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Abstract

Achieving uniform ballistic performance in small-arms ammunition remains a persistent challenge in industrial production. 
Among the key performance criteria, the standard deviation of muzzle velocity (v₀) is paramount, as it directly influences 
accuracy and precision. Variability in v₀ is often linked to inconsistent propellant, primer, cartridge case, or bullet characteristics, 
and can be caused by deviations in bullet seating and extraction forces, which are difficult to control at scale. This study 
evaluates the impact of cartridge case annealing on these factors and the resulting ammunition performance. A controlled 
experimental approach was employed using 7.62 × 51 mm cartridges. Cases were annealed in a commercially available 
annealer under controlled conditions prior to loading. Seating forces were measured on a specialized press, while extraction 
forces were recorded using a tensile tester. Muzzle velocities were captured with a mobile chronograph. Three case conditions 
were compared: brand new cases, previously fired not annealed cases, and cases annealed after each shot. The procedure was 
repeated across 160 samples to ensure statistical relevance. Results demonstrate that annealed cases produced more uniform 
seating and extraction forces and consistently tighter muzzle velocity distributions, with standard deviations of 3.57 ÷ 4.00 m/s 
compared to 4.28 ÷ 4.79 m/s in not annealed cases. Trajectory simulations using a Monte Carlo method implemented in a four-
degrees-of-freedom trajectory model predicted significant increases in dispersion when cases were not annealed – over 24.1% 
at 300 m and 24.8% at 600 m. These findings indicate that case annealing can substantially enhance the consistency and overall 
performance of small-arms ammunition in industrial applications.
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1. Introduction

The performance of small-arms ammunition can be analyzed in terms of internal, external, and terminal ballistics (Carlucci, 2018). 
Focusing on external ballistics, there are key parameters that are highly affected by the results of the internal ballistics performance 
of the cartridge: precision and accuracy. Precision refers to the repeatability of shots, typically manifested as tight groupings 
on a target. Accuracy, conversely, denotes how close those shots are to the intended point of aim (Litz, 2015). The consistency 
achieved during the internal ballistic phase directly establishes the initial conditions for the projectile’s flight, such as muzzle 
velocity and initial stability (McCoy, 2012). These initial conditions then profoundly influence the projectile’s trajectory in external 
ballistics and its effect upon impact in terminal ballistics. Therefore, consistency in internal ballistics is a prerequisite for achieving 
high levels of precision and accuracy, as a stable and consistent launch is essential for predictable flight and effective target 
engagement (Litz, 2022).

The consistent performance of ammunition depends critically on the uniformity of all its components. Variations in primer 
ignition pressure, powder burn rate, or cartridge case dimensions lead to inconsistencies in chamber pressure and, therefore, muzzle 
velocity. Such variations ultimately translate into reduced precision and accuracy downrange. Consequently, a comprehensive 
approach that understands and controls interactions among all components is essential for achieving superior, repeatable ballistic 
performance.

The most common cartridge cases are manufactured from CuZn28 or CuZn30 brass alloy, commonly referred to as cartridge 
brass (Voort, 2015). This alloy is nominally composed of 70–73% copper and 27–30% zinc (Hornady, 2012). The selection 
of cartridge brass is attributed to its exceptional cold-forming characteristics and high ductility, properties that are critical to the 
multi-stage deep-awing process used in case manufacturing (Rochiem, 2023). Generally, brass that contains from 27 to 30% zinc 
is known to have the highest elongation and formability (Reza, 2009) (ASM, 2001). A critical design consideration is the differential 
hardness required across the cartridge case. The case head must be exceptionally hard and strong to resist the high pressures and 
recoil forces generated during firing. In contrast, the case neck needs to be softer and more ductile to allow consistent projectile 
seating and extraction upon firing. This differential hardness is meticulously achieved through controlled manufacturing processes, 
including targeted annealing steps at various stages of production.

While the material is chosen for its excellent cold formability, the deep-drawing manufacturing process inherently introduces 
significant changes to its characteristics. Cold processing hardens the brass, which is beneficial for the case body to withstand 
the immense internal pressures of firing – e.g., from 57.9 ± 4.8 HV hardness for an annealed brass case, to 231.9 ± 7.9 HV after 
a 70% cold reduction in thickness (Voort, 2015). However, further thickness reduction due to firing causes an even greater increase 
in brass hardness, making the case neck too rigid for consistent bullet seating and subsequent reuse after firing. This necessitates 
post-processing, specifically annealing, to restore the desired softness and ductility in the case neck region. Annealing the brass 
restores the material’s original properties. During the annealing, cartridge case brass undergoes three processes: recovery, 
recrystallization and grain growth (Klein, 2016).

