%. The actual number of coins required is not defined by the
Federal Reserve Banks until the finalization of the order as production actually begins.
These shifting, short-term changes in coin demand impact the required installed machine
capacity in addition to having an effect on staffing and the supply chain. Operational
inefficiencies can be traced to the current and frequently changing production demands
placed on the weekly production rate of circulating coins. These inefficiencies include
overall circulating coin production capacity, which is approximately twice that required if
production rates were level-loaded (i.e., consistent) throughout the year.

Maintain current processing for producing circulating coins. No best practices and
proven methods for forming metal were identified that could economically replace the
highly evolved conventional processes used to produce high volumes of circulating coins.
Current production techniques used by the United States Mint are quite efficient. The
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process for producing metal coins is substantially the same as it has been for years, but
has undergone continuous improvement.

e Maintain supplier base for materials used to produce circulating coins. Current suppliers
of coinage materials to the United States Mint have proven ability to develop alternative
metallic materials and are able to assist in defining chemistry and/or processing changes
to current alloys to achieve desired characteristics in coins. Alternative material
candidates offered by these material suppliers were useful to the current study. Several
were recommended for further assessment and validation as viable alternative materials.
When considering the materials recommended, the current fabrication process and
quantities sourced between suppliers may change for the copper-based materials. The
alternative candidate materials recommended for each denomination are produced by the
current suppliers and are well within the capabilities of these suppliers to manufacture.
Use of steel, stainless steel and/or aluminum in coinage would likely necessitate the
introduction of one or more new material suppliers to the United States Mint. If these
alternative materials are chosen for future coins, then the supplier base may have to be
expanded.

e Continue to monitor and develop advanced security features into circulated coins;
including taggants.

e Continue the Environmental Assessment through completion of the FONSI or Federal
Register Notice for public comment. There are no significant negative environmental
impacts anticipated from the actions proposed in this study.

The current study identified several potential alternative materials of construction for US
circulating coins. More development, testing and evaluation must be completed prior to
finalizing a detailed specification for future coinage materials that would include “appropriate
changes to the metallic content of circulating coins in such a form that the recommendations
could be enacted into law as appropriate” [section 3(b) of Public Law 111-302].

Validation testing must be completed for proposed changes to the materials of construction for
circulating coins to quantify 1) the variability of material properties from multiple lots of
proposed coin materials and 2) the variability in finished coins through completion of simulated
coin production runs each of at least 1,000,000 test pieces. Coins of any given denomination
should be made at different times and under a variety of common production conditions.
Samples of coins from each of these test conditions should then be tested to establish more
robust standard deviations in the characteristics to be expected from volume production of these
coins. These tests must also assess the impact of temperature and humidity; coin scratches,
gouges, tarnish, corrosion, wear and slight bends; and other stakeholder-defined test conditions.

Finally, an assessment was made of each of the steps required to produce coins at the United
States Mint. Production data were obtained; interviews with production personnel from both the
United State Mint at Philadelphia and the United States Mint at Denver were completed; and
tours of the production facilities at the United Stated Mint at Philadelphia production site were
taken. The objective of these efforts was to define improved production efficiency, alternative
operating strategies and/or equipment to lower the production costs of all circulating coins.
Current production techniques used by the United States Mint were found to be quite efficient.
The production steps for producing metal coins is substantially the same as it has been for years,
but the processes at the United States Mint have undergone continuous improvement.
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This executive summary highlights the significant findings of this study. For in-depth details
and complete observations and conclusions; reference the recommendations and conclusions for
each chapter and also the recommendations and conclusions sections of this report.
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1.0 INTRODUCTION, OBJECTIVES, ALLOY DESIGN AND
SELECTION

11 INTRODUCTION AND BACKGROUND

The United States Mint has a long tradition of manufacturing high quality, durable and visually
attractive circulating coins that are effective in supporting United States (US) commerce. The
current circulating coin denominations are: one-cent, 5-cent, dime, quarter dollar, half dollar and
dollar. Until 1964, the four higher denominations contained silver; the one-cent coin was made
of a copper-zinc (Cu-5%2n) alloy® through 1982. The 5-cent coin has been monolithic Cu-
25%Ni cupronickel (i.e., copper-nickel) alloy (C713) since 1866 [1]. As the price of silver
increased and projections suggested that the supply of silver might be inadequate for coinage, in
the early 1960s the United States Mint funded the development of new alloys for the higher
denominations. Beginning in 1964, the material developed to replace silver in coinage was
cupronickel surface alloy C713 that was roll clad to a commercially pure copper core (alloy
C110). These two alloys and their relative thicknesses in the cupronickel clad formulation (Cu-
25%Ni/Cu/Cu-25%Ni) were developed to have an electromagnetic signature® (EMS) close to
that of the silver-copper (Ag-10%Cu) alloy used in previous coins including the quarter dollar
coin [2, 3]. The clad formulation was necessary to provide an EMS match to enable a seamless
transition for acceptance by the vending and coin-acceptance industries and to reduce the
probability of fraud by using slugs. Leading up to the alloy change made in the one-cent coin in
1982, copper prices were high enough that the intrinsic value’ of copper in a one-cent coin
exceeded its face value of 1.0 cents. In response, the United States Mint developed and began to
produce one-cent coins with a zinc alloy core (Zn alloy A190; composition Zn-0.8%Cu) that was
electroplated with a nominal 8 microns of copper. As of May 2012, the intrinsic value of the
copper-plated zinc one-cent coin remains below its face value.® To keep individuals from
melting large stocks of coins (including, but not limited to, pre-1983 one-cent coins) and selling
the scrap, typically at a profit, the United States Mint implemented regulations to limit the
melting of one-cent and 5-cent coins [4].

As of March 2012, the cost to produce the one-cent and 5-cent coins is greater than face value in
part because of the high price of nickel and copper superimposed on the fabrication costs and
United States Mint indirect costs. Excluding indirect cost allocation (overhead, sales, general
and administrative [G&A], and distribution to the Federal Reserve Banks [FRBs]), the fiscal year
(FY) 2011 one-cent coin costs 0.0134 dollars per coin ($/coin) and the 5-cent coin costs

> Here and throughout the report chemical element percentages are in weight percent; balance of composition is the
first element listed.

® Electromagnetic signature is understood in the industry to mean the electrical signal strength of a nearby
electromagnetic sensor as a coin passes in close proximity to the sensor. The magnetic field in the vicinity of the
emitting sensor, and therefore the electrical current in the EMS receiving sensor, changes as the coin passes by. The
change in electrical signal strength is influenced by the materials of construction along with the thickness and
distribution of materials within the coin. The signal strength and/or its decay rate are then used by software to
validate the coin and determine its denomination. One key determiner of EMS is electrical conductivity, typically
measured by the percent of the conductivity of the International Annealed Copper Standard (%IACS).

" The intrinsic value of a coin is its worth as metal.

& Other, sometimes larger, elements of cost beyond intrinsic value must also be included to determine the total unit
cost of producing coins.



$0.0796/coin. The United States Mint sells coins to the FRBs at face value, so the United States
Mint lost $0.0034 for each one-cent coin sold and $0.0296 for each 5-cent coin sold—before
indirect costs were allocated. These losses resulted in part from the $0.0069 of metal costs® for
each copper-plated zinc one-cent coin and the $0.0674 of metal costs for each Cu-25%Ni 5-cent
coin. Because the intrinsic value of five-cent coins is above their face value, the possibility of
illegal melting of the coins (for redemption as scrap metal) exists.

The FY2011 United States Mint Annual Report [5] was recently issued and the FY2011
burdened (i.e., total unit) costs, summarized in Table 1-1, are $0.0241 for the one-cent coin and
$0.1118 for the 5-cent coin. This underscores the need to reduce the costs of these two
denominations. The unit cost for any given denomination for any given year is dependent upon
metal costs, the allocation of United States Mint overheard and other costs, and the volume of
coins produced in that year. The impact of some of the unit cost elements is independent of
volume; these cost elements include metal price and distribution of finished coins. On the other
hand, the per unit costs for other cost elements are highly dependent upon production volumes;
for example general and administrative costs are nearly independent of production volumes;
distributing these costs to all coins produced necessarily impacts the per unit costs as production
levels vary.

Table 1-1. FY2011 Unit Cost of Producing and Distributing Coins by Denomination [6]

Quarter Half
Cost Element One-Cent | 5-Cent Dime Dollar Dollar* $1
ggﬁj of Goods $0.0197 | $0.0938 | $0.0474 |  $0.0923 $- | $0.1531

Sales, General and

el $0.0041 | $0.0176 | $0.0087 |  $0.0176 $-- | $0.0251
EF'fgs'b“t'O” 0 $0.0003 | $0.0004 | $0.0004 |  $0.0015 $-- | $0.0021
Total Unit Cost $0.0241 | $0.1118 | $0.0565 | $0.1114 $— | $0.1803

* Half-dollar coins were not minted for circulation in FY2011.

Due to the increasing cost of metals used in present-day US circulating coins, coupled with the
other costs of producing the country’s coinage, the US Congress passed Public Law 111-302
entitled “Coin Modernization, Oversight, and Continuity Act of 2010,” a copy of which can be
found in Appendix 1-A. The goal of this law is “to provide research and development authority
for alternative metallic coinage materials.” To achieve an unbiased, independent assessment of
potential and currently available metallic materials and processing methods for production of US
circulating coins, the United States Mint awarded a competitively bid contract (Number TM-HQ-
11-C-0049 entitled “Alternative Metals Study”; referred to here as “the study”) to Concurrent
Technologies Corporation (CTC) headquartered in Johnstown, Pennsylvania. The objectives of
this study, in direct fulfillment of Public Law 111-302, were to:
e Reduce the costs to produce circulating coins
e Consider key stakeholders and, to the greatest extent possible, minimize conversion costs
that would be necessary to accommodate significant changes to all circulating coins
simultaneously

® Coin metal costs represent average values for 2011; actual values varied daily with world metal market prices.




e Address critical performance attributes including physical, electromagnetic, mechanical
and chemical properties.

This report summarizes the findings of the study from which important conclusions and
recommendations are presented later in this report that are related to each of these objectives.

CTC explored metals and coinage concepts to lower the cost of finished coins, while ensuring
the most-seamless™® materials of construction practicable. There are two types of alternative
material candidates presented for each denomination: 1) potentially seamless candidates having
approximately the same EMS and weight as the incumbent coin and 2) non-seamless (co-
circulate) alternative candidates having a different, albeit unique, EMS and/or a different weight
from the incumbent coin. The seamless alternative material candidates provide for a modest cost
savings, whereas the non-seamless alternative material candidates result in larger cost savings to
the United States Mint. Use of non-seamless alternative material candidates may result in
significant conversion costs to upgrade coin-processing equipment. In order for a material
change to be seamless, many characteristics and properties of the replacement material need to
closely mimic those of the incumbent materials. For example, modern coin-acceptor and coin-
handling technology, including that used in vending machines, has become increasingly
sophisticated and few cost-effective alternative metallic materials exist that would be validated
(i.e., accepted) without alterations to the equipment and/or software in which this technology is
used. Low-cost metallic materials having properties that differ from those used to validate
incumbent coins would require that the associated validation equipment be upgraded at cost to
the owner.

