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1. Introduction

The use of brass for cartridge cases has a long history and is particularly embedded into the
culture of ammunition for small arms. For more than 100 years, brass has served adequately and
admirably as a material for cartridge cases. Its relatively high strength and ductility provide it
with the twofold ability to withstand large rupture pressures while undergoing deformations that
provide the means to seal combustion gases in the chamber. These properties have made brass
the intuitively obvious material of choice for cartridge applications.

However, more recently, interest in ammunition weight reduction has increased and therefore,
investigations into materials other than the high-density brass have arisen. In order to adequately
assess alternate lightweight materials for cartridges, it is first necessary to understand the
performance of brass in this role. It was with this thought that an effort was undertaken to
employ modern finite element techniques to represent the behavior of brass cartridges.

Interestingly enough, despite the long history of brass usage, little information was found in the
literature that reported about the mechanical properties of “cartridge brass,” a copper alloy
composed of 70% copper and 30% zinc. This report details the literature findings and specifies
those extrapolations that were required to provide a complete characterization of the material
over the full range of strains encountered.

The over-arching goal of this exercise was to establish a modeling technique for cartridge cases,
which could be validated against the limited data available during realistic firing conditions. The
MS8S55 brass cartridge in an M16A4 barrel was selected for this purpose. The results of the model
are used to evaluate the stress, strains, and resulting deformation that a brass cartridge case
undergoes during operation. The technique was validated by experimental measurements from
expended M855 cartridges. With this baseline, the technique can be used to assess other
materials and geometries and investigate the influence of temperature, pressure, and firing rate.
It is the authors’ intent for this to be the first in a series of reports that investigate these various
parameters.

2. Approach

A finite element model was constructed that included the brass cartridge with primer inside the
chamber of an M16A2 rifle. The geometry of the cartridge, primer, barrel, barrel extension and
bolt was obtained from the manufacturer’s drawings (/,2). The drawings were entered into
computer-aided design (CAD) software so that they could be made proportional and for
application of the tolerances. The conceptual dimensions of all the components were used.



A cutaway CAD drawing of an M855 cartridge set inside the chamber is shown in figure 1. In
the figure, the cartridge is shown in intimate contact with the chamber wall. Included in the
figure is the barrel extension. One feature to note is the length of the unsupported region near
the head of the cartridge. This unsupported region is necessary to allow for the motion of the
bolt and the engagement of the extractor pin with the extractor grooves.

Figure 1. CAD drawing of an M855 cartridge inside
the chamber of an M16A2. (The unsup-
ported region of the cartridge is shown in the
inset.)

The translation from the CAD drawing to the finite element analysis (FEA) model is shown in
figure 2. Consistent with the nature of the problem, symmetry was employed to reduce the
model from a full three-dimensional (3-D) analysis to a two-dimensional (2-D) axisymmetric
analysis to reduce the computation time. The cartridge was considered to reside fully inside the
chamber region so that the shoulder of the cartridge and the surface of the chamber were in
contact.



Figure 2. Complete 2-D axisymmetric
FEA brass cartridge model
showing all components.

3. Material Input and Model Generation

In order to develop an accurate model, realistic material properties and boundary conditions that
mimic the actual cartridge and operating conditions were required. This information was
obtained through experimental data and an empirical approach.

3.1 Material Properties

During the numerous drawing and annealing steps that occur during the manufacturing of a brass
cartridge, a hardness and microstructure gradient exists along the length (3). This gradient is
produced so that the highest hardness within the case occurs at the unsupported region of the
cartridge. The lowest hardness occurs in the neck region to allow for bullet crimping and
detachment from the cartridge during firing. This hardness profile from the M855 technical
drawing is shown in figure 3. The plot shows the minimum and maximum allowable Vickers
hardness from a 2.5-kg load.
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Figure 3. Hardness gradient for an M855 brass cartridge (/).