The effects of cartridge case material considerations and assembly precision on the performance of small-arms cartridges 
were the subject of analyses in the literature. Previous preliminary research by authors confirmed the importance of precise 
bullet seating in the cartridge case, depending on the type of chosen bullet – tangent- or secant ogive geometry (Piasta, 2024). 
The results indicate a direct correlation between the seating depth and both muzzle velocity and precision. Rochiem et al. (2023) 
investigated the annealing of CuZn35 alloy at 300–600°C for 60 minutes, analyzing its microstructure, hardness, strength, and deep 
drawing formability. The results confirmed a reduction in hardness and tensile strength, while enhancing the brass case’s ductility 
by increasing grain size. An alloy with a 400°C temperature variation was deemed the most suitable replacement for CuZn30 
in cartridge cases. In another work, Hajizadeh et al. (2014) conducted similar tests on cold-rolled and annealed cartridge brass 
sheets at temperatures ranging from 300 to 600°C. The results indicate that the deep-drawing ability of cartridge brass can be 
improved by lowering the annealing temperature to about 400°C. Another study by Ozgowicz et al. (2010) analyzed the effects 
of the recrystallization temperature on the microstructure and mechanical properties of the brass CuZn30 subjected to cold 
deformation. They treated brass CuZn30 with recrystallisation annealing at 300–650°C after cold-rolling with strains of 15.8–70.2%. 
They observed an increase in the recrystallization temperature within the range of 400–650°C, resulting in deterioration of the 
mechanical properties and an increase in its plastic properties.

In the context of ballistic analysis, where the complexity of internal and external processes makes precise predictions 
challenging, the Monte Carlo method emerges as an invaluable tool. This computational technique utilizes the generation of 
a large number of random samples to model systems with elements of uncertainty or randomness, allowing for the estimation 
of probability distributions of outcomes (Metropolis, 1949) (Kroese, 2011). This approach transforms a single deterministic problem 
into a statistical one, yielding a set of randomly distributed impact points that represent the expected dispersion of ammunition. 
The Monte Carlo framework is widely applied in research to analyze the impact of inherent, small-scale variations in systems’ initial 
conditions, providing a robust method for quantifying effectiveness and system accuracy. As stated by Biggs and Hirsch (2021), 
it can be particularly useful in defense-related research. For instance, in their research, Chusilp et al. (2014) used Monte Carlo 
simulations to assess the probability of damage to the target from unguided artillery fire. Mihaylov, in his research (2017), 
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details the use of Monte Carlo methods to model small-arms fire and dispersion for targets of different sizes and shapes. The method 
allowed for an assessment of the effectiveness of a chosen small-arms for a given target size. The Monte Carlo method was also 
used in the work presented by Xu (2012) to estimate the probability of damage to the tank’s active protection system, yielding 
promising results on the methodology without the extensive experimental costs.

Concerning the cartridge case treatment, the literature reviewed above focuses mainly on material microstructure testing 
of the brass submitted to various annealing setups, limited to microscopic examination, hardness, and tensile strength tests. 
The study presented here focuses on estimating the direct effects of these diverse treatments on the external and internal ballistics 
characteristics of the ammunition. The chosen ammunition was tested with new cartridge cases, shot cases, and shot-and-annealed 
cases. Projectile seating and extraction forces, along with their effects on the muzzle velocity spread, were analyzed to determine 
the relationship and quantify the effect of annealing on the practical performance of the ammunition. Subsequently, numerical 
modelling of the trajectories of assembled cartridges was performed to analyze the effect of the measured values on the practical 
aspects of ammunition performance. The Monte Carlo method was employed to estimate the effects of various muzzle velocity 
dispersions on the predicted impact points at given ranges. Specifically, it was implemented within a four-degrees-of-freedom 
trajectory model, treating initial muzzle velocity as a random variable following a normal distribution, to quantify the impact 
of cartridge case annealing on ammunition precision.