To meet the schedule required by the study, CTC choose to leverage the research and
development (R&D) of current suppliers of coinage materials to the United States Mint.
Materials and technology from other organizations, as discussed below, were also evaluated.
CTC endeavored to work closely with proven alloy producers and to select metals and
fabrication concepts for which the manufacturing readiness level** (MRL) was greater than
approximately 5.

1.2 INCUMBENT US COINS

The United States Mint makes high quality, deep relief coins for circulation, bullion for
investment and numismatic* coins and items for collectors. The circulating coins at the date of
this writing are described in a compilation of composition and dimensions in Table 1-2.%
Among US circulating coins, only the one-cent coin is plated and only the 5-cent coin is
monolithic. All other circulating coins are of roll clad construction. It has been generally

19 Seamless refers to public acceptance and ease of use with minimal disruptions to coin-acceptance and coin-
processing equipment.

1 Manufacturing readiness levels are used to assess the maturity of technology relative to its ability to be introduced
into the manufacture of products. The system is defined around a 10-point scale, with a value of 1 being
fundamental R&D and 10 indicating that the processes are in place for full-rate production. The system is used by
several departments within the US Government and is being adapted by commercial industry. Level 5 defines the
stage of manufacturing maturity where required manufacturing technology development has been initiated [7].

12 Numismatic refers to high quality coins minted for collectors.

3 Throughout this document quantities are given in the units most commonly used for measurement in the US.
When English units are the common unit system, a metric equivalent is noted.



accepted by United States Mint engineers [8] and in the coinage literature [9, 10] that a clad coin
has greater security than plated or monolithic coins; the clad layer is more consistent in EMS
than a plated layer and the allowable acceptance values (for automated coin validation) can
therefore be more tightly defined for a clad coin. In addition, it is difficult for counterfeiters to
perform roll-cladding because a large capital expense is required for a roll-cladding facility
whereas an inexpensive plating system can be readily assembled. Furthermore, it is relatively
easy to make the clad surface layers thick for a desired EMS.** Because a given amount of
surface wear represents a smaller percentage of a clad layer than that of a plated layer, normal
coin wear does not impact the EMS of clad coins to the degree that it does plated coins. More
consistent EMS responses and greater coin security are therefore found in clad coins during
circulation. Clad coins are therefore used in high-denomination coinage.® Plating has been used
for the one-cent coin because its face value is considered too low to provide sufficient incentive
to counterfeit.

In contrast, making thick electroplated areas results in significant thickness variations in different regions of the
coin.

15 The point at which a coin can be designated as high denomination (as opposed to low or medium denomination) is
subject to individual interpretation; however, the threshold between low-denomination and high-denomination coins
is approximately at the US quarter dollar coin.



Table 1-2. Compositions and Dimensions of US Circulating Coins
One- Quarter Presidential Native

Denomination Cent 5-Cent Dime Dollar Half Dollar $1 American $1

Copper- Clad Clad
Bulk Plated Monolithic | Cupronickel- | Cupronickel- | Cupronickel- | Manganese- Manganese-
Composition™ Zinc Cupronickel | Clad Copper | Clad Copper | Clad Copper Brass Brass
(weight (97.5% (75% Cu- | (91.67% Cu- | (91.67% Cu- | (91.67% Cu- | (88.5% Cu-6% | (88.5% Cu-6%
percent [%]) Zn-2.5% 25% Ni) 8.33% Ni) 8.33% Ni) 8.33% Ni) | Zn-3.5% Mn- | Zn-3.5% Mn-

Cu) 2% Ni) 2% Ni)

Core Al190 Zn N/A* Cl110Cu Cl10Cu Cli0Cu Cl10Cu C110 Cu
Surface* 8 micron N/A 0.175 mm 0.226 mm 0.289 mm %31132?:] %31132??

plated Cu 75Cu-25Ni | 75Cu-25Ni | 75Cu-25Ni ZMn-4Ni ZMn-4Ni
Weight* (g) 2.500 5.000 2.268 5.670 11.340 8.1 8.1
Diameter (mm) 19.05 21.21 17.91 24.26 30.61 26.49 26.49
Thickness 1.55 1.95 1.35 1.75 2.15 2.00 2.00
(mm)
Edge Design Plain Plain Reeds Reeds Reeds Edge Lettering | Edge Lettering
Number of N/A N/A 118 119 150 N/A N/A
Reeds
Toal FY2011 | 5501 | 0.1118 0.0565 0.1114 N/A 0.1803 N/A
Cost ($/coin)

A Cu = copper; Mn = manganese; Ni = nickel; Zn = zinc
* g = gram; mm = millimeter; N/A = not applicable




When designing or selecting a new coinage alloy, numerous factors must be considered
including:
e Ability of the US industrial base to supply needed materials
Material availability; now and in the future
Process consistency at mints and metal producers
Process capabilities and current capitalization at existing United States Mint facilities
Price of needed materials
Price trends of needed materials
Cost of fabrication
Coin striking die life
Available fabrication methods
EMS
Wear resistance
Corrosion resistance
Color and color change during circulation
Coinability (i.e., low flow stress,*® adequate ductility)
Work hardening®
Density
Environmental impact
Toxicity
Worker health and safety
Recyclability
Plating versus cladding versus monolithic
Security/counterfeiting resistance
Coin-processing equipment hardware and software
Recognition and acceptance from the blind and visually-impaired
Public acceptance and perception
Co-circulation of incumbent and new coins.

Consideration of all of these issues makes the design and selection of a coinage alloy and the
associated production methods a complex, challenging task.

From the Periodic Table of Elements one can observe that most elements are metallic. However,
all metals except gold and copper are silver-white in appearance. Therefore to make affordable
gold or red-yellow colored coins, one must use copper judiciously, or perform surface
engineering to use colored oxides or other non-metallic compounds to modify the surface
appearance. This can be illustrated by the red-yellow hue associated with titanium oxide, which
can have a variety of shades depending upon impurities and thickness, despite the fact that
elemental titanium is inherently silver-white in color.

18 Flow stress is a measure of the force per unit area required to permanently deform a metal during forming
operations.

" Work hardening is a material response whereby the strength of metallic materials increases due to plastic (i.e.,
permanent) deformation.



The public has grown accustomed to coins having sizes and weights similar to incumbent coins.
Copper with a density of 8.96 grams per cubic centimeter (g/cm®) and cupronickel®® with a
density of 8.945 g/cm?® are relatively dense metals and the public might think a higher
denomination coin of the same size made from a significantly lighter metal would feel cheap (see
comments in the section entitled “Public” in the Outreach Chapter). The public accepted the
lower density of zinc in the copper-plated, zinc-based alloy one-cent coin introduced in 1983,
even though it represented a reduction in weight of 20% over the previous materials of
construction.

The densities of candidate metallic elements are listed in Table 1-3 where elements that are too
reactive, too rare or not affordable for circulating coinage are excluded. Traditional bullion
coinage metals, silver and gold, were added for comparison. Several expensive elements are
included because they might be considered for surfacing or alloying. A few impractical elements
such as uranium and tungsten are included to illustrate the limited options for high-density
elements.

18 Cupronickel is an alloy consisting of 75% copper and 25% nickel.



Table 1-3. Candidate Metallic Elements and Alloys for Coinage™
Approximate
Density | Price ($/pound
Element(s) (g/cm®) [1b]) Advantages Disadvantages

Magnesium (Mg) 1.74 1.56 Lightweight, high number coins/Ib Lightweight, reduced press speed corrosion issue
Beryllium (Be) 1.85 420 Carcinogenic oxide to 3% population; expensive
Aluminum (Al) 2.70 1.04 Lightweight, high number coins/Ib Lightweight, reduced press speed corrosion issue
Titanium (Ti) 4.54 12.00 Durable; colored oxide or nitride Expensive
Vanadium (V) 6.11 200 Expensive
Zirconium (Zr) 6.51 10.00 Recrystallization inhibitor in Al Expensive
Zinc (Zn) 7.13 0.96 Affordable Needs surface protection
Chromium (Cn)" 7.19 ~1.20* Affordable plating Carcinogenic Cr*®; Cr*® is not carcinogenic

. Alloying for Cu; affordable plating if Expensive if monolithic; must be alloyed to avoid
Tin (Sn) 731 10.83 thin Y P briftle phase below 13.2 degrees Celsi)[js (°C)
Manganese (Mn) 7.44 1.54 AIonlng_makes Cu whiter; present in Corrosion issues

some stainless steels

Iron (Fe) 7.87 0.30 Very affordable EMS and die fatigue issues
0.006% Carbon (C) steel 7.87 0.56 Very low C reduces die fatigue Double the price of 1005 steel
Stainless steels ~7.7-8.1 1.06-1.67 Affordable; durable EMS and die fatigue issues
Niobium (Nb) 8.57 68.00 Expensive; used in commemorative coins
Cobalt (Co) 8.90 14.50 Expensive; mostly foreign sources
Nickel (Ni) 8.90 9.03 Good for surfacing Expensive; volatile price; die wear issues
Cu-25%Ni 8.945 5.16 Too expensive given Ni price and volatility
Copper (Cu) 8.96 3.87 High conductivity Becoming too expensive
Bismuth (Bi) 9.75 10.70 High density Expensive
Molybdenum (Mo) 10.22 22.00 High density Expensive
Silver (Ag) 10.50 ~470 Expensive; for bullion and commemorative coins
Lead (Pb) 11.35 0.90 High density Toxicity issues; not practical
Uranium (U) 18.95 N/A High density Radiation & toxicity issues; controlled
Gold (Au) 19.3 ~24,000 Expensive; for bullion and commemorative coins
Tungsten (W) 19.3 30.00 High density, ferrotungsten lowers cost | Expensive

*When added as ferrochrome; ~Cr*® = hexavalent chromium; Cr* = trivalent chromium.

9 December 2011 prices. Coiled sheet prices used when available. Some prices are for ingot from the London Metal Exchange.




1.3 DISCUSSION OF CANDIDATE ALLOY SYSTEMS

Coins made of low-density metals such as magnesium and aluminum alloys may be perceived by
the public to be too light to properly represent the face value of these coins. However, the
United States Mint could get about 4 times the number of coins/lb for magnesium and about 2.7
times the number of coins/lb for aluminum compared with the copper-plated, zinc-alloy one-cent
coin. In addition, lighter weight coins would be easier to carry and be less expensive to transport
in large quantities.

Magnesium produces a large amount of coins per pound. However, it is recognized that
magnesium corrodes too rapidly to be used as a coinage material.

Aluminum has many advantages for coinage including having excellent corrosion resistance,
relatively low flow stress and an electrical conductivity that among metals is only exceeded by
silver, copper and gold. The electrical conductivity of 99.99% pure aluminum is 64.94% IACS®
[11]. Thus, aluminum provides flexibility in designing a coin with high conductivity. As with
nearly all metals, alloying additions decrease electrical conductivity from that of the pure metal.