In order to correctly model the response of the M855 cartridge, this hardness gradient must be
properly represented. The research of Yang (4,5) was used to correlate the hardness values with
a stress strain curve. In this work, Yang measured both the tensile response of 70-30 alpha
brass! and the diamond pyramid hardness after varying levels of cold rolling? and recrystalli-
zation. The strain rate in the elastic region was 3.3 x 10 sec”’. Yang found that the tensile
properties and the hardness increased as the amount of re-rolling and recrystallization increased.
Table 1 shows the data from Yang.

Table 1. Results of varying levels of cold rolling, recrystallization and re-rolling on the hardness
and modulus of 70-30 alpha brass (4,5).

Processing Hardness (HV)| Modulus (GPa)
60% Cold rolled 185 63.4
60% Cold rolled 48% recrystallized 30% re-rolled 195 63.4
60% Cold rolled 48% recrystallized 20% re-rolled 175 59.8
60% Cold rolled 48% recrystallized 10% re-rolled 155 47.5
Fabricated 100 47.5
Olin, soft brass 479

The data presented by Yang did not go below a hardness value (HV) of 160; however, hardness
values in the neck and shoulder region of the cartridge average 100 HV. We established data for

1Alpha brass containing as much as 36% of zinc is usually the single alpha phase with good cold working properties;
70-30 alpha brass means 70% copper and 30% zinc.

2Cold rolling is a process whereby the material is deformed by rolling at relatively low temperatures.



the 100-HV point by interpolating the stress-strain data from Yang and applying an interpolated
stress-strain curve that followed the same trends. All the curves correlating to data in table 1 are
presented in figure 4. These tensile data agree with those in other literature (3,6,7). Included in
the table are tensile data obtained from cartridge manufacturer Olin-Winchester (§). The
hardness of the material is unknown, but the manufacturer considered the brass to be soft. The
engineering tensile strength of the brass was 306 MPa, which is roughly the same as completely
annealed brass (9) at 317 MPa. Given that the neck and the shoulder of the cartridge undergo
some cold working during the punch and drawing processes and then are only partially annealed,
it was assumed that the fabricated curve was a reasonable representation of the material in this
region. The stress-strain curve possessed the same trend as the experimental data of Yang but
had lower yield strength.
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Figure 4. Stress-strain tensile data for 70-30 alpha brass at different levels of cold rolling, recrystallization,
and re-rolling.

The hardness gradient within the brass cartridge was captured in the FEA model by the stress-
strain curves in figure 4. For modeling purposes, the cartridge was sectioned into three areas:
head, body, and neck/shoulder, as shown in figure 2. Each of the three regions was associated
with an appropriate stress-strain curve. The curves had the representative hardness values of 185,
155, and 100 HV correlating to the 60% cold rolled, 60% cold rolled, 48% recyrstallized, 10% re-
rolled and the fabricated curves, respectively. Poisson’s ratio for each brass was set to 0.35.



The barrel and barrel extension were assumed to be linear elastic steel with a modulus of 200 GPa
and Poisson’s ratio of 0.3. No material properties were available for the primer. It was assumed
that the primer possesses the same structural characteristics as the head region of the cartridge,
with a hardness of 185 HV. The overall FEA model geometry consisted of five different areas
and four different material properties.

The input to the FEA model was solely the tensile response. It was assumed that the brass
exhibited a homogeneous isotropic response and has an identical response in compression. To
verify this response, the compressive stress-strain data for cartridge brass were obtained (/0).

The compressive stress-strain curve is presented as figure 5, which shows the maximum com-
pressive stress to be approximately 600 MPa at a true strain of 0.5. The hardness of the material
is unknown. Assuming that the brass behaves as a homogeneous isotropic material, this compres-
sive stress-strain curve would put the hardness of the brass between the fabricated and Olin data
of figure 4. This would make the curve that of a half hard brass (9). This is a reasonable assump-
tion since the data do not indicate any pre-treatment of the material such as cold rolling or
annealing. The assumption of brass behaving as a homogeneous isotropic material was carried
through the remainder of the modeling effort. With the geometry and the material properties
established, the next step was to mesh the model.
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Figure 5. Compressive stress-strain curve for cartridge brass.