2. Methods

2.1. Ammunition preparation

Common 7.62 × 51 mm NATO cartridges were used for testing. The highest-quality Lapua cartridge cases, CCI large-rifle primers, 
Vihtavuori N140 propellant, and Lapua Scenar GB422 projectiles were used for cartridge assembly.

The elements used for cartridge assembly were sourced from the highest-quality manufacturers to minimize the possibility of 
geometry or material irregularities influencing the results. To estimate the effects annealing has on the characteristics of assembled 
cartridges, multiple scenarios were analyzed and samples were divided into groups:
•	 cartridges assembled with brand new cases – sample groups 1, 2 and 13;
•	 cartridges assembled with once-shot, not annealed cases – sample group 3;
•	 cartridges assembled with once-shot cases annealed before resizing – sample group 4;
•	 cartridges assembled with twice-shot, not annealed cases – sample group 5;
•	 cartridges assembled with twice-shot cases annealed after resizing – sample group 6;
•	 cartridges assembled with three-times shot, not annealed cases – sample group 7;
•	 cartridges assembled with three-times shot cases annealed before resizing – sample group 8;
•	 cartridges assembled with four-times shot, not annealed cases – sample groups 9 and 11;
•	 cartridges assembled with four-times shot cases annealed before resizing – sample groups 10 and 12.
It is important to note that cartridges in groups 11–13 were assembled to measure extraction force; therefore, these samples were 
not fired. All sample groups are listed in Table 1.

Table 1. Samples preparation and numbering
No. Samples Number of shots prior Case treatment

1 1–12 0 Annealed by the manufacturer

2 13–24 0 Annealed by the manufacturer

3 25–36 1 Not annealed; resized; trimmed; cleaned

4 37–49 1 Annealed before resizing; trimmed; cleaned

5 50–61 2 Not annealed; resized; trimmed; cleaned

6 62–74 2 Annealed after resizing; trimmed; cleaned

7 75–86 3 Not annealed; resized; trimmed; cleaned

8 87–99 3 Annealed before resizing; trimmed; cleaned

9 100–111 4 Not annealed; resized; trimmed; cleaned

10 112–124 4 Annealed before resizing; trimmed; cleaned

11 125–136 4 Not annealed; resized; trimmed; cleaned

12 137–149 4 Annealed before resizing; trimmed; cleaned

13 150–160 0 Annealed by the manufacturer

Source: the authors’ own work.
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Each cartridge was assembled using the same type of propellant, primer, and projectile, with thoroughly verified weights and 
a cartridge base-to-ogive length. The cartridge cases used are shown in Figure 1.

The cartridges were assembled to maintain the Optimal Barrel Time at one of the nodes, reducing the grouping dispersion 
due to barrel vibrations (Michalski et al., 2025). The load density was established at around 87%, resulting in an expected complete 
propellant burn. The technical data for the assembled ammunition is shown in Table 2. For comparison with the experiment’s 
results, the expected muzzle velocity for a 560 mm long barrel was estimated using commercially available software.

Table 2. Technical data of the assembled cartridges

No. Parameter Value

1 Ammunition 7.62 × 51 mm NATO

2 Propellant mass 2.696 ± 0.001 g

3 Projectile mass 10.821 ± 0.001 g

4 Cartridge case mass 11.225 ± 0.001 g

5 Cartridge overall length 71.05 ± 0.01 mm

6 Estimated muzzle velocity 775.3 m/s

Source: the authors’ own work.

2.2. Testing equipment

The experiments were conducted in the Ballistic Laboratory of the Institute of Armaments Technology at the Military University 
of Technology in Warsaw. Initially, two sample groups were assembled using brand-new cartridge cases. During the assembly, 
the projectile seating force was measured using the AMP press equipped with a Wilson .308 Winchester seating die.

Next, the firing was conducted using a 7.62 x 51 mm NATO ballistic barrel produced by Prototypa (Czech Rep.) mounted 
on a STZA 13M2 mobile firing rest, with muzzle velocity measured using a Garmin Xero C1 Pro chronograph. The atmospheric data 
was carefully verified to maintain the same conditions for each shot with the use of a Kestrel 5700X weather meter – experimental 
stand is shown in Figure 2.