A United States Mint study recommended an aluminum alloy for the one-cent coin in the 1970s,
but vigorous opposition was heard from the vending and coin-processing industries. As a result,
Coinco®, SCAN COIN, MEI® and other leading coin-processing equipment manufacturers were
contacted in this study to learn of issues associated with the use of aluminum (and other
materials) in coins. Representatives from these organizations unanimously recommended
avoiding the use of aluminum as a material of construction in circulating coins. The low mass of
aluminum coins causes jamming in coin-acceptance mechanisms, which often triggers costly
service calls. Furthermore, these vendors point out that the electrical and magnetic properties of
aluminum alloys are significantly more sensitive to temperature than cupronickel; aluminum is
also more prone to property variations due to acceptable variations in alloy chemistry and
production processes.

Titanium has several potentially positive attributes for monolithic coinage including:
exceptional corrosion resistance, good wear resistance, two times the number of coins/Ib relative
to Cu-25%Ni and an oxide that can be tailored for unusual color. However, titanium and its
alloys would require high coining forces and would cause significant die wear and fatigue. The
high coining pressure of titanium was shown by Kim [12], see Figure 1-1. As well, titanium
prices, as of December 2011, are relatively high and volatile in today’s market place (> $26/kg
[$12/1b]) so titanium is not a preferred candidate for circulating coinage at this time.

% The %IACS is a measure of a material’s electrical conductivity. The value of commercially pure copper at 20 °C
is assigned the value of 100%. All other materials are assigned a value that is proportional to that of commercially
pure copper at 20 °C. Extremely high purity copper can exceed 100% IACS.
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Note: Which colored bar is measured or predicted is unclear from the paper. However, the
relative trend in striking load of different materials is clear.

STS = stainless steel; kgf = kilogram force
Figure 1-1.  Predicted and measured coining pressure (Kim [12]).

Zinc has demonstrated its utility, serving as the primary component of the US one-cent coin
since 1983. Zinc is relatively inexpensive, readily plated by copper, formable and has a density
that is sufficiently similar to the traditional copper one-cent coin. Even with these attributes, the
United States Mint is not able to make a copper-plated one-cent coin for face value or less.
Nevertheless, zinc is a strong candidate for use in higher denomination coins. Zinc alloys have a
relatively high electrical conductivity of about 28% IACS thereby providing the potential to
contribute to coinage concepts with tailored EMS. This electrical conductivity is higher than
iron and steels where conductivity is 15.6% IACS for 99.9% pure iron.

A bare zinc alloy was considered for the one-cent coin if an attractive oxide film could be
formed that would maintain its appearance in service. CTC was not able to develop a visually
attractive oxide (or other) film during the limited experimental trials completed under the present
study. One-cent and experimental 5-cent size A190 planchets* were supplied by Jarden Zinc
Products (JZP), the present provider of one-cent planchets to the United States Mint. The
planchets were subjected to atmospheric exposure in a semi-rural area of Maryland during a
particularly rainy period. They were placed in plastic containers to avoid any galvanic effects.
The relatively shiny silver-white planchets (top two in Figure 1-2) quickly became corroded
from the rainwater as can be seen after a two-day atmospheric exposure (bottom two planchets in
Figure 1-2). Although their appearance was a bit worse after 30 days of exposure (Figure 1-3),
the corrosion products largely blocked further corrosion and the zinc did not deteriorate

L A planchet is the precursor of a coin. A planchet is a blank that has been “upset”, i.e., rimmed and otherwise
prepared for striking.
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significantly, as is generally known in the zinc industry. Zinc should be plated or otherwise
protected if used in coinage. Considering its low cost, zinc and its alloys are clearly affordable
candidates for coinage. Continued research on surface engineering of zinc to include attractive
oxide films is recommended for the one-cent coin.

Note: A 5-cent planchet (upper left) and one-cent planchet (upper right) are shown above before
exposure. The bottom two 5-cent planchets show extensive discoloration after two-day exposure
to rainwater.

Figure 1-2.  Two-day atmospheric exposure of bare A190 planchets to rainwater.

Figure 1-3.  A190 planchets after 30-day atmospheric exposure during a rainy period.

Tin is an appealing element in that it has an attractive silver-white color and is relatively
corrosion resistant. Unfortunately, the price of tin as of December 2011 was higher than both
copper and nickel; therefore, it is not cost-effective as a main coinage alloy. However, tin is an
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important alloying element for copper-based alloys and in fact is the major alloying element in
bronze alloys. Tin also has potential as a surface plating for coinage as will be discussed below.
Because tin is the major alloying element in bronze and a useful element in surface plating or
alloy cladding, tin has potential for coinage alloy design.

Manganese is well known as an alloying addition to steels. It is an affordable, albeit weak,
austenite® stabilizer in stainless steels. Less well known is that manganese, at relatively high
alloying levels in copper-based alloys, changes the color of these alloys in the silver-white
direction. Kim [12] developed a Cu-20%Mn-20%Zn-0.1%Sb? alloy that is silver-white in color
by virtue of the high manganese content; this alloy was claimed at the time of its invention to be
50% of the cost of Cu-25%Ni. However, this alloy was not readily available for evaluation
during this project. Given the success claimed by Kim [12], further development of a similar
alloy may vyield benefits for the United States Mint if a US domestic supplier can be found to
produce this alloy. For this reason, CTC recommends that the United States Mint initiate
research and development of similar alloys for potential use in future US circulating coins. This
approach was not undertaken in this study due to the limited duration of the project and the
inability of the project team to obtain any of this material. Pursuing such an alloy development
effort may require a minimum of 3-5 years to complete. Commercial alloy Cu-24.5%Zn-
12%Mn is a “white brass”—a color that results from its high manganese content. Thus,
manganese is a useful alloy design ingredient to alter the natural color of copper-based alloys in
the silver-white direction. Note that manganese can exist in six states, each of which can alter
color when present on the surface bonded to oxygen or other electro-negative elements.

Iron and steels are the most commonly used metals by mankind and iron-based alloys are
relatively inexpensive compared to most other metals. Steels, which are alloys of iron with small
amounts of carbon, have not traditionally been used for US circulating coins because of their
ferromagnetism. The ferromagnetic (i.e., strong attraction to a magnet) nature of iron and steels
limits the ability of some coin acceptors to distinguish between steel-based coins and steel-based
slugs as discussed in the Outreach Chapter. In addition, the electrical conductivity of steel alloys
varies by greater amounts than do the materials used in incumbent coins. Therefore, increased
inspection (with associated increases in rejection rates) must be completed during the production
of coins or the range of acceptable values measured by coin-processing equipment must be
wider, which would decrease the security of coins in these devices. In addition, steels are readily
available in the open market allowing for a ready supply of material for making steel slugs.
Nevertheless, steels have seen increasing use in coinage throughout the world, primarily for low-
denomination coins. Upon additional investigation, CTC learned that to achieve consistent
properties for coinage applications, low-carbon steel is used by other mints throughout the world.
Therefore CTC began an investigation into the possibility of using low-carbon steel in coins.

The low cost of steel is being exploited as the main alloy for coins using a plating technology
called “Multi-Ply technology,” which is used to provide corrosion protection and control EMS,
presumably making the coins more difficult to counterfeit. Multi-Ply coins typically have three
surface layers—nickel/copper/nickel—electroplated on the steel surface. The relative
thicknesses of the layers control the coin’s EMS.

22 Austenite is a non-magnetic phase in steels.
28 3h is the atomic symbol for antimony.
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The Royal Canadian Mint (RCM) has converted to steel-based coins for all new Canadian
coinage.” At first glance, given the metal prices shown in Table 1-3, the steel one-cent coin
might appear to be clearly less expensive to produce than the zinc one-cent coin. However, steel
typically requires a higher coining force than zinc and very-low-carbon steels are preferred for
coinage to decrease flow stress and reduce die fatigue. Such ultra-low-carbon steels such as Fe-
0.006%C are typically twice as expensive as common low-carbon steels. Furthermore, to copper
plate steels requires either a flash nickel electroplate before copper plating or a cyanide solution
that complicates environmental health and safety (EH&S) procedures. Moreover, the steel must
be annealed before copper plating at a temperature high enough to soften the steel; it must be
annealed again after plating at a lower temperature to reduce residual plating stresses in the
copper. This increases fabrication costs relative to copper-plated zinc. The Royal Mint (RM) in
the United Kingdom (UK) is also increasingly minting low-denomination, plated-steel coins for
circulation in the UK and other parts of the world. The RM plates a single layer of relatively
thick nickel (25 microns) on low-carbon steel and trademarked this technology under the name
aRMour™. For lower denominations such as the one-penny coin, the RM plates copper on
0.008%C steel. The RM plates a thicker layer of copper (25 microns) on steel than the 8 microns
of copper plated on the zinc substrate used in the US one-cent coin. The thicker layer of copper
on the UK one-penny coin is designed to reduce corrosion susceptibility. This thicker copper
layer also increases costs. Cost details discussed in the Cost Trends Analysis Chapter indicate
that copper-plated zinc and copper-plated steel one-cent coins have similar total unit cost.
However, fluctuations in the costs of metals may at any given time result in a temporary cost
advantage to either of these metallic constructions. It is for this reason that the RCM has
historically been permitted to produce one-cent coins with either of these metals. At any given
time, the RCM was able to choose the metal that yielded the lowest total production cost. At the
metal prices as of March 2012, copper-plated zinc was the low-cost option. In summary, steels,
in particular low-carbon steel, appeared to be potential candidates for selected coins based upon
metal costs and availability, EMS issues and minting considerations notwithstanding. Iron and
steels have potential for higher denominations, but EMS and security must be carefully
addressed.

A major limitation of iron and steel is that they rust in ambient moist air. Stainless steels have
been developed that contain chromium, sometimes nickel, and various other alloying additions.
These steels are corrosion resistant because the surface oxide film is modified by the alloying
additions. The oxides that form in moist air and many aqueous environments do not have
dramatically different lattice parameters® with the substrate alloy as do iron oxides, which flake
off due to lattice mismatch stresses and thereby expose fresh material to the corrosive
environment, which perpetuates the formation of new products of corrosion. In general, the
surface oxide film becomes protective above about 12%Cr. The most widely used stainless steel
is 304, with the nominal composition Fe-19Cr-9.6Ni-2.0Mn-0.08C max. As shown by Kim [12]
(Figure 1-1), 304 requires high coinage force, which increases die fatigue, can shorten die life
and thereby increase fabrication costs. Alloy 304 is also very common, which increases the

2 An exception is sometime made with production of the Canadian one-cent coin. The RCM is legally permitted to
produce one-cent coins out of either copper-plated zinc or copper-plated steel depending upon which product form
allows for the lowest price of raw metals at any given time. During the final proofing of this document, Canada
announced that it would no longer be minting the Canadian one-cent coin.

