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INTRODUCTION

An infantryman in the field is expected to carry over 60 Ibs of material. In order to reduce
the weight being carried by him, a lightweight alternative to the current brass cartridge case
(C26000) (PN 11820451) used on 5.56 mm, is being developed. The portion of this weight due
to the weapon and ammunition is significant. For instance, using the M249 machine gun as an
example, the weapon portion of the load to be carried includes the machine gun (17.45 Ibs), a
spare barrel (4.05 Ibs), and at least three magazines of ammunition each holding 200 rounds [3
at 6.78 Ibs each = 20.35 Ibs (ref. 1)]. At the cartridge level, one M855 5.56-mm projectile round
weighs approximately 188 gr. The cartridge case with no other materials weighs approximately
95 gr and is nearly half of the assembly’s weight. By changing from brass to aluminum and
maintaining the brass case, geometry would reduce the case weight by a third to about 31.3 gr
(0.0045 Ibs). For 600 rounds of ammunition, this change corresponds to a 5.46 Ib decrease in
the weight carried. Figures 1 and 2 show the weight breakdowns for the weapon and
ammunition (ref. 1).

Feec Tray Assembly (C 7 lbs.)
% Total M249 Weapon Weight - 27.29 Ibs.
Driving Soring {0.1l0s.)
%
Operating Rody Assendly (0.32 10s.) 2
Sling & Snap Hook Assembly (042 Ibs.) 2%

Gas Cylinder Asserbly (0 33 Ibs.) 29
Heat Sheld Assembly (0.43 Ibs ) 29

Receiver Assenbly (4.84 Ibs.)
28%

Bolt and Siide Assambly (0.511bs.) 3%

Hand Gavard Assembly (0 83 1bs ) 2

Trigger Assembly (077 Ios.)
4%

Piston Growp (0.8 Ibs.)
%

Sarrel Assarbly (4 05 1bs)
Bipod (107 Ibs.) 23%
8%
Buttstock/Buffer Asserbly (18 Ibs) €%

Cover & Feed Mechansm Asserbly (15110s.) @

Figure 1
M249 weapon weight breakdown




Fastic Magazines (1.49Ibs)
7%

M27 Links (2.74lbs)
13%

Primers (0.34Ibs)
2%

Propellant (2.31Ibs)

11%

Bullets (5.31Ibs)
26%

Cartridge cases (8.14Ibs)
41%

Figure 2
M855 600-round combat load weight breakdown — 20.35 Ibs total weight

The Aluminum Cartridge Case Concept (ACCC) development program was a 14-month
activity to design an aluminum cartridge case for the M855 5.56-mm round of ammunition. It
was divided into two phases with phase 1 consisting of the initial design activity and phase 2
that consisted of fabricating and testing a limited number of aluminum cartridge cases. Phase 2
ended with the delivery of 1,000 aluminum cartridge cases to the government.

This report is submitted as CDRL No. A002, Contractor Summary Report, under contract
DAAE30-03-C-1128 for the ACCC development program. The sponsor was the Joint Service
Small Arms Program Office (JSSAP). This is the final Contractor Summary Report and covers
the period from 01 September 2003 to 15 October 2004.

PROGRAM SUMMARY

The phase 1 activity began with a contract award on 27 August 2003 followed by a formal
kickoff meeting on 03 September 2003. The program plan that was presented showed a design
activity for the aluminum cartridge case and associated tooling that would be used to manufac-
ture the cases in phase 2. This design activity consumed the bulk of the resources in phase 1,
while case fabrication and testing were the focus of phase 2. In addition, an update to the
Lightweight Family of Weapons and Ammunition Quality Functional Deployment (LFWA QFD)
analysis was completed that was geared specifically towards the aluminum cartridge case. Risk
mitigation was a key part of the program plan and an initial risk assessment followed by several
risk updates were completed.

The initial cartridge case testing conducted in a Mann barrel identified a propellant that will
yield chamber pressures sufficiently high enough too thoroughly evaluate the aluminum
cartridge case. Because the case has a smaller interior volume than a brass case, it was known
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that a different propellant than that used in the M855 cartridge would be needed. This testing
has identified a suitable propellant and has shown that an aluminum cartridge case for the M855
cartridge is feasible. This conclusion is based upon firings in both the M16A2 and M249
weapons (discussed later). However, based on the results of this testing, there are changes to
the design that need to be made to the current configuration. This is because, while the majority
of cases tested functioned without incident, there were some instances of case failures. As for
the burn-through issue that was experienced on previous aluminum cartridge case programs,
this did not always occur when the case failures happened. The main design change that was
recommended was to smooth out the transition of the base taper to the wall taper on the inside
of the cartridge case because this was the area where the bulk of the case ruptures occurred.
Additionally, improvements in the manufacturing process needed to be made to prevent any
contamination to the raw material during the forming process from creating small inclusions in
the material, which turn into small holes during the firing cycle.

The design of a lightweight cartridge case for small caliber ammunition was broken into
structural and coating sections. Structurally, aluminum alloy A97475 is capable of providing the
needed mechanical properties and weight reduction. The cartridge case designed, using this
alloy, meets the outer configuration of the current case and will, therefore, be compatible with
both Legacy and Future Weapon systems. Since the new case requires a thicker base and
sidewalls, the interior volume was slightly reduced. Case coatings are an important factor in
controlling corrosion and minimizing burn-through. For corrosion control, cases were anodized
in accordance with MIL-A-8625 Type Il, Class 2. Technical literature has suggested that burn-
through, an effect of case failure, can be controlled or minimized by coatings applied to the
interior of the cartridge case. Silicone, polysulfide, intumescent, and thermal barrier coatings
were all considered, but testing was conducted using silicone and polysulfide coatings only. A
polysulfide manufacturer will be contacted in the near future. Besides minimizing burn-through,
candidate-coating materials were also required to not significantly reduce propellant volume
(maintain projectile performance) and to be explosively compatible with the propellant.

The design of the aluminum cartridge case started with an investigation into what had
been done in the past by reviewing historical documents, such as previous program reports,
discussions with personnel associated with previous aluminum cartridge case efforts, and by
reviewing current aluminum cartridge case manufacturing of commercial ammunition with Alliant
TechSystems (ATK) CCIl/Speer company. The results of this investigation are detailed later in
this report. The key finding of this investigation was that the main issue was burn-through. This
is where the cartridge case wall is breached by the hot propellant gas causing the aluminum to
burn. Because of the close proximity of the shooter to the chamber of the weapon, this is a
severe safety risk. The cartridge case design addresses this in two ways. First, the cartridge
case walls were increased in thickness in key areas to provide as much material as possible to
prevent any splitting even with some amount of mechanical damage. Second, the interior of the
case was coated with a material that will mitigate any burning by acting as a seal and preventing
the propellant gas from escaping. Figure 3 shows the final phase 1 cartridge case design and
figure 4 shows the cartridge case with the interior coatings that were evaluated in phase 2.
Table 1 summarizes the aluminum cartridge case key parameters. both actual and projected,
and compares them to the current brass cartridge case. As can be seen, the actual cartridge
case parameters came in exactly where the analysis indicated they would be.
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Figure 3
Phase 1 — aluminum cartridge case drawing
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Phase 1 — aluminum cartridge case drawing with interior coating
Table 1
Aluminum and brass cartridge case key parameters
Aluminum Aluminum
Parameter (actual) (projected) Brass
Metallic material weight (gr) 36.0 38.0 95.0
Interior coating weight (gr) 2.5 ~4.0 w N/A
Total case weight (gr) 385 42.0 B 95
Interior volume (cm®) 1.60 | 1.43 1575
Percent weight savings over brass 59.5% ' 55.8% N/A
Estimated 600 round weight savings (lbs) 4.84 4.54 N/A |

Once the case design and tooling design were complete, AMRON of Antigo, Wisconsin
began the fabrication at the beginning of phase 2. As the manufacturing operation began, some
material tearing was observed and the process had to be adjusted to prevent this from

occurring.