Figure 1. Cartridge elements used in the experiments: left – primer, projectile and cartridge case 
right – shot, annealed and brand-new case. Source: the authors’ own work.
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After the measurements, cartridge cases were resized, conditioned, and separated into two groups: cases intended for 
elaboration without annealing and cases intended for elaboration after annealing. The annealing process was conducted using 
the AMP annealer (Figure 3) in automatic analysis mode to determine the required temperature and time. The ammunition was 
reassembled following the same procedure each time, with experiments conducted equally for each sample. All the annealed 
samples were resized after the annealing process, except for sample group 6 (samples 62-74), where the cartridge cases were 
first resized and then annealed. The effects of this methodology on the seating force and muzzle velocity spread will be assessed 
separately. 

Following the last series of shots, the cartridge cases were again conditioned using the same procedure, and cartridges were 
assembled with annealed, not annealed, and new cartridge cases. Then, the extraction force was measured for each of the three 
sample groups using the Thümler Z-3 tensile tester (Figure 3).

It is important to note that the thorough preparation of each cartridge case included shortening of the cartridge case overall 
length (needed for the first 2–3 shots, then the cartridge case was not elongating anymore), trimming of the case mouth, deep 
cleaning of the case inside, preparation of the primer pocket and flash hole. All those operations were conducted for each case to 
avoid any excessive, unaccounted-for effect on performance.

Figure 2. Experimental stand: 1 – 7.62 × 51 mm NATO ballistic barrel, 2 – Garmin C1 Pro chronograph, 3 – bullet trap. 
Source: the authors’ own work.

Figure 2. Equipment used in the experiment: left – AMP press and AMP Mark II DB annealer, right – Thümler Z-3 tensile tester. 
Source: the authors’ own work.
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2.3. Precision analysis

To analyze the possible effects of measured varieties on muzzle velocities and trajectories, trajectory modelling was conducted 
using a validated in-house 4 degrees-of-freedom (4DOF) external ballistics model, “Dziadball”. The model employs initial conditions 
based on the results of the experiments and estimates the points of impact of given projectiles at 100, 300 and 600 meters to then 
evaluate mean radiuses and group sizes to compare the results. The effects of various muzzle velocity dispersion were estimated by 
employing a Monte Carlo framework and by calculating the predicted dispersion of the points of impact at given ranges.

2.3.1. Trajectory modelling

The 4DOF model implements the equations of motion for a dynamically stable, axisymmetric projectile spinning along its axis in 
flight. All equations used in this framework were based on the STANAG 4355 document (NSA, 2009). Newton’s second law for the 
projectile flight can be stated as follows:

Where:  is the projectile mass,  is the velocity vector of the projectile’s center of mass,  is the Drag Force,  is the Lift Force, 
  is the Magnus Force,  is the Gravitational Force and  represents the Coriolis Force.

The spin rate (  ) is governed by a separate differential equation for the spin-damping moment, given by:

Where  is the moment of inertia about the projectile’s axis of symmetry and    is the spin-damping moment.
The aerodynamic forces are calculated as follows, where  is the air density,    is the magnitude of the velocity relative to 

the air,  is the projectile diameter, and    is the unit vector of the air velocity.
Drag Force (  ) acts opposite to the velocity vector relative to the air and can be stated as:

The total drag coefficient    is a function of the angle of attack, and can be expressed as follows:

Lift Force (  ): Acts perpendicular to the velocity vector, in the plane of the angle of attack, stated by:

Magnus Force (  ): Arises from the interaction of spin and the angle of attack, and is expressed as:

In Equations (3–6)  ,  and  are fitting factors.

Equilibrium Angle of Attack (  )

The key to the 4DOF model is the calculation of the equilibrium angle of attack. It is derived by setting the sum of the pitching 
moment and the gyroscopic precession moment to zero. The resulting vector equation for  is stated by:

(1)

(2)

(3)

(4)

(5)

(6)

(7)
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2.3.2. The Monte Carlo Simulation Framework

The deterministic 4DOF model described above calculates a single, unique trajectory for a given set of input parameters. To analyze 
the dispersion (the grouping of shots), a Monte Carlo framework is employed. This method allows for quantifying the impact of 
inherent, small-scale variations in projectile and launch conditions.

In this specific implementation, three key parameters are treated as random variables following a normal (Gaussian) 
distribution of muzzle velocity:

This process transforms a single deterministic problem into a statistical one, yielding a set of randomly distributed impact 
points that represent the expected dispersion of the ammunition lot used, for given muzzle velocity variations. The final analysis 
calculates the Mean Point of Impact (MPI), standard deviations in vertical and horizontal coordinates of impact, and the Circular 
Error Probable (CEP) to quantify precision.