% | attice parameters are the constant spacing and three-dimensional arrangement of the atoms in a unit cell of a
metallic crystal.
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possibility of counterfeiting for higher denomination coins. It also is austenitic because of the
relatively high nickel content. Austenitic stainless steels are typically non-ferromagnetic, but
some can become ferromagnetic when heavily deformed. Grade 430 stainless steel, a nominal
Fe-17%Cr alloy, is an inexpensive stainless steel because the high Cr content can be realized by
adding ferrochrome, an inexpensive raw material. In addition, 430 stainless steel does not
contain nickel, which is an expensive alloying element, resulting in lower corrosion resistance
than 304 and many other stainless steels. Grade 430 is also ferromagnetic because of the
absence of nickel and other austenite stabilizers. Nevertheless, low cost has been cited as a
major reason for using 430 stainless steel for coinage in several nations. Note that the low
electrical conductivity of 430 stainless steel coupled with its ferromagnetism creates significant
issues with some coin-acceptance equipment; therefore, it is not a good option for denominations
beyond the one-cent coin, which is rarely accepted for payment in automated systems.

It is interesting that nitrogen is an austenite stabilizer in stainless steels and is a much lower-cost
alloying addition than is nickel. Nitrogen is a potent interstitial solid solution strengthener and
can be expected to increase coining forces.

Stainless steels are likely to have a long service life with good color, good wear resistance and
corrosion resistance. However, their densities are significantly different from Cu-25%Ni and
copper (see Table 1-3), which requires conversion of equipment and/or handling procedures for
some stakeholders (see the Outreach Chapter). Several inexpensive stainless steels include 430,
Enduramet 32 and 302HQ. The range of electrical conductivity among the various stainless steel
alloys is relatively narrow: between 2-3% IACS leading to potential fraud issues. This provides
little flexibility for designing a stainless steel coin alloy with unique electrical conductivity.
Stainless steels were expected to provide affordable, durable coinage, but EMS must be carefully
considered.

Nickel has been an important coinage element as an alloying addition to copper. Nickel in
sufficient quantities causes copper alloys to become silver-white and Cu-25%Ni alloy C713 has
been a mainstay US coinage alloy for many years in several coins (see Table 1-2).
Unfortunately, nickel prices have been very volatile and have been so high in recent years that as
of March 2012, the United States Mint loses money for each 5-cent coin minted. Nevertheless,
nickel is an important alloying element for coinage alloys used by other countries in lower
concentrations. Nickel also is an important element for plating and surface engineering. Nickel
has an attractive silver-white color and provides corrosion resistance.

Copper has been an important coinage alloy since antiquity. It also served as the US one-cent
coin alloy until its price increased to the point that its intrinsic value exceeded its face value.
Among metals, copper also has the second highest electrical conductivity to silver, so its use as a
coin’s core alloy is widely desired by and exploited by coin-processing equipment, which can
easily detect the high conductivity by eddy current measurements.?® The electrical conductivity
of commercially pure copper is about 100% IACS, although ultra-pure copper alloys can exceed
100% IACS [11]. Copper alloy C110 has been a mainstay as the core alloy in the US dime,

% Eddy current measurement methods rely upon the interaction of an energized electrical coil whose alternating
voltage (or current) changes in the presence of conducting and/or magnetic materials. Since different metals create
different amounts of change in a given coil’s voltage, the measured signal from such a coil in the presence of a coin
can be compared to the changes from known coins as a validation method in coin-processing equipment.
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quarter dollar and half dollar clad coins since 1964. At approximately $7.92-8.80/kilogram
($/kg) ($3.60-4.00/1b), the affordability of copper in coinage is becoming more difficult to
achieve. Copper is still a strong candidate for high-denomination coins because of its high EMS,
its intrinsic value and the possibility to contribute to seamless coin construction. With the next
two highest electrical conductivity elements being gold at 70% IACS and aluminum at 61-65%
IACS, if a new coin that is both economical and of sufficient weight is to approximate or match
the EMS of incumbent high-denomination US coins, a copper core offers a reasonable possibility
of a seamless transition. Nevertheless, reducing or eliminating copper content in coinage and
replacing it with aluminum, zinc or iron offers the potential for significant cost savings to the
United States Mint.

Before introducing circulating coins of a new construction in 2006, the Reserve Bank of New
Zealand (RBNZ), which has responsibility to oversee New Zealand’s circulating coinage, sought
public opinion about several alloys being considered for their then-pending new coinage [13,
14]. The public opinion was not favorable towards aluminum as a result of its significantly
lower density than cupronickel — the alloy commonly used in New Zealand’s coins prior to 2006.
In an unrelated action, opinion expressed in a call for public comment that was posted by the
United States Mint in the Federal Register [15] showed some public resistance to the use of
lightweight coinage alloys (such as aluminum and magnesium). Several respondents expressed
the opinion that using such lightweight coins would cheapen the feel of US circulating coins;
others commented that such lightweight coins would signal devaluation in the US dollar.
Therefore, it is assumed that the public would be likely to be more receptive of a new coin if its
weight is similar to that of the coin it replaces. The three leading lower-cost candidates,
aluminum, zinc and iron, each have lower density than copper. If the dimensions (diameter and
thickness) of a new coin are to remain the same as those for the coin it replaces, which is
advantageous for public acceptance and use in many coin-processing machines (see the Outreach
Chapter), coins will be lighter to varying degrees if aluminum, zinc or iron replaces copper or
cupronickel. An alloy/coinage designer is then faced with developing ways to compensate for
the lower density material(s); use of denser metallic elements is a possibility. The denser metal
could be alloyed with another metal, or used as a layer in a laminar coin, each of which raises
EMS concerns. Unfortunately, as shown in Table 1-3, elements that are denser than copper and
nickel have toxicity issues or are more expensive than copper. For example, lead is inexpensive,
malleable and has a high density of 11.35 g/cm®. However, it is toxic and even as a core material
in a clad construction, EH&S concerns during fabrication and public acceptance make lead an
unacceptable candidate.

Bismuth has a high density of 9.75 g/cm® and has been used as a lead substitute in “green”
ammunition. Unfortunately, bismuth prices have been too high in recent years for extensive use
in coinage.

Molybdenum has a high density of 10.22 g/cm?®, which approaches that of silver at 10.50 g/cm®.
However, molybdenum’s price is too high for extensive use in coinage, but it is a well-known
alloying element for increasing the strength of steels. Molybdenum also increases the corrosion
resistance of stainless steels. It is possible that molybdenum could see service in coinage as a
dilute alloying element if certain ferrous alloys are selected.
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Tungsten has a very high density (19.3 g/cm®) but is far too expensive in pure form. Its price is
lower when purchased as ferrotungsten, an intermediate product in the reduction process, but it is
still too costly for coinage at March 2012 prices.

Depleted uranium, which has a density (18.95 g/cm®) very close to that of gold (19.3 g/cm?),
cannot be a viable candidate because of radiation concerns and chemical toxicity. At present,
CTC knows of no low-cost, high-density element or alloy that can practically compensate for the
low density (relative to copper, nickel and cupronickel) of the three leading low-cost metals:
iron, zinc and aluminum. Therefore, coins of denominations greater than one cent whose
primary metal is iron, zinc and/or aluminum will be lower in weight than their incumbent
counterpart.

1.4  COINAGE ALLOYS AND CONCEPTS FOR STUDY

As discussed above, the iron, zinc and aluminum alloy systems have the most promising
combinations of low cost and formability for coinage. The experience and capability of the
industrial base present at the time of this project was successfully harnessed. Plated concepts
were heavily considered because of their affordability and the ability to control color and wear
resistance by thin surface layers. As there are fewer facilities capable of roll cladding than
facilities that can perform electroplating, clad concepts were also considered for high-
denomination coins because of the inherent security of clad coins over plated ones. Furthermore,
over their 46 plus years of service in the US, clad coins have proven to be difficult to match in
EMS by counterfeiters. Monolithic concepts received strong consideration for low-
denomination coins (the one- and 5-cent coins) in an attempt to minimize costs. For example,
austenitic stainless steels with low nickel content and ferritic stainless steels that are nickel-free
such as 430 were considered. In all cases, the recyclability of candidate materials was
considered. Detailed discussions can be found in the Cost Trends Analysis and Environmental
Assessment Chapters.

The existing coinage alloy suppliers to the United States Mint were each asked to provide
innovative coinage compositions and concepts that could lower costs. Several novel concepts
were provided. To complement the efforts of existing coinage alloy suppliers, other domestic
metallic material suppliers were contacted to determine what existing alloys may offer additional
options for coinage production. Several additional material samples were received from these
non-traditional United States Mint materials suppliers. Finally the RCM and RM were consulted
on material options; each of these mints provided samples for testing.

The list of desired material properties presented in the Introduction and Background Section of
this chapter was discussed with each supplier. Emphasis was placed on the production costs as
well as the delivery cost of the raw materials to the United States Mint. Working with each of
the suppliers, and based upon available property measurements and performance experience,
selected materials were chosen for further, detailed evaluation in the present study. In some
cases, laboratory heats of material were produced in an attempt to more closely match all desired
material attributes.
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1.4.1 Candidates for the One-Cent Coin

The FY2011 indirect costs—overhead, G&A and distribution to the FRB—allocated to the one-
cent coin is $0.0107 per coin; therefore using these indirect costs, it was not possible to make
this coin for less than face value.” The fully burdened cost to make the one-cent coin in FY2011
was $0.0241. Nevertheless, metal candidates were identified that reduce the material cost to
produce the one-cent coin. Steel was carefully considered for the one-cent coin, but low-cost
steels have not been successfully used by other mints to obtain positive seigniorage for their
lowest-value circulating coin(s), such as those from the RCM and RM. It is for this reason that
the government of Canada announced in April 2012 that the one-cent Canadian coin will be
eliminated [16]. Ultra-low-carbon steel (e.g., less than 0.01%C) is preferred to reduce coining
forces and die fatigue. Ultra-low-carbon steels cost about twice as much as low-cost, low-carbon
steels like 1005 (0.05%C). For example, 0.006%C steel costs about $1.23/kg ($0.56/1b) as
compared with about $0.59/kg ($0.27/Ib) for 1005 steel in large quantities. Unfortunately,
carbon steels rust and must be protected. Galvanizing is a zinc electroplating process on steel,
which uses zinc as a sacrificial anode to cathodically protect the steel substrate. Hot-dip
galvanizing is a process by which steel is dipped into molten zinc to place a zinc layer on the
surface. Galvanizing was used to protect the steel one-cent coin in 1943, but galvanizing
planchets is more expensive than other options and the resulting coins do not look attractive after
moderate circulation. Strip galvanizing is less expensive than batch galvanizing of planchets or
coins; however, the edges of the blanks would be largely unprotected after blanks are punched
from the galvanized strip.

Aluminized steel is an alternative to galvanizing where an aluminum coating is the sacrificial
anode that protects the steel. Prices were obtained for small quantities of aluminized strip in a
one-cent gage and were slightly lower than the prices for galvanized strip. Several square meters
were purchased from suppliers for initial testing, recognizing that the edges of the steel would
not be protected after blanking. Two different suppliers were identified having significantly
different aluminized steel properties. CTC purchased and tested materials from both suppliers.

Stainless steels have the advantage of corrosion resistance, attractive silver-white luster and wear
resistance, but die fatigue and price are concerns. The silver-white color of stainless steels is not
preferred for the one-cent coin because its size is similar to the US dime coin; some confusion
during hand-to-hand transactions could occur with a silver-white one-cent coin and the
incumbent dime coin. Nevertheless, stainless steel coins have been used successfully in other
nations. Grade 430 stainless steel strip was acquired for preliminary screening tests.