The first cases that came off this tooling were very close to the drawing requirements, but
did not quite meet all of them. AMRON then spent a significant amount of time refining and
modifying the tooling and manufacturing process in order to produce cases that would meet all
of the dimensional requirements. This portion of the phase 2 activity required a significant
amount of time and caused the program to fall behind schedule to the point that the amount of

testing that was conducted was reduced.



Because the aluminum cartridge case is thicker than the brass case and has an interior
coating as well while maintaining the M855 external envelope, it was anticipated the ballistics of
the M855 round would not be met with the current production propellant WC844, and this was
confirmed with the first Mann barrel firings. However, an alternate propellant that was being
developed for a plastic cartridge case, where it too had a reduced interior volume, was identified
and initial testing in aluminum cases without an interior coating indicate that the necessary
ballistics can be achieved. Table 2 summarizes the Mann barrel firings for both propellants.

Table 2
Aluminum cartridge case initial Mann barrel ballistic summary
r Parameter Requirement WC844 propellant WCR 845S lot 73
| Chamber pressure (psi) ;
Mean , 56,700 l 55,079 55257
Mean + 3SD 62,700 ] 58,320
Muzzle velocity (fps) |
‘ Mean 3,000 - 3,040 ] 2,936 3051
| SD <25 20
Port pressure (psi) ‘
Mean No requirement ‘ 15.277 17396
Mean -3SD >15,300 \ 14,942
Charge weight (gr) N/A | 24.5 26.1

All of the firings summarized in table 2 were done at ambient (70°F) conditioning. The cases
used for these firings were from some of the initial lots that AMRON had manufactured.
Because these cases would not meet all of the gaging requirements, they were hand loaded
manually and not on production equipment. These cases were used so that the test portion of
the program could begin as soon as possible, and it was felt that the necessary dimensional
changes that AMRON needed to make to the cartridge case would not significantly affect the
ballistic performance because they were so small in nature.

TECHNICAL RESULTS
Historical Investigation

Aluminum cartridge cases have been considered for many years. A review of technical
literature indicates that the earliest investigation of an aluminum case was in 1893. In the 1950's
and 1970's, the Ammunition Group at Frankford Arsenal in Philadelphia, Pennsylvania investi-
gated aluminum cartridge cases.

Between 1950 and 1956, Frankford Arsenal intermittently studied aluminum cases for the
cal .50, M33 (ref. 2). Ultimately in 1956, materials, forming, and lubricants were analyzed. At this
time, an undisclosed aluminum company had developed a high purity version of alloy 7075
(A97075). Other projects at Frankford Arsenal had shown that 7075-T6 could achieve hardness
values equivalent to 2024-T4 and have four times the toughness. Based on this information, the
modified 7075 alloy was evaluated. At the study’'s end, Frankford Arsenal concluded that
aluminum cases were easily formed, and that occasionally when a round was fired, an effect
called burn-through occurred. While they were unable to determine the cause, it was noted that
burn-through was occurring approximately % in. forward of the extractor groove. Finally,
Frankford Arsenal recommended additional work to determine the causes of the burn-through
problem. '




In 1972, Frankford Arsenal was again studying aluminum cartridge cases and the burn-
through problem. A status report from April 1972 documents the effects of holes and scratches
on cartridge case function, completion of a finite element analysis of cartridge case stresses and
strains during firing, and on the thermodynamics of the burn-through problem (ref. 3). During the
study, it was observed that a thin rubber membrane was effective in preventing erosion of a
simulated cartridge case sample (aluminum disc). The thermodynamic section of the report
indicated that, when burn-through occurs, the aluminum metal around the hole was eroded by
burning propellant gases, also, that aluminum at the hole edges was being melted by the high
temperature gases, and that there was an exothermic reaction between any available oxygen
and the aluminum. The report concluded by stating that two solutions to the burn-through
problem were found. One solution was to prevent a propellant gas flow path through the case.
The second solution was to alter the effect of propellant gas flow through such a gas path.

Additionally, during this period, an undated paper discussed both the dynamics of the
burning propellant-aluminum case reactions and methods of modifying either the cartridge case
or weapon to better seal the chamber (ref. 4). The paper assumed that if the chamber could be
sealed, the large flame and gas release associated with burn-through would not occur. The
paper considered several alternative case designs and an alternate chamber design. It con-
cluded that a cartridge case with a reduced extractor groove would be best. The paper also
recommended that a sealed chamber be used. While this paper was undated, some of its
recommendations are documented in a report dated March 1974.

In 1974, Frankford Arsenal reported the results of a project evaluating various methods of
sealing aluminum cartridge cases (ref. §). They considered 11 different case sealing techniques,
and sketches of these candidate-sealing methods are shown in figure 5.

“hambes

Erosion Ring

e

Intemal Metal Liner

2 i
Flexible Internal Element Wedge Seal
NS

>

SR
Exrernal Flexible Seal

Figure 5
Cartridge case/breech/chamber sealing mechanisms considered by Frankford Arsenal




Many of these concepts were physically tested by building and firing ammunition. Other
candidate designs were analyzed and found to have a low probability of success. At the con-
clusion of the report, concepts, which were observed to have the greatest success or potential
for success, were a steel head with an aluminum body, intumescent coatings (20 mil thick), and
a flexible internal element. Because the steel head complicated assembly and reduced the
overall weight reduction, it was not recommended. The flexible coating on the case inner
diameter functioned well, and the report recommended it for further analysis. Intumescent
coatings on the case inside diameter were also suggested as being promising and recommend-
ed as for additional study.

Several internal sealant materials were investigated in the 1974 study, both as separate
elements and as coatings. Of these materials, the most successful were soft rubbery type
polymeric materials. The polymers tested include epoxies, urethanes, and silicon rubbers.
Silastic 734, a Dow Corning silicone rubber, performed the best.

In 1975, Thiokol Chemical Corporation, Elkton Division completed a series of tests for
Frankford Arsenal (ref. 6). Thiokol's project was to study cartridge case coatings designed to
prevent the occurrence of burn-through. They determined the effectiveness and feasibility of five
materials: red grip core paste, polyimide varnish (Dupont), NASA 45B3 intumescent coating,
polysulfide sheeting, and RTV-734 (Dow Corning Silastic 734). In this study, the NASA
intumescent coating and polysulfide sheeting both applied internally were most successful at
preventing burn-through. While the tests may not have been biased against Silastic 734, the
investigators admitted that they did not apply a uniform layer on the case inside diameter (ID).
Thiokol's recommendation was that an internally applied case coating could prove most
effective in the prevention of burn-through in 5.56-mm ammunition. Their suggestion was to use
polysulfide sheeting and to investigate further the NASA 45B3 intumescent coatings.