3. Results and Discussion

3.1. Experiments

The seating force results for each sample are shown in Figure 4. Table 3 presents the maximum seating force and terminal force 
experienced during the projectile seating process, as well as the results of muzzle velocity measurements for each sample group. 
To establish the relationship between seating force, annealing effects, and muzzle velocity, standard deviations and maximum 
spreads were calculated for each sample group.
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Table 3. Seating force, extraction force and muzzle velocity measurements results

No. Samples
Avg. max. 

force 
(N)

Avg. terminal 
force 

(N)

Std. dev. 
max. force 

(N)

Max. spread 
max. force 

(N)

Avg. muzzle 
velocity 

(m/s)

Std. dev. 
muzzle velocity 

(m/s)

Max. spread 
muzzle velocity 

(m/s)

1 1–12 956.7 916.2 252.87 834.1 774.6 4.13 13.4

2 13–24 922.1 1075.5 438.14 794.4 777.0 3.53 13.0

3 25–36 617.0 719.8 265.11 158.9 779.4 4.28 14.9

4 37–49 795.6 851.0 241.55 295.6 780.0 4.00 11.1

5 50–61 638.2 744.5 273.37 129.3 780.0 3.02 11.6

6 62–74 968.7 1043.2 286.11 296.5 773.9 3.57 13.3

7 75–86 670.2 778.5 294.21 227.2 779.0 4.79 16.1

8 87–99 650.6 689.1 201.26 219.9 777.9 3.57 10.7

9 100–111 850.8 983.3 373.13 345.5 776.1 4.43 15.7

10 112–124 615.1 658.6 183.22 155.2 776.7 3.72 11.6

11 125–136 566.9 659.6 243.54 137.6 - - -

12 137–149 505.2 543.6 147.88 80.4 - - -

13 150–160 857.5 1080.2 530.48 1039.2 - - -

Source: the authors’ own work.

Figure 4. Seating force measurements: Sample groups – new cases: a), b), m); fired, not annealed cases: c), e), g), i), k); 
fired, annealed cases: d), f), h), j), l). Source: the authors’ own work.
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The character of the curves for all samples where projectiles were seated in new cartridge cases (Figure 4 a, b, m) is significantly 
different from that of the fired cases, both annealed and not annealed. Sample groups of new cartridge cases, presented in Figure 
4 a) and b) show high variability of the seating force character. Samples 1, 2 and 7 in group 1 experienced a much lower peak and 
terminal seating force, about twice as low as the average of that group, while the seating force for Sample 3 was increasing linearly, 
reaching one-third of the maximum force experienced in the group. While the second group of new cases shown in Figure 4b) 
experienced lower spread, Sample 23 and Sample 156 in Figure 4m) showed behavior similar to Sample 3, requiring much lower 
seating force for complete assembly and exhibiting a linear increase in force. The high variability is evident in the higher standard 
deviation and maximum spread calculated for each group, which are significantly higher for groups 1, 2, and 13.

It is important to note the similarity between the seating force behavior of the new cartridge cases (Figure 4 a), b) and m)) 
and fired cases annealed after resizing (Figure 4 f). This may mean that the manufacturer annealed the new cartridge cases after 
forming them. It increases seating force practically to the level of a new case and results in very similar standard deviation and 
spread of the muzzle velocity: 3.57 m/s and 13.3 m/s, versus 4.13 and 3.53 m/s for deviation, and 13.4 and 13.0 m/s for muzzle 
velocity spread, for new cases.

The magnitude of the average terminal seating force reaches 916 N for group 1, 1075 N for sample group 2, and 1080 N for 
sample group 13. The force is significantly reduced with fired cases, reaching less than 800 N for most cases, and lowering to about 
650 N for groups 10 and 11 (Figure 4 j) and 4 k)).

An interesting increase in the seating force can be observed in sample group 6, reaching over 900 N (Figure 4f), which was 
assembled with cases annealed after the resizing, not before. However, while the magnitude of seating force increased with that 
treatment, the standard deviation and maximum spread did not differ significantly from the rest of the sample groups.

The standard deviation for cases annealed before resizing is lower than for cases without annealing in all groups (4, 8, 10, 12) 
and in the sample group 6, annealed after resizing. This may indicate a more consistent performance of the ammunition assembled 
with annealed cases.

