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Abstract:  

The study investigates the effects of process parameters on the mechanical properties of 

the 40 × 365 mm L70 cartridge case used in HEI-T shells for anti-aircraft applications. 

The parameters examined include the ironing ratio during the deep drawing process, 

annealing temperature, and heat holding time during annealing. Experiments were con-

ducted to evaluate the influence of each parameter throughout the manufacturing 

process. The Taguchi method was employed to identify the optimal conditions for max-

imizing the tensile strength and relative elongation of the material used in the cartridge 

case, while minimizing the number of experiments required. 
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1 Introduction 

The Bofors 40 mm L70 anti-aircraft gun is widely used in many countries around the 

world. Due to its widespread use, the weapon system is often modified to meet current 

requirements in the constantly evolving anti-aircraft artillery environment [1]. The 

40 × 365 mm ammunition it uses includes various types of shells, such as: 

•  High-Explosive (HE) shells, 

•  High-Explosive Tracer (HE-T) shells, 

•  High-Explosive Incendiary Tracer (HEI-T) shells (commonly used in air de-

fense missions),  
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•  Armor-Piercing Tracer (AP-T) shells, 

•  Training Practice Tracer (TP-T) rounds [2]. 

One of the critical components of the ammunition is the cartridge case, which is 

constructed from a copper alloy. It is a long hollow cylinder with a primer at the base 

and plays an essential role in maintaining the gun's continuous operation by ensuring 

reliable loading and firing [3, 4]. 

To ensure easy extraction of the cartridge case after firing, the clearance between 

the cartridge case wall and the chamber wall must have a certain value. This clearance 

depends on multiple factors, mainly on the elasticity of the cartridge case material, the 

relationship between stress and strain during firing, the diameter of the cartridge case 

at the location, the temperature of the powder gas, the initial clearance, and the time of 

extraction of the cartridge case. The design of the technological procedure for the 

production of cartridges must therefore be given great attention and studied from many 

standpoints [5]. The design of the 40 × 365 mm L70 cartridge case is based on theory 

and sample surveys. It ensures proper clearance between the cartridge case wall and 

the chamber wall. The mechanical properties of the material at key points must meet 

specific values, as shown in Tab. 1. The change in wall thickness affects the mechani-

cal properties of the cartridge case. In particular, the required strength at 325 mm from 

the top is ranging from 540 to 660 MPa. To achieve the desired shape, dimensions, 

and mechanical properties of the cartridge case wall, a forming process must be com-

bined with suitable heat treatment [6-8]. 

Tab. 1 Mechanical properties of the cartridge case wall of the HEI-T 40 mm 

Positions Distance to top of cartridge case [mm] 
Mechanical properties 

σb [MPa] δ [%]  

1   10 340 ÷ 400 ≥30 

2   75 350 ÷ 420 ≥30 

3 150 370 ÷ 470 ≥25 

4 230 400 ÷ 500 ≥20 

5 325 540 ÷ 660 ≥10 
 

Widyastuti et al. studied the effects of annealing process parameters including 

annealing temperature and heat holding time on the microstructure and mechanical 

properties of CuZn35 brass alloy applied in cartridge case manufacturing processes. 

The annealing temperature ranges from 300 °C to 600 °C while the heat holding time 

is fixed at 60 mins. The results showed the elimination of precipitation phenomenon, 

reduced strength and hardness along with significantly improved ductility [9]. Sahira 

Hassan Ibrahim et al. used the Taguchi method to evaluate the mechanical properties 

of AA7075 aluminum alloy under the influence of the heat treatment process [10]. The 

optimal values of mechanical properties were evaluated through tensile strength and 

hardness. This study contributes to the fabrication of AA7075 aluminum alloy suitable 

for a range of industrial applications. The effect of cold deformation and heat treat-

ment on the microstructures and mechanical properties of Au-15Ag-12Cu-6Ni alloy 

sheets is given by Haodong Chen et al. [11]. The ductility of the alloy increases and 

the hardness decreases after heat treatment. Thus, the heat treatment process has re-

stored the required hardness for the next forming processes. 
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In this work, the effects of process parameters on the mechanical properties of 

the 40 mm L70 cartridge case are studied. The Taguchi method is used to evaluate and 

optimize the effects of input parameters on the objective function. The input parame-

ters include the ironing ratio m during deep drawing process, the annealing 

temperature T [°C], and the heat holding time t [min]. Meanwhile, the output parame-

ters are the strength σb [MPa] and the relative elongation δ [%] at the position 325 mm 

from the top of the cartridge case. The “larger is better” condition combined with the 

technical requirements of the cartridge case is used to determine the optimal process 

parameters during deformation and heat treatment to obtain the best mechanical prop-

erties of the cartridge case. The research results contribute to optimizing the forming 

process to ensure reliable performance of the cartridge case under operational condi-

tions. 