Frankford Arsenal completed a testing program in 1976 that documented the series of
events needed for the burn-through condition to occur (ref. 7). They performed test shots
combined with analysis of the physical processes to show that burn-through was the result of a
sequence of events beginning with mechanical damage (scratches, nicks, etc.) on the surface of
aluminum cartridge cases. When a round is fired, the cartridge case expands and under the
correct conditions tears, allowing the propellant gases to vent into the weapon chamber section.
These gases, following the path of least resistance, flow to the rear of the cartridge, eventually
reaching the extractor groove and release. Burn-through is the melting and chemical reaction of
the burning propellant gases with the un-coated aluminum exposed when a case fails. Frankford
Arsenal also concluded that an engineering application of a rubber liner could successfully
prevent burn-through.

In summary, studies performed by Frankford Arsenal over almost 30 years of research
and conversations with a commercial ammunition manufacturer and Quality Engineering
personnel indicated the following:

. Cartridge cases can be easily formed from aluminum alloys.

° Once structural and corrosion considerations are answered the primary
problem with aluminum cartridge cases is mechanical damage.

o Scratches and other mechanical damage on cariridge case outside diameter
surfaces can result in splits through the cartridge case wall.
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Venting of hot propellant gases other than through the mouth of the cartridge
case results in a burn-through condition.

Burn-through is the erosion and chemical reaction of burning propellant gases
with the aluminum cartridge case.

Hot propellant gases passing through a leak or hole in the cartridge case wall
will follow a path of least resistance to the extractor groove region of the part.

The damage to the weapon and injury of the operator due to burn-through can
be controlled by either sealing the chamber or by interfering with leak path.

Since not all weapons have closed chambers, the leak path interference
method of either minimizing or preventing burn-through has the greatest
potential benefit and cost effectiveness.

Testing has shown that intumescent and rubber coatings applied to the inside
of cartridge cases can either stop or significantly reduce the conditions, which
allow burn-through to occur.

Material Selection

When only lighter cartridge case materials are considered, several metals are available.
These include aluminum, beryllium, magnesium, and steel alloys. Reducing weight does not
totally mean choosing a lighter material. If a candidate alloy were stronger and tougher and
possibly even stiffer than the current brass, a thinner walled case might be possible even
though the material has a comparable or greater density. Of the lighter alloys, magnesium has
about the lowest density of commercial engineering metals, but it also has the lowest
mechanical properties and has as great a problem with burning as aluminum and titanium.
Beryllium is a very light and strong alloy, but it is extremely expensive and is a hazardous
material. Titanium weighs more than aluminum. It can also burn, is difficult to machine, and
difficult to form. Of these material groups, aluminum probably has the best combination of
strength, low cost, minimal health hazards, and the greatest potential for success. Figure 6
provides a comparison of these materials.

Compared to Cartridge Brass

il

Stee! (G10400) Aluminum (A87475)

Beryflum (Brush
Weilman S200)

0.92 033 0.22
1.82 1.04 065 2.75
1.64 1.78 0.58 233

Figure 6
Potential cartridge case materials comparison
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The engineering analysis of the 5.56-mm cartridge case was broken into two parts. One
part of the study consisted of a structural analysis of both aluminum and brass cartridge cases.
For this analysis, the baseline new cartridge case, besides being an aluminum alloy, was also
assumed to have an anodic coating. While other aluminum coatings are available, anodizing
provides good wear resistance, is corrosion resistant, is commonly available, and is currently
being used on medium caliber ammunition rounds. Concurrent with the structural analysis, a
coating study was performed to identify methods of protecting cases from corrosion and to
identify methods of controlling the burn-through problem. These analyses were done at ATK
Ordnance and Ground Systems in Plymouth Minnesota and at Arrowtech in Burlington,
Vermont.

Selection of a baseline material for the structural analysis initially considered all aluminum
alloys. While this is a broad range of materials, several were quickly eliminated as candidates.
Examples of easily unsuitable aluminum alloys include the non-heat treatable grades and the
higher strength aluminum-lithium grades. Non-heat treatable alloys, while highly formable,
typically have mechanical properties below those capable of being precipitation hardened (fig.
7). If used as cartridge cases, their lower yield strengths would allow a significant amount of
plastic deformation to occur, and potential weapon jamming if the case could not be ejected. It
was concluded after surveying the commonly available aluminum-lithium alloys, that their
mechanical properties were not significantly improved over those of more conventional grades,
and that they would probably be more expensive.
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Figure 7
Comparison of candidate cartridge case aluminum alloy yield strengths

Elimination of lower strength and more expensive aluminum grades reduced the
candidate cartridge case material list to A96061, A92024, and the A97XXX series. Of these,
alloy A96061, while easily worked and protected from corrosion has the same yield strength
problem that the non-heat treatable grades have. During firing, when the chamber pressure
reaches 61,000 psi, the plastic deformation of an A96061-T6 cartridge case would probably be
large.
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Alloy A92024, a high strength grade, was rejected as a candidate cartridge case material
because it is difficult to anodize. Most A92XXX series aluminum alloys have over 3% copper as
a constituent. Experience has shown that while these alloys can be anodized, special precau-
tions need to be taken to insure significant chemical attack does not occur. Since most comer-
cial electroplaters are not capable of this level of control, it was thought that anodizing A92024
would add considerable risk and expense to the round. Of the remaining candidate materials,
alloy A97475 was selected because of its high strength and use on other cartridge cases.
Commonality with other designs will benefit the program by simplifying the tooling development.
Figure 7 compares the tensile yield strength for the candidate aluminum alloys.

Consideration of protective coatings for the cartridge case began prior to the government
technical reports becoming available. Initially, it was assumed that the major problem with
cartridge case function in both Legacy and Future Weapon systems was mechanical damage
and corrosion. Anodizing was among the coating systems considered, but others were also
reviewed. These included chromate conversion coatings, paint, aluminum nitride coatings,
electroless nickel, electroless nickel-boron coating, and others. Generally, the challenge of
these coating systems was how to apply a protective layer both inside and outside the cartridge
case, and how to apply the protective layer at a reasonable cost for the potential production
rates.

For comparison, a Type Il Class 2 MIL-A-8625 anodic coating was used as a baseline. A
Type |l coating has a thickness ranging form 0.00007 in. to 0.0010 in... The Class 2 requirement
allows for both hot water and nickel acetate sealing. This coating is comparable to those
currently used on medium caliber ammunition. It has, therefore, been shown capable of
providing corrosion protection and resisting stresses due to firing. Structurally, the anodic
coating is hard and wear resistant. Since it is essentially aluminum oxide, an anodized coating
also provides a small amount of thermal barrier protection to the substrate.

Blending the anodic coating with other materials was among the concepts considered.
One common anodized coating additive was polytetrafluoroethylene (PTFE). This type of
coating was rejected because burning propellants would most likely decompose the PTFE.
When this occurs, carbon and fluorine are released into the cartridge case volume. Aluminum
will exothermically react with fluorine to form AlF;. Since this reaction was exothermic, the
addition of PTFE to the anodic coating could potentially make the burn-through problem worse.
Electroless nickel and nickel-boron coatings were also considered. Because of the plating bath
chemistry, it would be possible to deposit an electroless coating on both the cartridge case ID
and outer diameter (OD). Electroless nickel and nickel-boron coatings characteristically are hard
(2 350 HV or 38 HRC) and corrosion resistant. The high hardness corresponds to a high
strength and low ductility. If plated with an electroless nickel type coating, it is possible, that
during firing, the coating could possibly crack, which could then extend into and through the
basis metal resulting in venting of propellant gases and a burn-through condition. As a result,
low ductility electroless nickel coatings were not considered further.