3.2 Finite Element Model Mesh

The areas of the model were meshed with the plane 82 ANSYS? element. This is an eight-noded
2-D element with plasticity and axisymmetric capability. The axis of symmetry was the y-axis.

3ANSYSD, which is not an acronym, is a registered trademark of ANSYS, Inc.



All four materials (the steel and three different brasses) were modeled with isotropic linear
elastic properties. Plasticity of the brass was modeled with the isotropic Mises (/ /) plasticity
model. To use this model, the entire stress-strain curve for each respective brass was entered.
Given that the stress-strain curves were in true stress and strain units, the large displacement
option was invoked. This option requires that all input be in true stress and strain and output of
the results be expressed similarly.

Contact pairs were added to model the interaction along the cartridge-chamber wall and the
cartridge-primer interfaces. The contact pair between the cartridge and the chamber allowed for
the expansion of the cartridge against the chamber during the combustion event. The pair
between the cartridge and the primer modeled the interaction of the interface as well as provided
the ability to have the primer to be press fit into the cartridge. ANSYS models contact pairs by
allowing the user to specify a target and a contact surface. We modeled the interference fit
between the primer and the cartridge by providing an offset to the contact surface so that the
contact and target surfaces of the pair were in a mathematical penetration. This penetration
resulted in a compression fit of the primer cup into the head of the cartridge case.

3.3 Applied Load

Load was applied to the model as an internal pressure obtained from experimental measurements
(12). The pressure at the base of the projectile was calculated with the Lagrangian correction for
the pressure gradient down the bore (/3). This relation is shown as equation 1.

b=—, (1)

2M,

in which P, is the pressure in the chamber, P}, is the pressure at the base of the projectile, c is the
mass of the charge, and M, is the mass of the projectile. The calculated base pressure and the
experimentally obtained chamber pressure applied in the FEA model are plotted in figure 6.

It was assumed that the pressure in the primer cavity was less than the maximum chamber
pressure because of the short duration of the pulse. As a result, the pressure in the primer cavity
was chosen to be the same as the base pressure in figure 6. The meshed model of the cartridge
showing the applied maximum pressure loading is presented in figure 7.
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Figure 6. Chamber and projectile base pressure for an M855 cartridge.

217E+09

| .239E+09

61E+09
3E+09
206E+09

| .328E+09

350E+09

Figure 7. Plot of the internal pressure gradient in
Pascals applied to the M855 cartridge.



3.4 Applied Boundary Conditions

Boundary conditions were applied to realistically constrain the model. Axisymmetric boundary
conditions were applied to the inside primer wall. In order to fix the barrel in space, a zero dis-
placement constraint, in both the x and y directions, was applied to the end of the barrel extension.

The interaction between the head of the cartridge and the bolt face made it difficult to assign
boundary conditions in this region. Initial investigations with the model used zero displacement
boundary conditions in all directions applied to the head of the cartridge. This assumed that
continuous intimate contact existed between the bolt and the head of the cartridge. This
condition is not necessarily accurate since it does not account for any rearward motion of the
cartridge during firing. It was determined to overly constrain the motion of the cartridge.

A new boundary condition was created that accounted for this rearward motion. An axisym-
metric representation of the bolt face was incorporated into the model to more closely represent
realistic conditions. The dimensions of the bolt were obtained from the 3-D technical data
package (TDP) for the M16A2 (/4). A gap of 12.8 um separating the faces of the cartridge and
the primer cup from the bolt face was set. This distance allowed for some finite separation at the
head of the cartridge. To model the interaction between theses faces, two additional contact
pairs were added: one pair for the cartridge-bolt interaction and one pair for the primer-bolt
interaction. To finish the boundary conditions, a symmetric boundary condition was applied to
the bolt’s inner wall and zero displacement conditions were applied to the remaining free faces
of the bolt. The applied boundary conditions and added bolt feature are presented in figure 8.