Analyzing the muzzle velocities, the situation is similar. Sample groups of cartridges assembled using cartridge cases annealed 
before resizing exhibit lower standard deviation and lower maximum spread than those not annealed. The muzzle velocity 
standard deviation of 4.28, 4.79 and 4.43 m/s for fired, not annealed cases, is confronted by the standard deviation of 4.00, 3.57 and 
3.72 m/s, respectively.

Some of the characteristic elements of the projectile-cartridge case interaction can be noticed while analyzing the vital parts 
of the force curve, as explained in detail in Figure 5 below.

After initial movement of the press (displacement up to 1.5 mm prior to the initiation of bullet seating), the static friction force 
arises and causes a quick peak marked with letter A at about 2 mm of the seating depth. In this region, the projectile encounters 
initial resistance due to static friction and the interference fit between the projectile diameter and the case mouth. The peak here 
is caused by overcoming static friction and slight elastic deformation of the case mouth. After reaching the peak, static friction 
transitions to kinetic, which is lower – hence the immediate drop of the force after the peak.

Between regions marked with A and B, the force increases almost linearly, corresponding to the increasing contact surface 
area and therefore increased kinetic friction.

Figure 5. Exemplary seating force curve with marked A and B zones of interest. Source: the authors’ own work.
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Close to the final seating depth, around 7 mm of press displacement, another lower peak can be observed, marked with the 
letter B. The behavior there is primarily governed by the mechanical interaction between the projectile shank and the cartridge 
case neck as seating approaches full depth. When analyzing the other groups, such an increase of seating force can be noticed 
in some of them: d), i), but also a small drop of the force can be noticed in others: h). This behavior can be attributed to the 
condition of the case material, particularly the neck. In annealed cases, the softened brass exhibits greater ductility, allowing 
localized stress relaxation or slight elastic recovery as the bullet reaches its final position. This can result in a reduction or levelling 
of seating force near the end of seating. Conversely, in non-annealed fired cases, the brass neck remains stiff and less compliant, 
leading to continued or even sharply increasing resistance as the bullet advances. The pronounced force peak observed in some 
annealed cases in the region marked with letter B likely results from neck material springing back slightly inward during final 
seating, increasing contact pressure just before full insertion.

It can be noted that new cartridge cases (Figure 4 a), b) and m)), as well as fired but annealed after resizing cases (Figure 4 f)) 
do not experience the peak in seating force caused by an increase in static pressure and elastic deformation of the case mouth. This 
may be caused by better surface finish, more lubrication for new cases and less case neck tension for annealed ones.

To analyze the effects of annealing on the extraction force, the results for cartridges assembled with fired, not annealed, fired 
and annealed, and brand-new cartridge cases are shown in Figure 6 and Table 4.

Figure 6. Extraction force measurements: a) – fired, not annealed cases; b) – fired, annealed cases; 
c) – new, factory-annealed cases. Source: the authors’ own work.
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Table 4. Extraction force measurement results

No.
Extraction force – FE (N)

Samples 125–136 (group 11) – 
not annealed cases

Samples 137–149 (group 12) – 
annealed cases

Samples 150–160 (group 13) – 
new cases

1 469.3 417.7 -

2 491.2 379.2 902.4

3 478.7 390.0 799.4

4 466.0 369.9 672.2

5 445.4 355.8 954.4

6 446.1 334.8 921.3

7 429.6 346.6 243.7*

8 431.3 358.8 965.0

9 457.2 345.7 547.6

10 428.0 405.1 997.2

11 433.1 407.6 934.8

12 447.4 - -

Standard deviation 20.75 28.20 152.58

Average 451.9 373.7 854.9

Maximum spread 63.2 82.9 449.6

* measurement considered as a gross error, excluded from statistics. 
Source: the authors’ own work.

The extraction force is directly affected by the annealing process, with the average maximum extraction force decreasing from 
854.9 N for new cases to 451.9 N for fired, not annealed, and to 373.7 N for fired, annealed cartridge cases. The variability of the 
results is notably higher for new cases, as reflected in the seating force measurements, reaching over 150 N in standard deviation, 
compared with less than 30 N for fired cases.

The effect of a much higher extraction force when using new cartridge cases is evident in the extracted projectiles. Figure 7 
presents the comparison of projectiles extracted from the three samples.