Intermetallic coatings provide a method of creating a high melt temperature, low coeffici-
ent of friction layer on metallic surfaces. Intermetallic materials are metallic oxides and nitrides
that have properties different from those of the pure metal. The most common example of this
type of material is titanium nitride, which is used as a coating on tools because of its low co-
efficient of friction and hardness. Another useful intermetallic coating is aluminum nitride. As




with titanium nitride, aluminum nitride is hard, has a low coefficient of friction and a high melt
temperature. These are typically thin coatings, having thickness values of less than 50 pin and
are normally measured in Angstroms.

For cartridge cases, the nitride coating could be formed by driving nitrogen into the
aluminum alloy matrix through an ion deposition or implantation method. The complexity and
high cost of this process would be due to processing. This type of coating is applied in a
vacuum chamber. Application of the coating to the ID would also require that an electrode be
located in each of the cartridge cases. Batch type vacuum processing combined with potentially
high racking costs makes this type of coating a costly method of protecting cartridge cases.
Considering the potential production costs and the limited protection from a very thin layer of
material, it is unlikely that these coatings would provide adequate protection from either
mechanical damage or burning propellant.

Other coatings considered included Emralon (PTFE in a phenolic matrix) and E Coat (a
proprietary epoxy painting process). Emralon, while providing a reduced friction surface and
corrosion resistance, was rejected because of the PTFE component. E Coat was rejected
because it uses a combination of bath immersion and an electrical potential difference to apply
the paint. In the case of the cartridge case, epoxy is typically a brittle material. If the ability to
seal a hole in a cartridge case was dependant on the pliability of the protective layer, an epoxy
coating may not be a good choice. The Frankford Arsenal studies showed this result. The
coatings considered in this initial review are summarized in table 3.

Based on the information from Frankford Arsenal papers, a review of current cartridge
case designs and conversations with industry resources, it was concluded that, at minimum,
aluminum cartridge cases should be anodized. Historical experience has shown that a Type |
anodize coating in accordance with MIL-A-8625 provides adequate corrosion protection and
mechanical damage protection from all but the most severe conditions.

An anodized coating will not be sufficient to protect the cartridge case from mechanical
damage that precedes the formation of a hole in the side of a cartridge case. Anodized coatings
are hard and wear resistant, but they cannot prevent the scratches and nicks that occur as a
result of normal handling and loading systems. The ammunition belts used by the M249 SAW
are an example of a component that will leave witness marks on the surface of a cartridge case.
The effect of these defects will be an occasional cartridge case split or failure allowing the
propellant gases to vent through a hole other than the case mouth. Since leaking propellant
gases can result in burn-through and operator injury, either the chamber or case must be
sealed. Chamber sealing can be accomplished by designing new weapon operating mechan-
isms and chambers, which would make Legacy systems unsuitable for aluminum cartridge
cases. A second method of minimizing or preventing burn-through is to seal the cartridge case
as discussed later in this report.
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Mechanical Design

In order to design the aluminum cartridge case, it was decided to use a unique finite
element (FEM) modeling code for the majority of the work and then do an independent check of
the results using a high fidelity FEM code (ABAQUS), which ATK has a significant amount of
history. Arrow Tech Associates was contracted to conduct the modeling using their case
analysis system (CASAS) as the primary modeling code.

CASAS is a specialized FEM code specifically designed to analyze the non-linear
behavior of the cartridge case as it interacts with the gun chamber. The case is divided into
individual rings along its longitudinal axis (fig. 8). Each ring is capable of being assigned unique
linear and non-linear material properties, static and dynamic coefficient of friction. This allows
the user to select the ring lengths and locations. Then each ring is modeled with its density,
yield strength, elastic and plastic modulus, and static and dynamic coefficients of friction. One of
the key flexibilities of the model is that multiple materials and hardness values per case can be
evaluated. CASAS is capable of rapidly assessing changes in headspace; case base-bolt face
gaps, changes in coefficients of friction, peak pressure, and material properties. Integration of
CASAS into the projectile analysis and simulation (PRODAS) analytical environment ensures
rapid and seamless hands-off between dependent analytical modules such as interior ballistics
and CASAS.

Case

Spring to Gap Case Base Ring

Ground Spring Spring

\ A}mm\.

l H- - - He- - H— - He

Figure 8
CASAS model approach

The CASAS code has been successfully used in numerous small, medium, and large
caliber applications over the past 20 yrs. Initial validation was performed in 1984, and the results
of the 5.56-mm aluminum case analysis were shown to be in agreement within approximately
7% of ultimate strain, given similar inputs. CASAS can perform non-linear analyses of the
cartridge case and chamber interaction in a fraction of the time of general-purpose finite
element codes, so it is a valuable design tool, particularly in the early stages of the design.
Table 4 outlines the history of the CASAS model.




Table 4
CASAS model history

Year Event
* 1984 Validated versus ANSYS (non-linear) in 1984

e 1984 30 x 173 mm light weight steel case and aluminum case
« 1985 — 1986 25 x 137 mm aluminum case
* 1986 20 x 102 mm aluminum case
e 2001 20 x 120 mm aluminum case

« 2001 155 x1069 mm AGS steel case

2001 5.56 x 45 mm brass/polymer case

40 x 217 mm ALACYV steel case

* 2001

When designing a cartridge case, strain usually becomes the dominant variable that must
be controlled within a material’s limit. The total strain experienced by the case is the resultant of
its hoop strain, longitudinal strain, and radial strain. CASAS sums these strains for each ring
analyzed to allow rapid comparison of total strain for each ring as a percent of its ultimate strain.
A cartridge case is “optimized” (minimum weight) when the peak total strain achieved in the
case during pressurization attains 85 to 90% of ultimate strain under worst-case conditions
(e.g., friction, axial and radial gaps, pressure, wall thickness, etc.) The effect and importance of
various CASAS inputs on bolt load and peak strain is shown in table 5. These results allow the
user to prioritize requirements and focus on attributes most important to the application of
interest.

Table 5
CASAS qualitative results

Analysis variable Bolt load Peak strain Relative significance

Material properties
Increase
Decrease

Friction

Very important

Increase
Decrease

-+

Important

Radial gap
Increase
Decrease

Same
Same

Minor

Axial gap
Increase
Decrease

Slightly lower
Slightly higher

Important

Bullet pull
Increase
Decrease

+
same

+
same

Minor and only at low
pressure

The stress -strain behavior of the 7475 T6511 aluminum alloy is shown. Aluminum has

lower yield strength than the hardest brass, but much better elongation.




The geometric and CASAS lumped mass and ring element model are shown side by side
for comparison (fig. 9). Below some critical stiffness value, the ultimate strains exhibited by the
case are strongly influenced by the stiffness of the bolt with respect to the chamber wall. Thus, it
is critical to ensure an appropriate value for lock stiffness is used.

Spring to “Ground”

Physical Geometry

Case Head
Axial Stiffness

Chamber
Shoulder
Stiffness

Analytical Model

“Gap" Spring:
et W/ Chamber & Case “Rings”

Bolt-Chamber Lock-up

Figure 9
CASAS physical and analytical model comparison

As part of the first step of the CASAS analysis, a decision had to be made as to which
weapon to use in the analysis. The approach taken was to evaluate both guns, identify the
“worst” one in terms of cartridge case function, and then use those weapon parameters in the
model. Because the M16 and the M249 have differing chamber dimensioning and tolerances,
this leads to significantly different boundary conditions for each gun (table 6). Because the
M16A2 has the larger difference between case minimum and chamber maximum, the maximum
headspace of 0.010 in. of the M16A2 was used for worst-case conditions in this analysis.