Figure 8. Applied boundary conditions.



3.5 Solution Control

The finite element model was solved as a 2-D axisymmetric static model with large displacement
effects. The large displacement effects were used since all the data for the cartridge brass were
in terms of true stress and strain. To facilitate convergence, the internal pressure load curves of
figure 6 were broken into 22 separate loading steps. Automatic time stepping was employed to
decrease the running time of the model. Initial loads on the model resulting from the contact
pairs were linearly increased in order to achieve convergence.

4. Results

The finite element model was post-processed to obtain the stress and strain through the mid-
thickness of the cartridge at the peak pressure as well as the plastic displacement that occurred
because of the applied load. Generalized stress plots were produced to determine the areas of
high stress generated during the peak internal pressure. A maximum stress failure criterion was
chosen to determine the relative distance from failure. The equation is

FC - UUI[[mate > 1 (2)
g
in which Oyjiimate 1S the ultimate tensile strength and O is the stress in the system. For cases when
the stress was negative, the ultimate compressive strength was used. Failure is assumed to occur
when the failure criterion equals unity. The factor of safety that existed within the cartridge
because of the applied load was determined by the equation

g
FS - Allowed > 1 (3)

JA ipplied

in which Oajiowed 1 the maximum allowable stress and Oapplica 1S the stress in the system. We
obtained the stress and strain through the thickness of the cartridge by plotting a nodal path
midway through the thickness of the cartridge from the head to the neck. The stress and strains
were evaluated for failure at the maximum applied internal pressure. This loading coincided
with load step 12 in the model. The results at this load level are presented in figures 9 through
14.

10
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Figure 9. Predicted mid-thickness stresses along the length of the cartridge.
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Figure 11. Predicted mid-thickness strain along the length of the cartridge.
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The predicted true stresses through the mid-thickness of the cartridge wall are presented in
figure 9. The radial, axial, and hoop stresses are largely compressive. This stress state is
attributable to the expansion of the cartridge against the chamber wall during pressurization as
well as the rearward movement of the cartridge during firing. The transition from the unsup-
ported region of the cartridge (figure 1) to the supported is marked by the stress redistribution
from a tensile stress to a compressive stress in all three components between 4 and 6 mm. The
triaxial stress state remains compressive until the onset of the shoulder in the cartridge at roughly
36 mm from the base. At this location, the triaxial stress state becomes rather complex because
of bending within the cartridge to conform to the chamber dimensions. The outer diameter (OD)
of the cartridge is in compression while the interior diameter (ID) of the cartridge is in tension.
This stress state is shown in figure 10. Between the onset of the shoulder and the onset of the
neck, the cartridge is in a triaxial state of compression. At the onset of the shoulder, a bending of
the cartridge occurs again. The stress state within these bending regions results in spikes within
the mid-thickness plots of figures 9 and 11. These spikes are an artifact of post-processing the
model as the nodal path used to produce the curves overlaps these complex stress states and the
points are interpolated from the model results.

Within the neck of the cartridge, the brass is in compression in the radial and axial directions;
however, the cartridge undergoes a tensile load in the hoop direction. This tensile load is a result
of a nominal gap between the cartridge and the chamber ID of 71 pm. The magnitude of this gap
is discussed in section 4.1 in relation to the experimental verification of this modeling.

The mid-thickness strains are presented in figure 11. The results complement those of figure 9
with the triaxial strain state following the same pattern as the stresses. The spike in the strain
plot at 36 mm is an artifact of the nodal path. The maximum strain obtained with the cartridge
occurs in the neck region with a Von Mises strain of 2.5%. The high strains that occur in this
area will be exploited in the experimental validation of the model.