Aluminum and its alloys have advantages for one-cent coins [17] including relatively low cost
(similar price per unit weight to that of zinc), low coining forces and corrosion resistance. A
1980 study at the United States Mint [18] recommended aluminum as a strong candidate for the
one-cent coin, but resistance from coin-processing industries prevented use of aluminum. One
problem with aluminum and its alloys is its silver-white color, which differs from that of the
incumbent one-cent coin and which could cause confusion with the dime coin. Aluminum is
soft, so coin wear resistance and die sticking is a concern. Nevertheless, aluminum alloys were
recommended for the first round of screening tests. The aluminum-magnesium (Al-Mg) alloy

" That is, if the metal was free and fabrication costs were zero, the United States Mint would still have lost $0.0007
per one-cent coin minted in FY2011. For more details, see the Cost Trends Analysis Chapter.
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subsystem is particularly advantageous because magnesium provides solid solution strengthening
and work hardening during coining, which would increase wear resistance. Common Al-Mg
alloys are non-heat treatable yet attain moderate strength levels. The authors of the 1980 United
States Mint study [18] recommended 5005, a dilute Al-0.7%Mg alloy. Various token
manufacturers use 1100 (a commercially pure aluminum alloy strengthened by impurities) and
3003 (Al-Mn alloy) because of low cost and good cold formability. CTC recommended 5052, a
nominal aluminum-magnesium-chromium (Al-2.5%Mg-0.25%Cr) alloy, which is common,
produced in large volumes and has higher strength and wear resistance than 5005, 1100 and
3003. Alloy 5052 is non-heat-treatable and would be supplied in a hardened temper such as
H32, with sufficient cold work to increase the probability of clean blanking. One-cent gage
5052-H32 sheet was acquired.

Copper-plated 0.006%C steel planchets were also evaluated as fabricated by either JZP or the
RM. Note that several of the one-cent coin candidates are currently only available in coiled strip
form. The blank, upset and anneal steps would be required at the United States Mint for coiled
material, but not for material delivered as planchets, as is the case for the incumbent one-cent
coin. It is anticipated that if any of these candidates move forward, the producers may consider
delivering these materials in planchet form to the United States Mint. Since the metal content of
these candidates is low in cost, the final cost in either form could result in significant cost
savings for the one-cent coin.

1.4.2 Candidates for the 5-Cent Coin

As is the case with the one-cent coin, the United States Mint costs exceed revenue on each 5-cent
coin minted. However, the metal value for the monolithic cupronickel alloy in the 5-cent coin is
greater than five cents, thereby providing a potential financial incentive for melting coins for
metal value, which is illegal. This makes developing an alternative metal for the 5-cent coin of
paramount importance. The FY2011 indirect costs for making the 5-cent coin is $0.0322,
thereby leaving little room to make the 5-cent coin for face value or less. Nevertheless, several
promising candidates were identified that can significantly reduce material costs.

A copper-based coinage alloy that has been under development by JZP for several years, 31157
with nickel plating and unplated, was selected for evaluation. This alloy can be considered a
modified cartridge brass alloy with low amounts of expensive alloying elements. The unplated
alloy has a slightly golden hue and has good formability. Nickel-plated 31157 was tested to
maintain a similar color to the incumbent 5-cent coin. Unplated 31157 was also tested in a
second round of tests as discussed below.

The RCM developed Multi-Ply technology to take advantage of the low cost of plating steel
while ensuring security for coins by inducing a unique EMS of any given coin through careful
design of the thicknesses of selected plating materials. Multi-Ply-plated steel comprises a flash
plating of nickel over 0.006% C steel, a relatively thick copper plating (~20 microns) for EMS
and then a top plated layer of nickel for color. Layer thicknesses can be tailored to provide a
unique EMS and the RCM has a large database of signatures measured by the state-of-the-art
SCAN COIN SC4000 machines. The RCM designed a Multi-Ply-plated steel for the US 5-cent
coin that was designed to be unique among all coins worldwide. A quantity of 45 kg (100 Ibs) of
planchets were purchased for testing in the present study with ~2.3 kg (5 1bs) allocated for
preliminary testing and the remainder for coining experiments in several iterations. It is
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recognized that plated-steel coins can be more difficult to recycle than the incumbent copper-
based alloys. Nevertheless, the RCM has found companies that buy Multi-Ply-plated steel scrap
at less than metal value. This scrap would be recycled into products other than coins since the
resulting iron-copper-nickel composition would differ from the composition required for the
plating of steel for coinage. Multi-Ply-plated-steel coins with a tailored EMS would not match
incumbent 5-cent coins in EMS. Consequently, coin-processing equipment configured to
validate incumbent 5-cent coins via EMS would require upgrades if US 5-cent coins were made
from Multi-Ply technology. More details can be found in the Outreach Chapter.

Stainless steels, despite the having an electrical conductivity that is about half that of
cupronickel, were recommended for testing for the 5-cent coin. The ideal stainless steel for
coinage would be non-ferromagnetic (so it would not be mistaken for a steel slug), have low
flow stress (i.e., result in low striking loads), have excellent corrosion resistance and be
comprised to the greatest extent practical of elements that are not as expensive as nickel. Nickel
and molybdenum contents should be low to reduce costs. Austenitic stainless steels (3xx series)
are preferred because they are non-ferromagnetic and thereby are more likely to be accepted by a
majority of fielded coin-processing equipment. Nitrogen (N) is the least-expensive austenite
stabilizer; therefore, nitrogen-containing steels such as Enduramet 32 and 15-15LC were
considered for use in the 5-cent coin. However, nitrogen dramatically increases material flow
stress and may also increase die fatigue. Nickel is among the best austenite stabilizers in steel,
but its high cost is a big driver for minimizing its content in coinage. Silicon is an affordable
austenite stabilizer and is present in many stainless steels up to 1%. Chromium is the lowest-cost
hardener that maintains stainless behavior, but it induces a ferromagnetic signature. The ability
of a stainless steel to be annealed to the lowest practical hardness would be an advantage for
extending die life during coining. Consequently, several stainless steels were considered
including 201, 202, 301, 302HQ, Enduramet 32, 15-15L.C, 405, 409, 430 and the commonly used
304. Note that 4xx stainless steel alloys are ferromagnetic—but they typically are the lowest-
cost stainless steels. The nominal compositions of the major alloying elements in these stainless
steels are provided in Table 1-4.

Table 1-4. Potential Low-Cost Stainless Steels and Compositions for Coinage

Si*
Alloy C Mn | (max) | Cr Ni N Other | Ferromagnetic
201 0.15 6.5 1.00 17.0 4.5 0.25 - no
202 0.15 | 875 | 1.00 | 18.0 5.0 0.25 - no
301 015 | 2.0 1.00 | 17.0 7.0 - - no
302HQ 0.03 | 2.0 1.00 | 18.0 9.0 - 3.5Cu no
Enduramet 32 | 0.05 | 125 | 1.00 | 17.7 1.5 0.32 - no
15-15LC 0.04 | 170 | 1.00 | 185 | 3.00max | 0.50 | 1.75 Mo no
405 0.08 | 1.00 | 1.00 | 13.0 - - 0.20 Al yes
409 0.08 | 1.00 | 1.00 | 11.1 - - 0.48 Ti yes
430 0.12 | 1.00 | 1.00 | 17.0 - - - yes
304 0.08 | 200 | 1.00 | 19.0 9.25 - - no

* Si is the chemical symbol for silicon.

After extensive discussions with metallurgists specializing in stainless steels, CTC decided to
evaluate alloy 302HQ because it had properties that showed promise for a coinage alloy and
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ingots were available that could be immediately rolled to 5-cent coin gage. Furthermore, this
alloy is designed for cold-heading applications for fasteners; therefore, it is anticipated that
302HQ, with its relatively low flow stress, would have good coining characteristics. Note that
the composition could be modified slightly in production for coinage to decrease costs or obtain
other desirable characteristics.

Grade 430 stainless steel was also selected for evaluation based on its successful use for coinage
by other nations and its low cost. The other low-cost alloys such as 405 and 409 were not readily
available and were removed from consideration in the present study.

The literature was surveyed for various copper-based alloys that have been used for coinage in
foreign nations as well as copper alloys that are lower in content of expensive elements such as
nickel and copper. Olin Brass proposed compositions that are potentially lower in cost based on
elemental content, have electrical conductivities that are close to that of incumbent 5-cent coin
alloy cupronickel (~5.4 to 5.9% IACS), and have color that is silver-white for US circulating
coins of denominations 5 cents through half dollar. Several compositions were also identified
that have a color that could be used for dollar coins. Olin Brass-identified candidate alloys are
listed in Table 1-5.
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Table 1-5. Compositions of Copper-Based Alloys with Electrical Conductivity Close to That of Cu-25%Ni
(Courtesy of Olin Brass)
Metal
Composition (wt%) %IACS Copper- Value | Touch -

Equivalent?® Relative | Test | Humidity

Alloy Mn | Zn Ni | Al | Other | observed | cCalculated (wt %) Color | to C713 | Rank | Test Rank
C713 - - 25 - - 6 5.4 - W++ | 100.0% 1 1
Y90 6.6 | 12.1 | 3.7 - - 6 5.6 88.0 YG 69.2% - -
C69250 58 | 78 | 25 | 15 - 6.5 6.4 83.4 YG 70.0% 1 3
C710 - - 21 - - 6.5 6.1 - W 95.9% 1 3
C752 - 17 18 - - 6 6.2 - wW 83.4% - -
Y42 — 25 15 — — — 6.7 91.6 W? 75.8% — -
G6 Modified | 2 22 10 - 0.5 - 5.9 - wW 72.9% - -
K474 59 | 104 - 2.4 — 5.8 5.7 74.6 G 65.6% 2 2

Color Descriptions

G - Gold
W - White

YG - Yellow-gold

+ — Intensity of color
? — Best estimate based on chemistry
Touch Test Rank

1 - Little if any discoloration
2 — Light discoloration, incomplete
3 — Discolored more than 75%, but not deep
4 — Deep discolored spots
5 — Deep and complete discoloration
Humidity Test Rank (28 °C/95% relative humidity [RH] 3 weeks)

1 — Slight water marking

2 — Some water marks

3 — Water marks no pits

4 — Some pits with water marks
5 — Many pits with water marks
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It is advantageous for a candidate alloy to potentially serve in monolithic form for the 5-cent coin
and also serve as cladding for the dime, quarter dollar and half dollar coins. From the list in Table
1-5, alloy G6 modified (G6 mod), was selected as a candidate clad material for the dime, quarter
dollar and half dollar coins. It was also evaluated as a monolithic material for the 5-cent coin.
Relatively low metal value and similarity to cupronickel alloy in electrical conductivity were the
main reasons for selecting G6 mod for further evaluation.