Table 6
Gun interface analysis
Weapon/parameter Value
M16A2/M4
* Headspace
0 Minimum -0.002 in. (-0.051 mm)
o Average +0.004 in. (+0.102 mm)
o Maximum +0.010 in. (+0.254 mm)
* Bolt
o Stiffness 6.0 x 10° Ib/in. (.237 x 10° N/mm)
o Bolt mass 0.0995 Ib (45.13 gm)
M249
* Headspace -0.006 in. (-0.152 mm)
0 Minimum -0.001 in. (-0.025 mm)
o Average +0.005 in. (+0.127 mm)
o Maximum
* Bolt
o Stiffness 33 x 10°Ib/in (3.36x 10° N/mm)
0.1495 Ib (67.81gm)
Bolt Mass
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Brass Cartridge Case Analysis

Now that the key model parameters with respect to the weapon were established,
the cartridge case analysis and subsequent design could begin. However, in order to validate
the CASAS code for this particular application, it was first used to evaluate the current brass
cartridge case. Additionally, this analysis would allow the complete understanding of how and
why the brass cartridge case works.

The stress-strain behavior of 70-30 brass is shown in figure 10. The material
properties gradient of the baseline brass case is key to its structural robustness. Brass is harder
(and higher yield strength) with lower elongation at failure at the case base, gradually getting
less hard with increased elongation moving along its longitudinal axis. The properties gradient is
clearly shown in the 9378276 drawing.

5.56x45mm Brass Stress-Strain Behavior

e Base 0, 30"
wifil(.30"-0.38"
w—fr=0.38"-0.63"
=4¢==0.63"-0.90"
~t=0.90"Mouth

Strain, in/in

Figure 10
Brass cartridge case stress-strain data and case location

Assessing the ultimate strain performance of brass case as a function of case base-
bolt face gap and coefficient of friction is done to ensure accuracy of the analytical and case
models. Hot (52°C) peak pressures are used to provide worst-case loads on the case. Strains
are lower than 50% of ultimate for all examined gaps up to 0.012 in. and coefficient of friction
form factor of 1.5 on the 0.10 static coefficient of friction and 0.080 dynamic coefficient of friction
generally used for brass cases. This means the brass case is quite robust, and the gaps and/or
friction would have to get quite large to provoke structural failure of the brass case.

The minimum wall brass case is expected to exhibit less than 35% of ultimate strain
under all case base-bolt face gap conditions up to 0.010 in., which means that there are no
structural integrity issues with the brass case regardless of the value of the coefficient of friction.
Since obviously the brass cartridge case works, there is now a model that matches the real
world and can then be exercised to design an aluminum cartridge case.
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Aluminum Cartridge Case Analysis .

The design analysis for the aluminum cartridge case will follow the same order as
for the brass case. First, figure 11 is a plot of stress versus strain for 7475 aluminum alloy. This
alloy was selected after a basic aluminum materials investigation (discussed previously)
identified it as the preferred material. Not surprisingly, this is the same material that LW30 mm
and GAU-8/A cases are also made.

Stress-Strain Behavior of 7475 Al Alloy
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Figure 11
7475 aluminum alloy stress strain curve

The initial 5.56-mm cartridge case configuration borrowed heavily from the brass
case (drawing 9378276), but incorporated a thicker base and thicker side walls to improve
structural integrity during pressurization due to undefined external scratching that might occur
as a result of stripping from the links, feeding, and ramming. There were actually several
iterations of the aluminum cartridge case design that was evaluated before the one shown in
figure 3 was identified. The primary tradeoff was to balance structural integrity against ballistic
performance. Because the QFD analysis made safety the number one priority, it was
emphasized. This resulted in a thicker wall case that does not currently have enough volume to
maintain the current M855 ballistics. This was a conscious decision made by the government/
contractor program team and was selected as the baseline starting point. The logic used was to
begin testing a case with a high degree of confidence in its structural integrity and then, after
test data became available, to determine if its interior volume could be increased to regain some
or all of the lost ballistics. The result is a case with approximately 18% less internal volume than
the baseline brass case. This design was subsequently subjected to various interior ballistic and
structural analyses to ensure adequate ballistic performance and adequate structural margin. As
an independent check, the FEA code ABAQUS was also run by ATK on the final verification as
an independent check to the CASAS model. The results of both models showed a cartridge
case that functioned as designed. The next several pages summarize the final cartridge case
design results from CASAS. As with the brass case, the worst-case conditions were used in the
analysis. For the aluminum case, this meant a minimum material because this will cause the
highest section stress along with maximum gap levels, since this will cause the highest strain
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levels before the case contacts the gun chamber. The aluminum cartridge case analysis used
peak pressures and looked at all three conditioning temperatures of hot, cold, and ambient. The
static and dynamic friction values of 0.12 (static) and 0.09 (dynamic) represent our best friction
expectations.

At the completion of this initial baseline case analysis using CASAS, the configura-
tion was then evaluated using ABAQUS. As mentioned previously, although CASAS is a valu-
able tool for quickly evaluating and configuring cartridge cases due to its flexibility and quick-
ness, a higher fidelity FEA code should also be run on the final design. When the initial baseline
design was analyzed using ABQUS, it was noted that there was a relatively high strain area
towards the aft end of the case. A second run was made where the wall thickness was in-
creased in the area of concern and the results showed an acceptable strain level. Figure 12
shows the initial and increased wall thickness strain plots from ABAQUS. While these results
were being analyzed, AMRON was also working on the preliminary tooling design. During this
initial design activity, AMRON requested that the interior of the case be slightly modified at
several transition points to improve the producibility of the case. Because these changes were
minor, they were incorporated into the design. Now a revised baseline case was defined and
both CASAS and ABAQUS were run using this new configuration, which compared to the initial
design had an increased wall thickness towards the base and a revised interior contour for
manufacturability. The CASAS code showed that while there was a region of relatively high
strain at the worst-case conditions, the cartridge case would survive and function as designed.
When ABAQUS was used, the results were even better with no high strain areas noted for the
worst-case conditions. In evaluating the somewhat difference in model result, it was determined
that this was due to the models predicting different contact timing sequences (table 9) with the
chamber walls. It was concluded that the revised design would provide the desired safety
margin and would function in the worst-case conditions and was, therefore, adopted as the final
phase 1 design. This decision was based on two key points. First, the higher fidelity FEA model,
ABAQUS, showed the lowest strain in the case walls. Second, the final cartridge case design
was somewhat outside of the normal CASAS analytical zone and this coupled with the highly
localized strain location put into question the high specific strain value observed in the case
wall. Figures 13 through 16 summarize the results of this last portion of the design analysis.
The first series of plots show the CASAS analysis for the initial case and final case design. The
last figure shows the case strain using ABAQUS under the worst-case conditions.

Table 7
Contact time comparison between models for all case designs

Case Model used for contact | Initial wall contact Final wall contact Case base-bolt face
configuration time estimate time (ms) time (ms) contact time (ms)

Brass CASAS 0.1035 0.2691 0.31

Initial aluminum CASAS 0.1432 0.2659 0.29

Final aluminum CASAS 0.1281 0.3204 0.34

Final aluminum ABAQUS 0.0910 ~0.400 0.12
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ABAQUS strain plots for initial baseline and increased wall thickness case configurations
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CASAS axial strain versus location initial baseline and revised case geometries
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CASAS radial strain versus location initial baseline and revised case geometries
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CASAS total strain versus location initial baseline and revised case geometries
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Figure 16
ABAQUS case strain plot for revise case design

Interior Ballistics Analysis

The interior ballistic performance of the M855 projectile using the aluminum
cartridge case was assessed at ambient and hot temperatures using the computer code
IBHVG2. Because of the interior volume reduction of the aluminum case including its interior
coating, the muzzle velocity of the projectile was also expected be reduced if the current
production propellant, WC844, was used. The current model estimates a muzzle velocity of 828
m/s using production propellant compared to a muzzle velocity of 935 m/s for the brass cased
M855. If a new propellant with a modified web and or formulation were to be used, the velocity
was predicted to increase to within about 40 m/s of the production round. However, as is
discussed later, a propellant was identified that will meet the ballistic requirements in cases
without the interior coatings. It still needs to be verified that the ballistics can be met once the
coating is applied. Table 8 compares the brass case, initial aluminum case, and revised case
volumes and velocities.