2 Materials and Methods 

The material used to manufacture the cartridge case of the HEI-T shells is brass L68. 

However, this material often has the phenomenon of “season cracking” [12, 13]. This 

is a form of stress-corrosion cracking of brass cartridge cases. In this study, LK75-05 

alloy produced in Vietnam was used to manufacture the cartridge case of the HEI-T 

40 mm round. The chemical composition of LK75-05 and L86 is presented in Tab. 2. 

The copper alloy LK75-05 is based on the alloy of copper and zinc, but with addition 

of a very small amount of silicon, which has changed the Cu-Zn phase diagram. Sili-

con has the effect of limiting cold embrittlement, increasing ductility, and reducing the 

possibility of cracking during the ironing process. Based on the Cu-Zn phase diagram, 

the equivalent Zn content in LK75-05 alloy is 29.25 %, similar to L68 alloy. However, 

the actual zinc content in LK75-05 alloy is 25.03 %, so it avoids the sensitivity to 

seasonal cracking in the climatic conditions in Vietnam [14-16]. 

Tab. 2 Analyzed chemical composition of LK75-05 alloy (in weight percent, wt%) 

Alloys Cu Si Zn Pb Sn P S 

LK75-05 74.25 0.45 25.03 0.007 0.004 0.0015 0.0001 

L68 70.62 – 29.35 0.005 0.005 0.0010 0.0002 
 

The process of forming the cartridge case involves five steps of ironing. Between 

the ironing steps, heat treatment is usually performed to restore the plasticity of the 

material for the next step. However, between step 4 and step 5, there is no heat treat-

ment so that the cartridge case can achieve the required mechanical properties. 

Therefore, this study chose to investigate the process parameters of deformation and 

heat treatment between ironing step 3 and step 4. The mechanical properties of the 

cartridge case were evaluated through the strength and relative elongation during ten-

sile tests. 

The Taguchi method, since it does not test all possible experimental combina-

tions, provides only a directional estimate of how an input parameter affects the output 

rather than an exact measurement. However, by analyzing the signal-to-noise (S/N) 

ratio, technologists can identify the trends and relative impacts of each process param-

eter on the output. This allows researchers to quickly pinpoint the key parameters and 

their ranges that will yield the best results. By assessing the individual effects of these 
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parameters, it becomes possible to determine the optimal combination for achieving 

the desired output characteristics [17, 18]. 

The paper selected the following input parameters: the ironing ratio m of the iron-

ing step 4, the annealing temperature T [°C], and the heat holding time t [min] after 

step 3 and before step 4. The output parameters were the tensile strength σb [MPa] and 

the relative elongation δ [%] of tensile tests examined after step 5 of ironing. The val-

ue ranges of the parameters influencing the objective function are determined and 

discretized into distinct levels, as presented in Tab. 3. The experimental design matrix 

is then constructed based on the number of influencing parameters and the correspond-

ing number of levels. With three affecting parameters and three transformation levels, 

the experimental matrix is the orthogonal matrix L9 [19-21] with nine experiments as 

shown in Tab. 4. Experiments are to be conducted to collect data of output parameters. 

In some cases, each experiment is repeated n times. The data are analyzed according to 

the S/N ratio, using the objective function “bigger is better” according to Eq. (1). Then 

the optimal experimental values of the parameters are determined. To determine the 

effect of the parameters on the output results, we use the average value analysis to 

determine the level of the effect of the parameters on the output results [22, 23]. 
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where n – the number of repetition experiments (n = 1); yi – the measurement value of 

the elongation to fracture of the i-th experiment. 

Tab. 3 Input process parameters and levels 

Parameters Coding symbol 
Levels 

Level 1 Level 2 Level 3 

Ironing ratio [m] X1     0.588     0.647     0.706 

Annealing temperature T [°C] X2 450 550 650 

Heat holding time t [min] X3   30   60   90 

Tab. 4 Experimental design Taguchi L9 

E. no. 
Process parameters 

X1 X2 X3 

1 1 1 1 

2 1 2 2 

3 1 3 3 

4 2 1 2 

5 2 2 3 

6 2 3 1 

7 3 1 3 

8 3 2 1 

9 3 3 2 
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Fig. 1 shows the equipment and instruments used for this study. The LK75-05 al-

loy chemical composition was analyzed using the LAB LAVM11 emission 

spectrometer (Fig. 1a). Tensile tests were performed on a TT-HW2-1000 tensile and 

compression device (Fig. 1b). The equipment for the ironing and heat treatment pro-

cesses was a CRU400 hydraulic press and a CF15080 well furnace, respectively (Figs 

1c and 1d). Three ironing dies were fabricated corresponding to three variations of the 

ironing ratio (Fig. 1e). 