Letter A marks the deformation caused by the sample holder of the tensile tester, while letter B indicates the scratches and 
deformations caused by the case neck, due to the high resistance when extracting the bullet from the cartridge. The effect marked 
with B is not visible in either of the fired sample groups of projectiles.

Figure 7. Projectiles extracted from analyzed cartridge cases with marked zones A and B: From left: new case, not annealed, 
annealed case. Source: the authors’ own work.
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3.2. Monte Carlo simulation results

To assess the effect of the muzzle velocity spread and standard deviation reduction in annealed cases, trajectory simulations were 
conducted for a series of initial conditions corresponding to the measured muzzle velocities of exemplary sample groups.

For the estimations, groups 7 (not annealed cases fired three times), and group 8 (annealed cases fired three times) were 
chosen for comparison, due to the differences in the achieved standard deviation of the muzzle velocity – σv0 and maximum muzzle 
velocity spread – ∆vmax. The results of Monte Carlo simulations, presenting the estimated Circular Error Probable (CEP) and the 
standard deviation of the vertical coordinate of the point of impact (σy) for 100, 300 and 600 meters are shown in Table 5 below. Due 
to the no-wind conditions in the conducted simulations, there is no visible spread along the horizontal axis; therefore, only vertical 
dispersion can be analyzed.

Table 5. Results of the Monte Carlo analysis employed in 4DOF trajectory modelling for sample groups 7 and 8

Group ∆vmax 
(m/s)

σv0 
(m/s)

Distance to the point of impact

100 m 300 m 600 m

CEP (mm) σy (mm) CEP (mm) σy (mm) CEP (mm) σy (mm)

7 16.1 4.79 0.65 1.08 6.86 11.42 36.35 60.59

8 10.7 3.57 0.47 0.78 5.21 8.67 27.32 45.54

∆ 5.4 1.22 0.18 0.3 1.65 2.75 9.03 15.05

∆ (%) 33.5 25.5 27.7 27.8 24.1 24.1 24.8 24.8

Source: the authors’ own work.

Table 5 demonstrates that reducing muzzle velocity spread significantly improves the precision of the ammunition lot. 
Cartridges assembled with annealed cases, which caused a reduction in muzzle velocity standard deviation of 25.5%, are 
characterized by over 27.8% smaller CEP at 100 m, over 24% at 300 m, and 24.8% at 600 meters, compared to cartridges assembled 
with non-annealed cases.

Exemplary results presenting points of impact for both sample groups at 300 meters are shown in Figure 8.

Figure 8. Dispersion at 300 meters: Left: group 7 (annealed cases); right: group 8 (not annealed cases). 
Source: the authors’ own work.
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4. Conclusions

The experimental investigation and subsequent ballistic modeling presented in this study provide quantitative evidence of the 
significant influence of cartridge case annealing on the internal and external ballistic performance of 7.62 × 51 mm ammunition. 
The primary conclusions drawn from the results are as follows:
1.	 Annealing fired cases significantly improves ballistic consistency, reducing the standard deviation of muzzle velocity in cases 

fired three times from 4.79 m/s to 3.57 m/s, a decrease of over 25%.
2.	 The process yields more uniform projectile seating and extraction forces. The standard deviation for the extraction force 

in annealed cases was just 28.20 N, compared to a much larger variance of 152.58 N in new cases.
3.	 The operational sequence is critical. To achieve performance benefits, annealing must be conducted before resizing the 

case. Annealing after resizing negates the positive effects and causes the seating force curve characteristics to revert to those 
of a new cartridge case.

4.	 Enhanced muzzle velocity consistency directly improves accuracy. A 25.5% reduction in velocity standard deviation was 
predicted to reduce shot groupings (CEP) by 27.7% at 100 meters, 24.1% at 300 meters and 24.8% at 600 meters.

5.	 For precision shooting, re-annealing used brass is a vital reloading step. Ammunition made with properly annealed cases can 
exhibit greater consistency than cartridges assembled with highly variable new cases.

6.	 Beyond the ballistic advantages, reuse of spent cartridge cases means economic and ecological benefits. Extending the lifecycle 
of brass cases reduces component costs for users and conserves resources and energy required for new manufacturing.
Future work should investigate the effects of annealing and re-elaboration on low-quality cartridge cases, where benefits are 

expected to be more pronounced. Another crucial study involves determining the maximum number of times re-elaboration can 
be repeated on a single cartridge case before significant degradation.
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