Table 8
Projected brass versus aluminum cartridge case performance comparison

Cartridge case material/configuration

Brass M855 Initial aluminum Revised aluminum

Charge weight (gm) 1.69 1.64 1.39

Pmax (MPa at 15°C) 409 409 327

Vmax (m/s at 15°C) 935 936 828

Maximum case temp (K) 681 791 712

Charge type Cake (14) Cake (14) Cake (14)

Pmax (MPa at +52°C) 452 450 344

Vmax (M/s at +52°C) 967 966 851




The interior ballistic performance of systems with varying case capacities was
studied to determine the muzzle velocity sensitivity to creating cases with walls thicker than the
baseline aluminum case. It is estimated that the interior case volume can reduced to 1.66 cm®
without a reduction in muzzle velocity provided the propellant web is adjusted to keep peak
chamber pressure constant. If a propellant web change is allowed, muzzle velocity drop with
decreasing case volume is relatively minor, with only a 10 m/s velocity penalty paid at a case
volume of 1.60 cm®. The results of this analysis are shown in figure 17.

M855 Muzzle Velocity vs. Case Vol.

/ ~i-Vmuz, W Web Change
(/ -O-I\Inuz Baise Proptlallant

T T T T

14 145 15 165 18 185 17 115 18
Case Volume, cc

Muzzle Velocity, m/s

Figure 17
Muzzle velocity versus case volume at 450 MPa chamber pressure

Burn-through Investigation

In addition to reviewing government studies of burn-through, cartridge case manufacturers
were contacted to determine the extent of this problem in industry. Among the companies
contacted and visited were AMRON in Antigo, Wisconsin; ATK CCl/Speer in Lewiston, Idaho;
and ATK Ammunition Company in Arden Hills. Minnesota.

AMRON manufactures medium caliber cartridge cases for the ATK Ammunition Company.
They are currently supplying ATK with cases for the GAU-8 and lightweight 30-mm rounds, both
of which are made from aluminum alloy A97475. In conversation, AMRON reported that they did
not know of any major burn-through problems related to cartridge cases.

After the AMRON meeting, ATK Ammunition Company manufacturing plant in Arden Hills,
Minnesota was contacted. A Quality Engineer responsible for testing of completed rounds
stated that burn-through is occasionally observed in medium caliber cartridge cases. When it
occurs, it is normally related to mechanical damage on the case OD surface.

ATK’s CCl/Speer division was also contacted for information on aluminum cartridge cases
and burn-through. The Engineering Director and Development Engineer stated that they had
observed burn-through problems twice. The first occurrence was related to a specific rifle
operating mechanism, suggesting that mechanical damage may have been involved. This
problem went away when that weapon fell out of favor and when it became known aluminum
cartridge cases were not a good ammunition choice for the weapon.
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The second occurrence of burn-through was due to inter-granular corrosion. In their failure
analysis, CCI personnel found that the problem began with completed and boxed ammunition
getting wet when stored outside in a rainstorm. This product was later shipped to a distributor in
Texas who repackaged the damp paper ammunition boxes into plastic bags. CCl/Speer uses a
light chromate type coating to protect their cases. This coating was apparently not sufficient to
minimize the corrosive combination of moisture, heat, and a material susceptible to inter-
granular corrosion.

Manufacturing Investigation

A manufacturing process for the aluminum cartridge was developed by AMRON and is
similar to their other cartridge case manufacturing processes. All of the tooling and gaging for
the cartridge case manufacture was designed in phase 1 and the tooling and cartridge cases
were manufactured in phase 2 of the program.

In terms of manufacturing the cartridge cases for both this effort and in high volume
production, both coil and rod stock as the raw material were evaluated and the decision was
made to begin with rod stock. This decision was made because it was felt that by starting with
rod stock and sawing it into the appropriate slug size would yield a more consistent product by
eliminating an annealing operation and retaining a better grain size. One of the lessons learned
from the manufacturing of medium caliber ammunition is the need/desire to maintain both
strength and hardness of the base and rim. This was found to be greatly affected by the grain
size of the incoming material as well as by the manufacturing process in terms of how much
work hardening was put into the material. Current calculations show that the impact operation
will cause an 84% reduction and the draw operation will yield a 28% reduction through the top
die and a 16% reduction through the bottom die. Lubrication will be a key factor in ensuring that
the draw operation works as planned. Table 9 summarizes the differences between coil and rod
stock as the starting material.

Table 9
Coil versus rod stock raw material comparison
Item Coil stock Bar/rod stock
1 Requires one more anneal operation - potential for larger Requires sawing operation - additional product
grain - annealing with minimal work hardness scrap
2 Potential for inconsistent amounts of work hardness while Potential to develop impact operation without a
coiling/uncoiling pre-form - block/cupping
s More consistency in the process- maintain
3 Shear operation to form slug - reduces product scrap consistent grain size - work hardness

The cartridge case manufacturing process developed at AMRON is similar to other case
forming processes. It begins with a blank, which is then formed into a cup. Next, the cup is
drawn and headed to the general length and shape of a case and then tapered. During the
forming process, in-process annealing treatments are used to control formability and grain size.
After each of these anneals, the cases are cleaned (de-smutted) and lubricated. At the conclu-
sion of all forming and machining operations, cases are precipitation hardened to the T76
condition. Finally, the formed and aged cases are anodized. This process is outlined in table 10
and shown in a flow chart format in figure 18.
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Flow chart of the AMRON aluminum cartridge case manufacturing process
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Table 10

Summary of 5.56-mm aluminum cartridge case forming process at AMRON

Operation number Description Comments
010 Receive and check order
020 Receiving inspection
030 Cut slugs
040 Etch, rinse, and dry
050 Zinc Sterate coat Lubricate
060 Pre-form Forming cup
070 Acid clean Remove lubricant
080 Anneal, “O” condition
090 Etch, rinse, and dry Clean after annealing
100 Zinc Sterate coat Lubricate
110 Impact Second cup forming operation
120 Acid clean Remove lubricant
130 Anneal, “O" condition
140 Etch, rinse, and dry Clean after annealing
150 Zinc Sterate coat Lubricate
160 Draw
170 Acid clean
180 Etch, rinse, and dry Clean after annealing
190 Zinc Sterate coat Lubricate
200 Indent and head
210 Pre-taper
215 Trim
220 Anneal, “O” condition
230 Deoxidize and soap coat
240 Taper and mark base
250 Head turn and drill primer vent hole
260 Clean ]
270 Heat treat — T4 condition i
280 Artificial age T76 condition ‘
290 Mouth over-age (if required)
300 Anodize
310 Final inspection
320 Pack and ship

Cartridge case raw stock can come in either bar or wire (coiled lengths of bar) form.
Since A97475 is more typically a sheet alloy, neither the wire nor the bar forms are commonly
available. Additionally, since this project required only a limited number of cases, the amount of
stock needed was small. Therefore, to make parts, a larger diameter bar stock than necessary
was purchased and was turned down to the correct size and then cut to length.