CTC was given access to experimental alloys under development at PMX Industries, Inc.®
(PMX). PMX measured electrical conductivity of numerous experimental alloys (see Table 1-6).
Alloy 669z was selected for evaluation as monolithic sheet for the 5-cent coin with roll cladding
planned to evaluate this alloy for higher denominations. This alloy is a Cu-Zn-Mn-Ni-Fe alloy
with relatively low nickel content and an electrical conductivity almost identical to C713. The
alloy is expected to have the added benefit of enhanced antimicrobial performance if the surface
is bare and free of lubricants or oils.

Table 1-6. Electrical Conductivity of Experimental PMX and Commercial Alloys along with
Selected Coins and Coinage Alloys

Frequency | Electrical Conductivity
Alloy (kHz) (%I1ACS)
Cupronickel (C713) 240 5.46
1970 5-cent coin 240 5.31
A. Johnson dollar coin 240 12.89
C110 2.5% CW 240 99.52
70/30 brass 240 28.1
Center section of Canadian $2 coin 240 12.8
PMX 604A 240 6.63
301 stainless steel 240 1.88
66913 240 3.30
68600 240 4.85
626 240 6.45
605 240 6.13
669 240 5.35
669z 240 5.27,5.28
CZM68 240 6.16
Experimental Cu/Al Won roll clad 240 92.0
US one-cent coin 240 27.0
Golden dollar 240 12.3
Golden dollar 480 7.00
Golden dollar cladding alloy 240 4.33
Golden dollar cladding alloy 480 5.40
316 stainless steel 240 2.30
Pure zinc 240 28.8
Multi-Ply Canadian 25-cent blank 240 1.069
Multi-Ply Canadian 25-cent blank 480 1.060
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From this list, one can observe that there are copper-based alloy candidates for the 5-cent coin
that have the potential to provide an EMS match to the incumbent coin for potentially seamless
options. There are also plated options and monolithic stainless steels that have the potential for
reduced metal costs, but coins of this construction would be non-seamless in circulation.

1.4.3 Candidates for the Dime, Quarter Dollar and Half Dollar Coins

The incumbent dime, quarter dollar and half dollar coins are Cu-25%Ni clad to a copper C110
core. The candidate alloys for the three coins will generally be the same with one caveat. The
half dollar coin is not currently minted as a circulating coin, not used in large quantities and not
used to a significant extent in the vending industry or others that depend upon an unattended
point-of-sale transaction. Note that the half dollar coin is made in such low quantities (for
numismatic purposes) that the scrap rate is significantly higher for this coin than all other
circulating denominations.?

The quarter dollar coin is the most commonly used coin in the vending, laundromat, car wash,
amusement and other industries and therefore introducing a secure, seamless coin is of paramount
importance for this coin. The clad quarter dollar coin has served the US well for 47 years offering
excellent security features for coin-processing equipment. The EMS of the clad design is similar
to that of the predecessor Ag-10%Cu alloy and coin-processing equipment has used the difference
in electrical conductivity of the three layers—C713/C110/C713—to provide excellent security.
When a coin passes by an EMS-based sensor in a vending machine (or other machine designed
for unattended points of sale), magnetic fields are induced in the coins at different frequencies.*®
The magnetic fields produce eddy currents (i.e., electrical energy losses) in the coin and the
penetration depth of the magnetic field (or more precisely the magnetic flux lines) is related to the
frequency of the field—nhigher frequencies have a lower depth of penetration and lower
frequencies have a greater depth of penetration. The EMS of the three-layer quarter dollar coin
depends upon the individual layer thicknesses and each layer’s electrical conductivity, which are
about 5.4-5.9% IACS for C713 and about 100% IACS for C110. For the quarter dollar coin,
several roll-clad concepts were proposed with EMS as the major alloy/concept design criterion.
Compositions were selected for the clad layers that have similar conductivity to cupronickel, but
are less expensive because of metal content, particularly by lowering nickel content. CTC
recommends keeping the core C110 to optimize the probability of developing a quarter dollar
coin that could be potentially introduced seamlessly to the coin-acceptance equipment
infrastructure in the US. Cladding alloys selected were: G6 mod, 669z and unplated 31157.
These alloys were evaluated monolithically, while the metals producers were ask to consider
developing roll-cladding parameters. The metal value of the clad compositions allows a modest
cost savings (~12.6-13.9%) over the incumbent quarter dollar coin materials, using March 2012
pricing, but is proposed as relatively safe options for a potential seamless transition.

Multi-Ply-plated steel coins have been in circulation in Canada for about a decade and both the
coin-processing industry and the public at large have accepted the low-cost, steel-cored coins.
Multi-Ply-plated steel coins cannot be produced to match the EMS of US incumbent cupronickel
and cupronickel-clad copper coins. Consequently, Multi-Ply-plated steel coins would have to be

2 These values are for discrete periods and the condemned flow back is not always in synchronization with
production so scrap rate values can vary significantly from year to year.

** Note that the various models of coin-processing equipment use different sets of frequencies and there is no industry
standard, which further complicates coinage design for seamless transition.
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co-circulated with incumbent US coins. Planchets of Multi-Ply-plated 0.006%C steel were
provided for the US quarter dollar coin, as well as for the 5-cent coin mentioned earlier.

The compositions recommended are candidates for the dime, quarter dollar and half dollar coins.
Since the half dollar coin is a high-denomination coin, security must be a major consideration in
the selection of its alternative material candidates. Any non-seamless material option for the half
dollar coin should have security features to make counterfeiting difficult.

1.4.4 Candidates for the Dollar Coin

While the Alternative Metals Study was being conducted, the Department of the Treasury
suspended production of the dollar coin. Nevertheless, the following considerations provide
documentation of the study’s findings on alternative material candidates for the dollar coin.
Experimental testing on the dollar coin alternative material candidates was limited by the United
States Mint program manager.

The Native American coin and Presidential Dollar coins are commonly referred to as the dollar
coin. They both comprise a manganese brass with a golden hue clad to copper alloy C110. The
composition of the brass, Cu-6%2Zn-3.5%Mn-2%Ni, in conjunction with the clad layer thickness,
were selected to match the EMS of the Susan B. Anthony dollar coin, that was Cu-25%Ni (C713)
clad to a copper core. The incumbent dollar coin construction has generally been successful,
although tarnishing poses problems with the cladding alloy. Several cladding alloys were
considered in the present study; C69250 and K474 were selected based on color and reduced
metal value. The conductivity of C69250 is slightly higher (6.5% IACS, see Table 1-5) than that
of C713, but this higher conductivity could be compensated for by changes in cladding thickness
or heat treatment. The corrosion resistance of each of these alloys was assessed to determine
whether they were superior to the manganese-brass alloy used in the incumbent dollar coin. A
yellow bronze- (88Cu-12Sn) plated zinc planchet was also evaluated for corrosion resistance.
Because of nearly identical unit cost and lack of improved tarnish resistance, the three candidate
alloys have a relatively low probability of replacing the incumbent dollar coin construction.

1.5 SUMMARY OF RECOMMENDED ALLOYS FROM ROUND ONE DOWN-
SELECTION TESTING

The alloys described above are summarized in Table 1-7 with candidate denominations noted.
Some of the one-cent coin candidates were only available in coiled sheet form. As a result of
reduced transportation costs and reduced handling and processing of web scrap, it is possible that
costs could decrease if the metal supplier manufactured and delivered the material in planchet
form to the United States Mint. As mentioned, several candidate materials are applicable to the 5-
cent coin as a monolithic layer and also for higher denomination coins when clad with C110.
Suppliers are developing roll cladding parameters for their respective candidates and will produce
a pilot production coil, if requested.
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Table 1-7. Down-Selected Recommendations for Round One Testing*

Estimated Unit
Denomi- Burdened Cost
nation Planchet ($/coin) (Production

Candidates Alternative Materials (cents) (P)/Strip (S) Costs)

1 Aluminized Steel 1 S 0.0202

2 5052-H32 Aluminum 1 S 0.0180

3 Copper-Plated Steel 1 P 0.0276

4 430 Stainless Steel 1 S 0.0237

5 Dura-White-Plated Zinc 190 5 P 0.0547

6 Multi-Ply-Plated 0.006%C Steel 5 P 0.0634

7 302 Stainless Steel 5 S 0.0677

8 430 Stainless Steel 5 S 0.0485

9 G6 Mod (Copper Based) 5 S 0.0821

10 669z (Copper Based) 5 S 0.0813

11 Plated 31157 (Copper Based) 5 P 0.0995

12 Multi-Ply-Plated 0.006%C Steel 25 P 0.0720

13 Dura-White-Plated Zinc 190 25 P 0.0679

14 White Bronze-Plated Zinc 25 P N/A

15 G6 Mod-Clad C110 25 S 0.0939

16 669z-Clad C110 25 S 0.0937

17 Stainless Steel-Clad C110 25 S 0.0870

18 88Cu-12Sn-Plated Zinc 100 P 0.1648

19 C69250-Clad C110 100 S 0.1683

20 K474-Clad C110 100 S 0.1650

* March 2012 Prices.

See the Testing Program Chapter for test results. Note that several of the recommendations were
eliminated based on preliminary testing before striking trials were performed.

1.6 CANDIDATE ALLOYS FOR ROUND TWO DOWN-SELECTION TESTING

For completeness, the alloys down-selected from Round One and newer alloy concepts
uncovered/obtained after Round One testing are summarized in Table 1-8. After striking tests and
review, promising Round One candidate materials were carried into Round Two testing. In
addition, the RM offered to produce nickel-plated steel fabricated by their aRMour process
available for Round Two striking and testing. Finally, conventional planchets of the incumbent
alloys were struck with nonsense dies. These nonsense pieces, along with various circulating
coins were evaluated in coin-processing equipment as discussed in the Outreach Chapter.
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Table 1-8.

Down-Selected Recommendations for Round Two Testing

Candidate | Denomination Description of Test Pieces Comment Supplier
1 Newly Minted 2012 Incumbent | United States Mint
2 Circulated — Pre-1982 Incumbent | United States Mint
3 Circulated — Post-1982 Incumbent | United States Mint
4 One-Cent Newly Minted with Nonsense Dies | Incumbent | United States Mint
5 5052-H32 Aleris
6 Copper-Plated Steel JZP
7 Copper-Plated Steel RM
8 302HQ Stainless Steel Carpenter
9 Newly Minted 2012 Incumbent | United States Mint
10 Circulated Incumbent | United States Mint
11 Newly Minted with Nonsense Dies | Incumbent | United States Mint
12 Nickel-Plated Steel RM
13 5-Cent Unplated 31157 JZP
14 Multi-Ply-Plated Steel RCM
15 Dura-White-Plated Zinc JZP
16 669z PMX
17 G6 Mod* Olin Brass
18 302HQ Stainless Steel Carpenter
19 Newly Minted 2012 Incumbent | United States Mint
20 Circulated Incumbent | United States Mint
21 Newly Minted with Nonsense Dies | Incumbent | United States Mint
22 Nickel-Plated Steel RM
23 Multi-Ply-Plated Steel RCM
24 Quarter Dollar 302HQ Stainless Steel 25¢** Gage Carpenter
25 302HQ Stainless Steel 5¢ Gage Carpenter
26 669z-Clad C110* PMX
27 Dura-White-Plated Zinc 5-um** Tin JZP
28 Dura-White-Plated Zinc 8-um Tin JZP
29 Dura-White-Plated Zinc 10-um Tin JZP

*Copper-based alloy G6 mod was not available to roll clad to C110 at the time the nonsense pieces were struck. The
striking performance from the monolithic G6 mod was used as a surrogate for the G6 mod-clad C110 dime, quarter
dollar and half dollar coins.