 

Fig. 1 Experimental equipment and tools 

3 Results and Discussion 

The experiment was carried out according to the Tauguchi method of the ironing step 

4 with the process parameters of deformation and heat treatment changed according to 

Tab. 4. The experimental samples after the step 5 of ironing process are shown in 

Fig. 2. The tensile test specimens were made from the parts of the cartridge case after 

step 5 thinning at the position of 325 mm from the top of the cartridge case (Fig. 3). 

The results of tensile strength ϭ and relative elongation δ are shown in Fig. 4. 

Based on the theoretical study of the Taguchi experimental planning method and 

the mechanical properties of the HEI-T 40 mm shells, the method of calculating the 

S/N ratio for the “bigger is betterˮ characteristic using Eq. (1) was selected. This 

method was used to evaluate the effect of process parameters on the tensile strength 

and relative elongation of the cartridge case after the ironing steps. 



190 DOI 10.3849/aimt.01935

 

Fig. 2 Product after the ironing step 5 

 

Fig. 3 Tensile test fixture (a) and tensile specimens (b) 

3.1 Effect of Process Parameters on the Strength of the Cartridge Case 

Using Eq. (1), we can calculate the S/N value according to the “bigger is betterˮ char-

acteristic (Tab. 5). From Tab. 5, we create an analysis table to evaluate the S/N results 

according to the levels of change (Tab. 6). The graph of the effect of process parame-

ters on the tensile strength of the cartridge case after the ironing steps, at a position 

325 mm from the top of the cartridge case, is shown in Fig. 5. 
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Fig. 4 Experimental results 

Tab. 5 S/N results table by “bigger is betterˮ characteristic for tensile strength 

Exp. no. 1 2 3 4 5 6 7 8 9 

S/N 55.66 55.59 55.28 56.08 55.41 55.30 55.65 55.39 55.11 

Tab. 6 Analysis table of S/N results for tensile strength 

Variation levels 

Average S/N at levels 

X1 X2 X3 

1 55.51 55.80 55.45 

2 55.60 55.46 55.60 

3 55.39 55.23 55.45 

Mean 55.50 55.50 55.50 

Max 55.60 55.80 55.60 

Delta 0.21 0.56 0.15 

% Effect 22.89 61.01 16.10 

 

The percentage of effect of process parameters on the strength of the cartridge 

case after ironing is ranked in the following order: annealing temperature (61.01 %); 
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ironing ratio (22.89 %); and heat holding time (16.10 %). The strength of the cartridge 

case decreases as the annealing temperature increases. This is consistent with the theo-

ry because increasing the annealing temperature leads to a decrease in the physical and 

mechanical properties of the material. The strength of the product increases when the 

ironing ratio increases from 0.588 to 0.647 and decreases when the ironing ratio con-

tinues to increase. The strength of the product increases when the heat holding time 

increases from 30 to 60 mins and decreases when the heat holding time continues to 

increase. During the cold deformation process, hardening is the main cause of the 

increased strength of the deformed product. Therefore, a small ironing ratio causes 

large hardening, leading to an increase in the strength of the cartridge case.  

Due to the simultaneous interaction of three factors – ironing ratio, annealing 

temperature, and heat holding time – with annealing temperature having the most 

significant effect, there is always a condition under which the material strength reach-

es its optimal value when the ironing ratio (m) is 0.647 and the heat holding time (t) is 

60 minutes. 

 

Fig. 5 Effect of process parameters on tensile strength 

The optimal solution is obtained with the largest variation of the process parame-

ters with the average S/N ratio. It is the solution with the process parameters of the 

ironing ratio, annealing temperature, and heat holding time having values 0.647, 

450 °C, and 60 min, respectively. The optimal strength value σop is calculated accord-

ing to Eq (2). The noise ratio (S/N)op of the optimal method is determined according to 

Eq. (3). The MaxX1, MaxX2, and MaxX3 are the values in Tab. 6. 
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3.2 Effect of Process Parameters on the Relative Elongation of the Cartridge Case 

Using Eq. (1), we can calculate the S/N value according to the “bigger is betterˮ char-

acteristic of the relative elongation of the cartridge case (Tab. 7). From Tab. 7, we 

create an analysis table to evaluate the S/N results according to the levels of change 

(Tab. 8). The graph of the effect of process parameters on the strength of the cartridge 

case after the ironing steps, at a position 325 mm from the top of the cartridge case, is 

shown in Fig. 6. 