Following cutting, the blanks were annealed to the “O” condition. For more informa-
tion, the heat treatment of aluminum alloys is described in AMS 2770, “Heat Treatment of
Wrought Aluminum Alloy Parts.” The full anneal and in process anneal soak temperature and
time was 399 to 427°C (750 to 800°F) for 2 hrs.

After the first annealing and after all subsequent in-process thermal treatments, the
parts being worked were de-smutted, and if a forming step was to follow, they were lubricated.
De-smutting is the chemical removal of the aluminum oxide formed at elevated temperatures.
This involved etching, rinsing, and drying the parts being worked. During most of the forming
process, lubrication of working pieces consisted of dipping them into a solution of zinc Sterate
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and water and allowing the resulting coating to dry. Additionally, if the lubricant were left on the
work piece during an anneal cycle, the coating would burn and become a hard to remove layer,
all parts were chemically cleaned before each thermal treatment.

Lubricated slugs were next impact formed into a cup shape in two steps (fig. 19).
The first impact hit created a shallow cup on one end of the slug, which was then called a pre-
form (operation 060). The pre-form was then cleaned, annealed for a second time and then re-
lubricated (operations 070, 080, 090, and 100). The second impact-forming step increased the
length of the cup to nearly its final length (operation 110). This was again followed with cleaning
(operation 120), annealing (operation 130), de-smutting (operation 140), and lubrication
(operation 150).

A single drawing operation followed the impact forming steps (operation 160). The
purpose of this step was to extend the length of the formed cup to approximately its final length.
After drawing, the working part was cleaned to remove the zinc sterate (operation 170), and
then trimmed to length. This piece was then etched, rinsed, and dried prior to being lubricated
(operations 180 and 190). Operation 200 headed and formed the primer pocket in the work
piece. The primer vent hole was not pierced during this step, but in production opening the
primer vent hole would probably occur when the pocket was formed.

Two tapering steps followed heading. Operation 210 pre-tapered the cartridge case
mouth by creating a slight reduction in diameter at its mouth. The work piece was then cleaned
and trimmed (operation 215). Trimming adjusted the length of the part and washing prepared it
for annealing (operation 220).

Following annealing, the pre-tapered case was cleaned and lubricated (operation
230) for the final tapering operation (operation 240). The lubricant for this, unlike other opera-
tions, is soap. During the development of the manufacturing process, this step caused the most
problems. The observed problems were mostly due to the completed case not fitting into a
receiver gage.

Forming the final taper, finished the forward end of the case and all that remained
was to turn the head, pierce the vent hole, precipitation harden the aluminum, and then anodize.
Head turning and piercing were done at one time as operation 250. Since only a limited number
of parts are being made, the vent hole was machined into the head rather than pierced. At the
conclusion of this operation, the cartridge case was in its final shape and size. Figures 19 and
20 show the cartridge case form as it progresses through the manufacturing process.

SLG  PRE-FORM IMPACT  DRAV  wgan  TAPER  TAPER TiRN FINAL
S5.56MM ALUMINUM CARTRIDGE CASE
MANUFACTURING OPERATIONS

Figure 19
Cross-sectional views of major manufacturing steps
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Figure 20
Photograph of cartridge case forms

Mechanical properties were achieved by first solution treating and then precipitation
hardening the cartridge cases. Solution treatment of A97475 requires soaks at two different
temperatures. Initially, parts were held at 471°C (870°F) for approximately 25 min. Next the
temperature was increased to 513°C (917°F) and held for 60 min, which was followed by
quenching. Precipitation hardening was also a two-step process. In the first stage of aging,
cases were soaked at 121°C (250°F) for 3 to 5 hrs to create a T4 condition. Next, to achieve the
final T76 condition, the cases were held at 163°C (325°F) for 12 to 18 hrs. AMRON chose to
break this process into two operations. The solution treating and aging to the T4 condition was

operation 270, and the precipitation hardening of cases to the T76 condition was operation 280.
Following hardening, the cases are anodized in accordance with MIL-A-2550 Type |l Class 2.

During the manufacture of the test cases, the most significant problem observed
concerned the final taper operation. The current drawing specifies the diameter at the aft edge
of the taper as being for reference. Gages at ATK LCSCAC were set for this diameter to be at a
minimum.

During manufacture of these cases, the parts were at the maximum diameter, which
resulted in them not fitting in the gage.

Although the forming operations for the aluminum cartridge case are similar to the brass
case, there is a significantly longer processing time for both the precipitation hardening and
anodizing steps. Not counting heat-up and cool-down, solution treatment and precipitation
hardening of aluminum cases will take at from 17 to 25 hrs. Since, the precipitation hardening
cannot be sped up, if not anticipated by planning, this step will slow the production line down. A
similar situation exists with anodizing.
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Internal Coating Process

The phase 2 internal cartridge case coating development involved identifying
methods of applying either a polysulfide or silicone coating to the interior of a cartridge case.
Conceptually, several coating methods could have been used. Those considered included
spraying, injecting, and then using gravity to pull the liquid coating material over the case interior
and blow molding. Because of time constraints, spraying and the injection methods were used.

Several manufacturers of spray coating equipment were contacted for information
and assistance in developing a process for coating the cartridge case interior. Of these com-
panies, Spraymation of Ft. Lauderdale, Florida was the most helpful.

After an initial telephone contact, a meeting was held on 26 May 2004 between
Spraymation and ATK OGS personnel. The meeting began with a summary of the project and
its goals and a summary of Spraymation’s capabilities. Next, the process for applying a coating
to the interior of cartridge cases was discussed. Spraymation stated that their company manu-
factures spray equipment for a similar sized application in the medical industry. He thought that
it was possible that the cartridge cases could use comparable equipment. Two alternatives were
discussed for the coating process development. In one, Spraymation would sell a small spray
system typically used for equipment evaluation and application development. The second
alternative discussed was that Spraymation assist ATK in developing coating parameters and
then use the small spray system to coat the 1,000 to 2,000 parts being manufactured. Spray-
mation stated that they could assist in determining if the silicone and polysulfide materials could
be sprayed and parameter identification and that this would best be done between 13 and 25
June 2004. ATK would supply the required materials to Spraymation’s plant in Ft. Lauderdale.

The following materials were sent to Spraymation in early June 2004.
. PPG Aerospace PRC 1440LS (polysulfide — Parts A and B)
. Dow Silastic 99-007 silicone

B Methyl ethyl ketone (MEK) for thinning the polysulfide (drop shipped
from Fisher Scientific)

. 200 brass cartridge cases (aluminum cases were not yet available)
. Clear glass tubes with stoppers of the maximum case ID
s Desoclean (used to clean over-sprayed silicone)

From 13 June and 15 July, Spraymation worked on developing polysulfide and
silicone coating parameters. Their initial tests, using tubing and the Dow 99-007 silicone, had
positive results. The coating material successfully flowed through the spray head, although the
coverage was inconsistent, three applications were required for a uniform coating. In a second

attempt at applying the coating, they increased the fluid pressure and lengthened the fluid tip.
This resulted in more consistent results inside glass tubes.