The failure criterion of equation 2, which is plotted in figure 12, was calculated so that if a stress
component were compressive, it would be evaluated against the compressive strength of figure 5,
and if a stress component were tensile, it would be evaluated against the tensile strength of
figure 4. The maximum strength failure criteria of equation 2 show that the cartridge’s axial
stresses approach 76% of their ultimate, 2 mm from the base. This location corresponds to the
extractor groove in the cartridge. Axial stresses are highly compressive because of a combina-
tion of the reduction in radius to accommodate the extractor and the cartridge being forced
rearward during firing against a stationary bolt face. A graphic of these stresses near the
extractor groove is presented as figure 13. The failure criterion achieves the highest tensile
values at 40% of ultimate in the neck of the overall cartridge.

The factory of safety of the brass cartridge is presented in figure 14. Because of the complex
stress state within the cartridge, only the Von Mises stress was evaluated to calculate the factor
of safety. The factor of safety varied along the length of the cartridge, achieving a maximum

14



11.5 before the onset of the neck of the cartridge. The minimum factor of safety observed within
the cartridge was 1.8 which occurred within the bending region of the neck.

4.1 Model Validation

The modeling effort evaluated the stress and strains within the cartridge and compared them to
criteria to evaluate their acceptability. In order to validate the model, the numerical results were
compared to measurements from expended cartridges. With the model, sensitivity analysis was
performed to determine the effect of the tolerances on the response of the brass cartridge. Two
FEA models were created: one with a minimum cartridge OD to maximum chamber ID toler-
ance (maximum clearance) and one with a maximum cartridge OD to minimum chamber ID
tolerance (minimum clearance). The models were evaluated with the previously discussed
approach, and the predicted radial plastic deformation in the cartridge was evaluated. Fourteen
expended brass cartridges were measured to determine their change in radius in the neck because
of firing. The firing history of the measured cartridges was unknown but their manufacture
stamp linked them to production at Lake City Army Ammunition Plant, Independence, Missouri,
in 1989. The change in the radius of the cartridges was evaluated from the ideal cartridge
dimension.

Figure 15 shows the results of the sensitivity analysis. The measured radial displacement from
the expended cartridges falls between the minimum and maximum bore tolerances. The onset of
the plastic deformation coincides with the shoulder region of the cartridge. Increasing the bore
diameter increases the magnitude of the plastic deformation and shifts the onset of that deforma-
tion rearward toward the base of the cartridge. There is a minor amount of predicted plastic
deformation near the end of the unsupported region, 6 and 7 mm from the base. The magnitude
of these values was approximately 1 um. These magnitudes could not be accurately measured
on the expended cartridge because of the taper of the cartridge OD and the generic location of
the prediction. The most accurate and reliable measurements could only be obtained on the neck
of the cartridge. Measurements from the expended M855 cartridges show good correlation with
the predicted plastic deformation of the model. This continuity between the predicted and
measured deformation validated the modeling effort.

15
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Figure 15. Predicted versus the measured radial plastic deformation along the length of the cartridge.

5. Summary

The over-arching goal of this exercise was to establish a modeling technique for cartridge cases
that could be validated against the limited data available during realistic firing conditions. The
model generated incorporates the strength changes in the cartridge that result from the variation
in the hardness and microstructure produced during manufacturing. The results of the model
were used to evaluate the stress, strains, and resulting deformation that a brass cartridge case
undergoes during operation. The stress and strain were observed to obey expected trends
including expansion and bending of the cartridge to conform to the chamber geometry. The
model yielded a stress state within the brass that demonstrated a 1.8 factor of safety. The model
was validated with experimental measurements from expended M855 cartridges that showed
good correlation with the predicted plastic deformation of the model.

The creation of the validated model serves as a platform from which alternate materials for the
cartridge case can be evaluated numerically.
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