** ¢ = cent; pm = micron

Testing and striking are reported and discussed in the Testing Program Chapter.

1.7 THE CARBONYL COIN MANUFACTURING CONCEPT

Plated coins are typically fabricated by depositing metals such as nickel on coin surfaces from a
liquid bath. The carbonyl process is a commercially proven process that can deposit nickel from a
gaseous phase on a wide variety of substrates. Furthermore, the process can be reversed to
remove nickel from a surface and thereby has potential for metal reclamation. Moreover, the
process works to varying degrees for any of the 15 transition elements in Groups VIA to VIIIA of
the Periodic Table of the Elements. The carbonyl process provides the potential to deposit alloys
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on surfaces such as iron-nickel alloys to reduce the amount of nickel used. A cost analysis and
technical summary of the potential for the carbonyl process to coat coins, and reclaim nickel from
scrap or old coins, is provided in Appendix 1-B. This process was evaluated in the present study
as a potential future process for coin production.
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19 APPENDICES-CHAPTER 1

1.9.1 Appendix 1-A: Copy of Public Law 111-302

PUBLIC LAW 111-302—DEC. 14, 2010
COIN MODERNIZATION, OVERSIGHT, AND
CONTINUITY ACT OF 2010

124 STAT. 3272 PUBLIC LAW 111-302—DEC. 14, 2010
Public Law 111-302

111th Congress

An Act

To provide research and development authority for alternative coinage materials
to the Secretary of the Treasury, increase congressional oversight over coin production,
and ensure the continuity of certain numismatic items.

Be it enacted by the Senate and House of Representatives of
the United States of America in Congress assembled,
SECTION 1. SHORT TITLE.

This Act may be cited as the ‘*Coin Modernization, Oversight,

and Continuity Act of 2010,
SEC. 2. AUTHORITY TO CONDUCT RESEARCH AND DEVELOPMENT ON
ALL CIRCULATING COINS.

() IN GENERAL.—To0 accomplish the goals of this Act and

the requirements of subchapter Il of chapter 51 of title 31, United
States Code, the Secretary of the Treasury may—

(1) conduct any appropriate testing of appropriate coinage
metallic materials within or outside of the Department of the
Treasury; and

(2) solicit input from or otherwise work in conjunction

with entities within or outside of the Federal Government
including independent research facilities or current or potential
suppliers of the metallic material used in volume production

of circulating coins,

to complete the report referred to in this Act and to develop and
evaluate the use of new metallic materials.

(b) FAcTORs TO BE ConsIDERED.—In the conduct of research,
development, and the solicitation of input or work in conjunction
with entities within and outside the Federal Government, and in
reporting to the Congress with recommendations, as required by
this Act, the Secretary of the Treasury shall consider the following:
(1) Factors relevant to the potential impact of any revisions

to the composition of the material used in coin production

on the current coinage material suppliers.

(2) Factors relevant to the ease of use and ability to cocirculate
of new coinage materials, including the effect on

vending machines and commercial coin processing equipment
and making certain, to the greatest extent practicable, that

any new coins work without interruption in existing coin acceptance
equipment without modification.

(3) Such other factors that the Secretary of the Treasury,

in consultation with merchants who would be affected by any
change in the composition of circulating coins, vending machine

and other coin acceptor manufacturers, vending machine
31 USC 5112
note.
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31 USC 5101
note.

Coin
Modernization,
Oversight, and
Continuity Act of
2010.

Dec. 14, 2010
[H.R. 6162]

PUBLIC LAW 111-302—DEC. 14, 2010 124 STAT. 3273
owners and operators, transit officials, municipal parking officials,
depository institutions, coin and currency handlers,

armored-car operators, car wash operators, and American owned
manufacturers of commercial coin processing equipment,

considers to be appropriate and in the public interest, after

notice and opportunity for comment.

SEC. 3. BIENNIAL REPORT TO THE CONGRESS ON THE CURRENT
STATUS OF COIN PRODUCTION COSTS AND ANALYSIS OF
ALTERNATIVE CONTENT.

(a) RerorT REQUIRED.—Before the end of the 2-year period
beginning on the date of the enactment of this Act, and at 2-

year intervals following the end of such period, the Secretary of
the Treasury shall submit a report to the Committee on Financial
Services of the House of Representatives and the Committee on
Banking, Housing, and Urban Affairs of the Senate analyzing
production costs for each circulating coin, cost trends for such
production, and possible new metallic materials or technologies
for the production of circulating coins.

(b) DETAILED RECOMMENDATIONS.—In preparing and submitting
the reports required under subsection (a), the Secretary of

the Treasury shall include detailed recommendations for any appropriate
changes to the metallic content of circulating coins in such

a form that the recommendations could be enacted into law as
appropriate.

(c) IMPROVED PRODUCTION EFFICIENCY.—IN preparing and
submitting the reports required under subsection (a), the Secretary
of the Treasury shall include recommendations for changes in the
methods of producing coins that would further reduce the costs

to produce circulating coins, and include notes on the legislative
changes that are necessary to achieve such goals.

(d) MinimizING CONVERSION CosTs.—In preparing and submitting
the reports required under subsection (a), the Secretary of

the Treasury, to the greatest extent possible, may not include

any recommendation for new specifications for producing a circulating
coin that would require any significant change to coinaccepting
and coin-handling equipment to accommodate changes

to all circulating coins simultaneously.

(e) FRAUD PREVENTION.—The reports required under this section
shall make no recommendation for a specification change that
would facilitate or allow the use of a coin with a lesser value
produced, minted, or issued by another country, or the use of

any token or other easily or regularly produced metal device of
minimal value, in the place of a circulating coin produced by the
Secretary.

() RuLE oF ConsTRuUCTION.—NOo provision of this Act shall

be construed as requiring that additional research and development
be conducted for any report under this Act but any such report
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shall include information on any such research and development
during the period covered by the report.

SEC. 4. MEETING DEMAND FOR SILVER AND GOLD NUMISMATIC ITEMS.
Subsections (e) and (i) of section 5112 of title 31, United States

Code are each amended by striking ““quantities’” and inserting

“‘qualities and quantities that the Secretary determines are’”.
SEC. 5. TECHNICAL CORRECTIONS.

Section 5112(u)(1) of title 31, United States Code is amended—
31 USC 5112
note.

124 STAT. 3274 PUBLIC LAW 111-302—DEC. 14, 2010
LEGISLATIVE HISTORY—H.R. 6162:

CONGRESSIONAL RECORD, Vol. 156 (2010):

Sept. 29, considered and passed House.

Nov. 30, considered and passed Senate.

fE

(1) by striking “‘exact duplicates’” and inserting *‘likenesses’’;

(2) by striking subparagraph (C);

(3) by redesignating subparagraphs (D) and (E) as subparagraphs
(C) and (D), respectively; and

(4) in subparagraph (A), by striking ‘“of 3.0 inches’” and

inserting ‘“determined by the Secretary that is no less than

2.5 inches and no greater than 3.0 inches™’.

SEC. 6. BUDGETARY EFFECT.

The budgetary effects of this Act, for the purpose of complying
with the Statutory Pay-As-You-Go Act of 2010, shall be determined
by reference to the latest statement titled ‘‘Budgetary Effects of
PAYGO Legislation’” for this Act, submitted for printing in the
Congressional Record by the Chairman of the House Budget Committee,
provided that such statement has been submitted prior

to the vote on passage.

Approved December 14, 2010.
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1.9.2 Appendix 1-B: The Carbonyl Nickel Coin Manufacturing Concept
1.9.2.1 Background

The carbonyl or Mond process was discovered in 1884 when Ludwig Mond noticed that hot
carbon monoxide (CO) gas would severely corrode nickel. The carbonyl process exploits the
ability of CO to form compounds with many of the transition elements in Groups VIA to VIIIA of
the Periodic Table of Elements. The process works particularly well for nickel and it is
reversible. That is, nickel can be extracted from a substrate, or deposited onto a substrate
depending upon temperature. In general, at about 80 °C (176 °F), nickel reacts to form nickel
carbonyl (Ni(CO),)

Ni + 4CO — Ni(CO)a.

At 150-175 °C (302-347 °F), the reaction is reversed with nickel being chemically reduced and
can be made to deposit on most substrates. The process has the ability to extract nickel from low-
cost, low-value-added sources such that it is about 20% less expensive to produce nickel by the
carbonyl process than by conventional extraction process metallurgy. Similarly, the process can
be used to deposit nickel onto substrates such as planchets or coins at about 80% of the prevailing
nickel price on the London Metal Exchange.*

The carbonyl process is used by CVMR Corporation and Vale Inco Limited (a former
International Nickel Company) commercially in several nations including the US, Canada,
Germany, Great Britain and China. Carbon monoxide and nickel carbonyl are poisonous, so
extreme care is exercised in building and operating carbonyl reactors. Each of the major carbonyl
producers claims impeccable safety records. This claim was considered and verified through
extensive discussions with CVMR Corporation and Vale Inco Limited. Furthermore, no known
safety issues were uncovered from application of the process at Inco since its first production
implementation in 1910. Major products produced from the process include nickel pellets for
plating electrodes, nickel powders of various sizes and morphologies, coated parts for corrosion
and wear resistance, and bulk nickel parts with extremely fine detail. Since the cost of the clad or
monolithic Ni/Cu coins had escalated sharply in recent decades, the carbonyl process was
evaluated as a potential process to cost-effectively deposit nickel and nickel alloys on planchets
and to also use the process for metal reclamation of worn coins. There being no known prototype
or commercial practice of nickel carbonyl on coins, feasibility studies and scale-up were needed
to assess and optimize the process, define plant configuration and to minimize the processing and
plant capital costs. Experiments were proposed to corroborate these claims, some of which the
United States Mint recently funded to be performed in cooperation with CVMR Corporation. In
short, the high price of nickel is a major driver for US circulating coins and the carbonyl process
has the potential to reduce the cost of nickel coatings and to earn revenues by nickel reclamation
as nickel-containing coins are replaced by lower-cost metals.

CVMR Corporation can make a turnkey facility to deposit nickel on planchets or coins and also to
reclaim nickel. The industrial base for carbonyl coinage in the US needs to be developed, but this
could be done quickly with a firm financial commitment. CVMR Corporation estimates that for

approximately $30 million (M), a turnkey facility could be established at the United States Mint, a

31 J.R. Pickens and R.F. Decker, “Visit to CVMR Corporation,” Toronto, Canada, September 2223, 2011, Trip
Report to the United States Mint.
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satellite facility or a commercial supplier. This one facility could meet US coinage production
rate needs. Discussions with Vale Inco Limited indicated that a purposeful carbonyl facility
dedicated to a single denomination, such as the 5-cent coin, could be purchased for about $10M.