29




Component Test 2 Test 3 Comments
Coating Silicone Silicone
Glass tube 1%x7/16 2 in. length x 7/16 diameter
Nozzle Extended internal mix coaxial Extended internal mix coaxial
el 0.030 0.030
Piliarcs 0.082 OD 0.082 OD
Air cap 390418-14-1500 390418-14-2250 Longer than earlier
Fluid tip 390417-18-1500 390417-18-2250 -2550 is longer
Tube rotation 600 rpm 600 rpm
Fluid pressure 10 psi 40 psi
Atomizing air 12 psi 20 psi
Fluid time on shot 400 ms (four revolutions)
Tip angle 15 deg 15 deg
On time 400 ms
Indexing per cycle 0.2in. 0.3in.

After completing the silicone spray tests, Spraymation applied PRC-Desoto PR-
1440LS (polysulfide) to the interior of glass tubes. Their initial observation about the polysulfide
was that it appeared very thick, and Spraymation questioned whether it could be sprayed.
Conversations with a PRC engineer indicated that the 1440LS is a material normally used to
coat gas tank interior surfaces, which is an application that requires it to be self-leveling. For the
1440LS to be self-leveling, PRC blends it to have approximately 90% solids. For spraying, this
specific polysulfide needs to be thinned with MEK.

The coating trial began with preparation of the polysulfide material. First, Sprayma-
tion mixed equal parts by volume of MEK and the part A component of the polysulfide. Next,
they added the catalyst (part B), 10 % by volume and mixed again.

Initially, Spraymation began with the settings used for the silicone. They observed
excellent coverage, although there was some blowback in the tube and overspray slowly
accumulating in the tube bottoms. Next, they attempted to reduce the blowback and over spray
by decreasing the air pressure to 30 Ibs. At this lower pressure, the coating was still good. After
making two more spray parameter adjustments, they noted that the polysulfide in the pot had
thickened significantly, and they stopped the tests.

Overall, Spraymation’s opinion was that both materials could be sprayed inside
cartridge cases, and that their equipment was capable of applying the coatings. They did have
concerns about the orientation of the cases during spraying and with the MEK.

Due to the length of time it took to complete the Spraymation tests and to obtain
cartridge cases, a backup coating system was prepared. Essentially, it consisted of injecting or
dropping, the uncured coating material into a cartridge case and then inserting the case into a
fixture that allowed both rotation and gravity to spread the coating over the ID. All parts were
rotated approximately 1 hr, at which point they were essentially tack free. Next, they were
placed in a convection oven, which accelerated the final curing of the polymer. As with the
Spraymation process, good coverage was observed.
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Testing

A detailed test plan was developed for this program and has undergone some modifica-

tions due to ongoing customer discussions and schedule requirements. Table 11 shows the final
version of the test matrix. Each of the tests conducted in this program is discussed individually
in the following sections.

Table 11
Aluminum cartridge test matrix
MIL-C-63898 Pilot lot Deliverable
Item Test paragraph quantity lot quantity Comment
: All works visually inspected for
1 Workmanship 3.18 ~100 1,000 workmanship.
Cartridge, component parts, and Excluding hardness, non-destructive
2 materials Si-92 ~100 1,000 tests only
; Will use coated cases that fail gaging
Bullet extraction 3.3 N/A 50 for length
Waterproofness 3.4 N/A 50
Charge establishment testing )
5 Uncoated 1 15 N/A WC844 propellant
Uncoated 2 25 WC845S6371, lot 73 and
Coated - silicone 14 SMP745x6367
6 lnltla:"léﬁc: :; ec:mpanblhty (F&C) = 14 N/A Ambient only, five single shot and three
Coated - silicone N/A N/A TG Darere
- Inltlajlnl(\:/IOZalttchompatxbmty (F&C) . 1 N/A Ambient only rounds linked with brass
Coated — silicone N/A N/A G5008 in & Sewound bekt
Velocity, chamber pressure, port o .
8 pressure, action time, tempera- g’ '?O ::; ?5 N/A 60 g:éi(t‘i?c?rzisam at hot, ambient, and coid
ture stability iy 9
9 Accuracy 3.11 N/A 90 ;Ei:sr: :; 600 rds with brass control
* Use laser mic to measure diameters
at specific lengths
10 Case strain evaluation N/A 5 . LtJesset acceptable weapons only for this
* Includes weapon strain testing
« Ambient conditioning only
» Ambient, M16A3
90 * Ambient, M249, rounds mixed with
1 Function and casualty 312 - 20 brass cases
200 « Ambient, M249, complete belt fired
out in burst
Coating trials . o
12 SUerne o 20 N/A :.na; htcexsjts to develop coating application
Polysulfide 20 N/A
Compatibility
13 Silicone P - N/A Polysulfide found to not be compatible
Polysulfice -
Total tests 119 575

Charge Establishment Test 1

The first testing of the aluminum cartridge case was a charge establishment test that
was conducted using the M855 WCB844 production propellant. The purpose of this test was to
verify the ballistics that the production propellant would yield. It was anticipated that the pres-
sures achieved would be too low for adequately evaluating the aluminum cartridge case.
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However, it turned out that suitable chamber pressures could be reached. The velocity did not
meet the specification requirement, but it was not expected to and since it does not affect
cartridge case performance, this was acceptable. However, the port pressures for this propellant
was either too low or at the low limit. This was cause for concern because without adequate port
pressure, the M16 and M249 automatic weapons would not operate properly. The ballistic
results are summarized in table 12 and the velocity versus charge weight graph is shown in
figure 21.
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Figure 21
First charge establishment test muzzle velocity versus charge weight

The cases used in this test represented the first samples that came off the AMRON
tooling. During the inspection of these cases, it was determined that while they were close too
meeting all of the dimensional requirements, they did not conform to the external profile gage
although they were close enough that they would fit into a Mann barrel. As a result of this and in
order to test fire the cases, they needed to be hand loaded because they could not be run
through the production equipment. The major drawback of the hand loading operation was that
the case head could not be ring staked around the primer. During the testing of these cases
some primer leaks were observed. It was felt that while the staking would help resolve this
issue, a primer pocket manufactured to the lower end of the diameter requirement would also be
of some benefit and this information was provided to AMRON. Figure 22 shows cases without
and with a primer leak along with a view of the bolt face that was eroded due to the propellant
gas flow from the primer leak unit .

As a result of this test, the propellant manufacturer was contacted to determine if a more

suitable “off-the-shelf” propellant was available. Such a propellant was identified and is
discussed in the Charge Establishment Test 2 section.
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» Some cases leaked gas at primer pocket Erosion

— Anodize burned off case leaving bare aluminum
— Some breech face erosion observed
— Rounds were not circumferentially staked

- Rounds were hand loaded and hand staking
tool not available

« Primer pockets were in spec but near maximum
diameter

Figure 22
Charge establishment 1, primer leak detail

Charge Establishment Test 2

After the first charge establishment test, the propellant manufacturer was contacted
to see if more suitable propellants were available. Three potential propellants were identified
and samples received for testing. These propellants were under development for a plastic 5.56-
mm cartridge case and since that case would also have a reduced internal volume, it was
believed that they would be of benefit to the aluminum cartridge case effort as well.

The testing of these samples showed that they could provide the necessary
pressures and still meet the muzzle velocity requirement when tested in cartridge cases without
the interior coating. The next step will be to verify the ballistics in coated cases. Table 13 shows
the ballistic results for the second charge establishment test. As with the first charge establish-
ment test, these rounds were also hand loaded. The primer pockets on these cases also had a
slightly reduced diameter and no primer leakage was observed except for the very high-
pressure rounds. What is impressive is that even at the elevated pressures, the cartridge cases
did not fail, lending more confidence to the a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>