The percentage of the effect of process parameters on relative elongation is 

ranked in the following order: annealing temperature (51.2 %); ironing ratio (6.75 %); 

and heat holding time (42.04 %). Relative elongation increases as the annealing tem-

perature increases.  

The temperature rises sufficiently to reach the recrystallization point, allowing 

the metal to regain its plasticity and thereby increasing its relative elongation. 

Relative elongation increases as the ironing ratio increases from 0.588 to 0.647 

and decreases as the ironing ratio continues to increase. Relative elongation increases 

as heat holding time increases from 30 to 60 min and decreases as heat holding time 

continues to increase. Heat holding time increases with increasing annealing tempera-

ture, leading to a second recrystallization of the metal material, the crystal grains grow 

larger, leading to a decrease in plasticity, thus decreasing relative elongation. 

Tab. 7 S/N results table by “bigger is better” characteristic for relative elongation 

Exp. no. 1 2 3 4 5 6 7 8 9 

S/N 21.92 23.32 23.69 23.64 21.66 24.17 22.34 22.90 23.99 

Tab. 8 Analysis table of S/N results for relative elongation 

Variation levels 
Average S/N at levels 

X1 X2 X3 

1 22.98 22.63 23.00 

2 23.15 22.63 23.65 

3 23.07 23.95 22.56 

Mean (m) 23.07 23.07 23.07 

Max 23.15 23.95 23.65 

Delta 0.17 1.32 1.09 

% Effect 6.75 51.20 42.04 

 

The optimal solution will be the solution with the largest variation of the process 

parameters with the S/N ratio according to the average relative elongation. It is the 

solution with the process parameters of the ironing ratio, annealing temperature, and 

heat holding time having values 0.647, 650 °C, and 60 min, respectively. Similar cal-

culations according to Eqs (2) and (3) give the optimal relative elongation value δop of 

17.01 %. 
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Fig. 6 Effect of process parameters on relative elongation 

The optimal solution will be the solution with the largest variation of the process 

parameters with the S/N ratio according to the average relative elongation. It is the 

solution with the process parameters of the ironing ratio, annealing temperature, and 

heat holding time having values 0.647, 650 °C, and 60 min, respectively. Similar cal-

culations according to Eqs (2) and (3) give the optimal relative elongation value δop of 

17.01 %. 

3.3 Optimization 

The two sets of optimal process parameters for tensile strength and relative elongation 

have different annealing temperatures. However, from the experimental results in 

Tab. 5 and the technical requirements of the cartridge case in Tab. 1, it can be seen 

that all values of relative elongation meet the requirements (≥10 %). Therefore, the 

optimal process parameter set is selected according to the optimal parameter set of 

durability with the process parameters of the ironing ratio, annealing temperature, and 

heat holding time having values 0.647, 450 °C, and 60 min, respectively. 

With the optimal parameter set along with the data in Fig. 4, it can be seen that 

the relative elongation reaches 15.2 %, meeting the technical requirements of the car-

tridge case (>10 %). Thus, the above set of deformation and heat treatment parameters 

is the optimal set of process parameters to ensure the technical requirements when 

forming the cartridge case of the HEI-T 40 mm shells. 

4 Conclusions 

The paper determines the ranges of process parameter changes including ironing ratio 

m, annealing temperature T [°C], and heat holding time t [min] affecting the mechani-

cal properties of the cartridge case after the ironing process. From there, the 

experimental processes were built based on the Taguchi experimental planning method. 

Taguchi’s experimental planning method was used to determine optimal defor-

mation and heat treatment process parameters.  
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Simultaneously, the effect of process parameters on the tensile strength and relative 

elongation of the cartridge case for HEI-T 40 mm shells, fired from the 40 mm L70 

anti-aircraft gun, was analyzed after ironing. 

With the characteristic of “bigger is better” combined with the technical require-

ments of the dose shell, the optimal strength σop = 63.7 MPa and relative elongation 

δop = 15.2 % at the position 325 mm from the top of the cartridge case are achieved 

with the following process parameters: ironing ratio m of 0.647 of the ironing step 4, 

annealing temperature T of 450 °C and heat holding time t of 60 min after the ironing 

step 3. The annealing temperature has the greatest effect on the strength of the car-

tridge case wall after ironing process. 

Based on the findings of this study, the results can be applied to the production of 

cartridge cases for HEI-T 40 mm shells used in the 40 mm L70 anti-aircraft gun, uti-

lizing the LK75-05 alloy. The actual performance of LK75-05 alloy cartridge cases 

can be evaluated once they are deployed in military applications. Furthermore, the 

research methodology presented here can be extended to the development of similar 

products. 
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