Although the advantages of carbonyl nickel processing such as cost, recycling and low energy are
well established commercially, there are possible barriers to good commercial coin practice that
need to be addressed during a research and development campaign. These might include surface
treatment before coating, adhesion of nickel to the base alloys such as zinc, copper and steel,
distortion of the planchets in the reactor, residual stresses and coinability. The nickel layer may
need alloying for wear resistance and for use in coin-processing equipment. It is possible that an
alloyed nickel layer on zinc alloy planchets could be developed to approximate the
electromagnetic signature (EMS) of the incumbent 5-cent coin.

The carbonyl manufacturing concept utilizes a modular extraction and coating facility. Its
functions are a) to extract nickel from low-cost mining intermediates and worn nickel-containing
components and b) to condense nickel as a coating on low-cost coin planchets.

The modular concept is to design and construct the plant as individual reactors dedicated to
specific denominations as the volume of coins grows. For example, the first module could be
dedicated to 5-cent coins, at a volume of 500M coins/year (coins/yr). The following cost analysis
assumes that this 5-cent coin module could be constructed for $10M, with a return on investment
(ROI) of less than 1 year. The expectation is that this module would be used to deposit a nickel
carbonyl coating on steel or zinc planchets, at a cost of $0.001/coin.

The cost of depositing nickel by the carbonyl process is significantly lower than electroplating
nickel. The metal cost savings versus the existing Cu-25%Ni 5-cent coin at the 500M coins/yr
volume would be $19,981,500/yr for zinc-based coins and $21,904,000/yr for steel-based coins
coated with a nominal 10 microns of carbonyl nickel. Also, this would open the door to nickel-
coated-zinc coins, which are not now feasible by nickel plating due to plating stresses. The cost
analysis follows.

1.9.2.2 Cost Analyses™®
l. Electroplating Nickel Costs (Mazzilli Method*)

C; (Total Cost) = Cy,, (Material Cost) + C; (Labor Cost) + C, (Equipment Cost) 1)
A. Material Cost of Ni Coating

Cm = $8.70/lb x 0.10 g/coin/(454 g/lb) = $0.0019/coin (2)
B. Labor Cost, C

Hourly Wages (with overhead), W = $30/h

%2 All metal prices are current as of April 2012.
% http://polynet.dk/ingpro/surface/elecomk.htm, Andrea Mazzilli, “Electroplating Costs Calculation,” April 30, 2012.
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Plating Time, Ty, (minutes, min) = t (thickness, um) x dp, (density, g/cc) x
60/[Amp/dm?(area) x g/Amp-h x current yield, %] = 20 x 8.9 x 60/[4 x 1.04 x 95] = 27
min; where dm is decimeter and h is hours; g/cc = grams/cubic centimeter (3)

Specific Plating Time, t, = Ty x surface area/b (bath size in dm?) = 27 x 0.03/400 = 0.002
min/coin 4)

Labor Time (min), t; = 0.002 min/coin
Ci =W X (t, + t,)/60 = 30 x 0.004/60 = $0.002/coin (5)
C. Equipment Costs, C, = $35/h x (t, + tp)/60 = 35 x 0.004/60 = $0.002/coin (6)

Therefore, Total Cost, Cy, for Electroplating Nickel = $0.00192 + $0.002 + $0.002 =
$0.006/coin. (7

Il. Carbonyl Nickel Coating Costs

Material Costs, Cy, = $8.70/lb Nickel x 0.05 g/coin/(454 g/lb) = $0.00096/coin (8)
Processing Costs = $0.60/lb Nickel* x 0.05/454 = $0.00007/coin 9
Therefore, Total Cost of Carbonyl Coating of Ni = $0.001/coin. (20)

* CVMR Corporation estimate

M. Metal Cost Savings by Replacing Cupronickel 5-Cent Coin by Carbonyl Nickel-Coated

Base Metal
A Incumbent 5-Cent Coin
500M coins/yr/100 coins/Ib = 5M Ib coins/yr
Ni @ 25% = 1.25M Ib/yr x $8.70 = $10,875,000/yr
Cu @ 75% = 3.75M Ib/yr x $3.85 = $14,437,500/yr
Total Metal Cost = $25,312,500/yr
B. 10-um Carbonyl Nickel on Zinc Planchet
Ni @ 500M coins/yr x $0.001/coin = $500,000/yr
Zn @ 500M coin/yr x 3.99 g/coin/(454 g/lb) x $1.10/lb = $4,831,000/yr
Total Metal Cost = $5,331,000/yr
Saving vs. cupronickel 5-cent coin = $19,981,500/yr
C. 10-um Carbonyl Nickel on Steel Planchet
Ni @ 500M coins/yr x $0.001/coin = $500,000/yr
Steel @ 500M coins/yr x 5 g/coin/(454 g/lb) x $0.60/Ib = $2,908,500/yr
Total Metal Cost = $3,408,500/yr
Saving vs. cupronickel 5-cent coin = $21,904,000/yr

Technically, the nickel extraction process from intermediates is mature commercially at a rate of
greater than 64M kg/yr (140M lbs/yr) at Vale Inco Limited carbonyl facilities in Canada. The
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extraction from spent coins would require prototype runs on granulated coins.** Furthermore, the
copper content could be removed from the extractor as a valuable copper compound for other
markets.

As to technical challenges, the surface finish on the carbonyl nickel coating needs leveling by
burnishing inside or outside the depositor, or by trace element additions to the carbonyl gas, an art
already practiced in carbonyl-nickel powder production. Hardness for good coinability can also
be optimized by these same trace element additions. Finally, there is a technical opportunity to
engineer magnetic permeability of the nickel coating on zinc planchets, to mimic the EMS of the
incumbent 5-cent coin, thus minimizing the onerous costs of modifying coin-processing
equipment.

Towards the end of the project, the United States Mint authorized a preliminary assessment of
carbonyl technology. CTC and the United States Mint had a kick-off meeting on February 15,
2012 at CVMR Corporation in Toronto, Canada. The statement of work was gated into four
stages as follows.

e Stage 1. Prove that there is 1) good adhesion and 2) good thickness control of carbonyl
nickel on several substrates. CTC will provide coin gage strip of zinc alloy, steel and
copper to which CVMR Corporation would coat ~10 microns of nickel on one side.
CVMR Corporation may do quality control tests as necessary. When CVMR Corporation
is satisfied with the adhesion strength and uniformity of the thickness, send the coated
strip to CTC who will perform bend tests and blanking evaluations. If the coated
planchets are received in time, the United States Mint will upset (i.e., rim) and strike test
coins, recognizing that the nickel will only be on one side of the test pieces. Some
circulating coins may be included with the strip to observe surface detail when covered
with carbonyl nickel. Test pieces will be measured for any dog-boning® of the plated
material.

e Stage 2. Develop a planchet/coin flipping mechanism to produce 4.5-45-kg (10-100-1b)
lots. Demonstrate the mechanism by producing a several-kilogram run with 10 microns of
nickel deposited on the planchets and coins. CTC will provide the planchets and coins.

e Stage 3. Make a quality run of approximately 4.5 kg (10 Ibs) for the United States Mint to
use during striking trials. CTC will provide the planchets.

e Stage 4. Provide 45 kg (100 Ibs) of carbonyl-nickel-plated planchets for the United States
Mint to perform a trial striking run. CTC will provide the uncoated planchets.

At the time of this writing, CVMR Corporation, is midway through Stage 2, see Appendix 2-G,
Section 2.7.7.2 for additional details.

% Granulation is a commercial process that would cost about 30 cents per pound; but could offer enhanced security
over selling waffled scrap coins on the open scrap market. Granulation is only recommended for prototype
evaluations; under production conditions, coins to be recycled would not require granulation.

% Due to the physics of the electroplating process, the thickness of plated material tends to be 1.5 to 2.5 times thicker
at the edges and outer radii of coins compared to that at the center of the face of the coins. This non-uniform coating
can have some impact on the acceptability of coins in some coin-processing equipment.

35



20 TESTING PROGRAM

21 GOALS

Section 2(a)(1) of Public Law 111-302 (known as the Coin Modernization, Oversight, and
Continuity Act of 2010) authorizes the Secretary of the Treasury to “conduct any appropriate
testing of appropriate coinage metallic materials within or outside of the Department of the
Treasury.” This chapter discusses the testing that was completed in fulfillment of this article.

The testing program was designed with several goals in mind. The primary goal was to develop a
consistent set of quantitative measures to define the ability of alternative material candidates to
meet the requirements of coinage production and circulation. A secondary goal was to quantify
the properties of incoming raw materials so that specifications can be developed® for and used by
suppliers. Meeting these specifications will ensure consistent performance during processing at
and the quality of products produced by the United States Mint. Finally, by comparing the
performance of alternative material candidates with known characteristics and properties of
incumbent coinage materials, the acceptability of alternative materials as suitable replacements
for incumbent materials was determined.

2.2 APPROACH

During the testing program, Concurrent Technologies Corporation (CTC) evaluated materials in
three distinct product forms: 1) incoming material, 2) ready-to-strike (RTS) planchets®” and 3)
struck pieces. In addition, the response of alternative material candidates during striking trials
was evaluated. Parallel tests were performed on materials provided by the United States Mint,
representing incumbent coinage materials and on the alternative material candidates. Table 2-1
presents an outline of the testing program. Two types of test materials were received from the
material suppliers: strip and planchets. Test protocols differed slightly based on the form of the
materials received. Those that were received as rolled strip required more extensive preparation
and underwent additional tests compared with those materials that arrived as RTS planchets. The
additional tests for strip materials were included to characterize material response to the
additional processing steps (blanking, annealing and cleaning) needed to prepare the materials for
striking at the United States Mint.

The tests were chosen to evaluate material qualities that were identified by the United States Mint
as important in the production and longevity of circulating coinage. As described below, well-
accepted test protocols were chosen that are directly related to the performance of coinage
materials.

The testing program consisted of four phases.
e Phase 1. measure basic material properties needed to characterize the state of incoming
alternative material candidates and compare these properties to those of incumbent
materials.

% Defining final specifications for individual materials was beyond the scope of the present study.
37 A planchet is the product form at an intermediate step in processing. It is a round disk with a raised rim and is in a
condition that is ready for striking to the final coin dimensions and image.
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e Phase 2: conduct testing to evaluate material properties after blanks were prepared from
the alternative material candidates and on those materials supplied in planchet form.

e Phase 3: complete striking trials® to investigate how well the alternative material
candidates fill the fine details present in nonsense dies* during conventional striking

operations.

e Phase 4: evaluate performance of nonsense pieces.

Table 2-1 summarizes the four phases of the Testing Program.

Table 2-1. Test Program Summary
Test Phase Strip Tests* Planchet Tests
1: Testin Hardness Hardness
: Hng Tensile Strength Not Applicable (N/A)**
Incoming . .
Materials Steam_ Corrosion (t_)a_re metal) Steam_ Corrosion (k_Ja_re metal)
Electrical Conductivity Electrical Conductivity
N/A (ldentical to incoming
Hardness .
) . . materials)**
2: Testing Steam Corrosion (prepared .
Steam Corrosion (prepared surface)
Blanks/RTS surface) e
e Grain Size
Planchets Grain Size

Electrical Conductivity

N/A (ldentical to incomi