
Journal of Advanced Marine Engineering and Technology, Vol. 50, No. 3, pp. 197~204, 2026 ISSN 2234-7925 (Print) 
J. Advanced Marine Engineering and Technology (JAMET) ISSN 2765-4796 (Online) 
https://doi.org/10.5916/jamet.2026.50.3.197 Original Paper 

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted 
non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Copyright ⓒ The Korean Society of Marine Engineering 

Upset forging process design of aluminum bolts and forming load 

evaluation by slab method 

Sung-Cheol Park1ㆍ Kyung-Hun Lee† 

(Received February 13, 2026； Revised March 31, 2026；Accepted May 11, 2026) 

Abstract: A process design method for multi-stage cold upset forging of aluminum alloy bolts, along with an analytical approach for 

predicting the forming load using the slab method, was proposed. The dimensions of the initial workpiece and preform profile were 

determined by the volume constancy principle and empirical design rules. Process limitations related to the occurrence of defects, such 

as buckling and cracking, were incorporated to determine the process schedule for cold upset forging. Additionally, the forming load 

at each stage was calculated with a modified slab method that accounts for the effective deformation near the end of the punch stroke. 

To assess the validity of the proposed design method and analytical approach, finite element method (FEM) simulations and upset 

forging experiments were conducted under identical conditions. The FEM predictions of deformed head shapes closely matched the 

experimental results, with no forming defects observed. Moreover, the analytical model could evaluate the forming loads with an error 

of approximately 1% relative to FEM results. The method can be used for rapid process design and forming load prediction in multi-

stage cold upset forging of aluminum alloy bolts. 
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1. Introduction

Motivated by growing demands to decrease fuel consumption 

and CO₂emissions from transportation equipment, efforts to re-

duce the weight of mechanical components have intensified. As 

a result, non-ferrous metals with high strength-to-weight ratios 

have received considerable attention. Aluminum alloys are espe-

cially valued for their excellent machinability, weldability, fa-

tigue resistance, and corrosion resistance in seawater environ-

ments. These benefits have led to their extensive use in marine 

structures, including merchant ships, offshore plants, warships, 

and leisure vessels [1]–[3]. 

Mechanical joints using bolts are widely used for assembling 

structural components because of their practicality. When alumi-

num alloys are used as base materials, stainless steel bolts are 

commonly adopted. However, this combination accelerates gal-

vanic corrosion of the aluminum components, especially in ma-

rine environments [4]–[6]. In addition, stainless steel bolts in-

crease overall structural weight. The use of aluminum alloy bolts 

together with aluminum alloy components can therefore reduce 

both galvanic corrosion and structural weight. 

Bolts are usually manufactured by cold forming, which con-

sists of upset forging, trimming, and thread rolling [7]–[9]. 

Proper process design for upset forging, simply upsetting, is es-

sential to prevent defects and achieve dimensional accuracy. 

Moreover, the shape of the upset section directly influences the 

success of the next trimming step. The forming load also plays a 

vital role in upset forging. Insufficient deformation leads to an 

incompletely deformed head section and thereby more machin-

ing, whereas excessive deformation may result in overload in the 

cold former and shorten tool life. Therefore, reliable evaluation 

of the forming load is necessary for proper tool design and for 

stable operation of the forming process [10]. 

Against this background, the finite element method (FEM) has 

been extensively used for process design and forming load evalua-

tion in cold upset forging. Rao et al. investigated the effects of lubri-

cation conditions between the dies and the workpiece, and of speci-

men aspect ratio, on the deformation behavior of an Al–4Cu–2Mg 

alloy during cold upsetting using FEM analysis [11]. In addition, Lee 
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et al. employed a two-dimensional FEM to predict the forming load 

and strain distribution of a hexagonal bolt with reasonable accuracy, 

while reducing computational cost relative to full three-dimensional 

analyses [12]. Lin et al. analyzed the multi-pass forging of a Torx 

round flange bolt using three-dimensional FEM. The forming feasi-

bility of each pass schedule was evaluated based on the effective 

stress, effective strain, velocity field, forging force, and die stress at 

each stage [13]. Choi et al. developed a multi-stage forming process 

using FEM to manufacture high-strength aluminum bolts with an ul-

tra-fine-grained microstructure produced by equal channel angular 

extrusion [14]. Chen et al. investigated a single-injection forging pro-

cess developed to replace conventional multi-stage forging for auto-

motive fastener production. FEM analysis was employed to compare 

the forming load, energy consumption, and tool stresses with those 

of conventional multi-step processes [15]. These studies collectively 

demonstrate that FEM is an effective tool for process design and 

forming load analysis in bolt manufacturing. 

Nevertheless, FEM analysis requires considerable computational 

time and is not always suitable for rapid process design in industrial 

applications. In addition, analytical approaches for predicting form-

ing loads in multi-stage cold upsetting have received relatively lim-

ited attention. In this study, a simplified design approach for multi-

stage cold forging of aluminum alloy bolts and an analytical method 

for predicting forming loads are proposed. First, a process design 

procedure for cold upset forging of a bolt head is introduced. The 

forming load at each stage is then estimated using the slab method. 

An M12 hexagonal bolt made of Al6061-T0 is selected as the target 

component, and the feasibility of the designed process and the accu-

racy of the load prediction are evaluated. Finally, FEM analysis is 

performed to validate the analytical results for each stage of the 

multi-stage forming process. 

2. Design of Cold Upset Forging Process

2.1 Determination of Initial Head Height 

This section presents the upset forging design method originally 

proposed in our previous work [7], which is revisited here with addi-

tional details for clarity. In the design of an upset forging process, the 

first step is to define the initial height (h0) of the workpiece to be 

formed into the hexagonal head (Figure 1). This height is determined 

by the final head geometry and the workpiece diameter prior to up-

setting. In practical process design, the initial diameter (d0) for upset-

ting is generally selected based on the required diameter for the sub-

sequent thread-rolling operation. Considering the specifications of 

the M12 hexagonal bolt used in this study and previous research on  

Figure 1: Definition of the initial diameter, initial head height, 

and upset head height of a hexagonal bolt 

thread-rolling process design [9], the initial diameter for upsetting 

was set to 10.7 mm. Assuming that the bolt head is formed in a single 

upsetting operation and applying the principle of volume constancy, 

the corresponding initial head height (h0) was calculated to be 34.5 

mm. 

2.2 Process Limitations for Upset Forging 

The upsetting operation is performed either in a single stage or in 

multiple stages, depending on the forming conditions. Process design 

is primarily governed by the need to prevent defects such as buckling 

and cracking, and the number of forming stages is determined ac-

cordingly. Upset forging is typically classified as closed-die or free 

forging based on the die configuration. In free forging, a trimming 

operation is required to achieve the final head geometry, thereby 

causing material loss in the form of chips. However, because the ma-

terial undergoes relatively simple deformation, this process is advan-

tageous in terms of forming stability and lower forging load. In con-

trast, closed-die forging enables the final shape to be produced in a 

single forming step, thereby improving production efficiency. Nev-

ertheless, a sharp increase in forming load is typically observed when 

the material completely fills the die corners [14], [15]. Such high 

forming forces may lead to severe die damage, plastic deformation 

of the tooling, and accelerated tool wear; therefore, they must be 

carefully considered in process design [16]. For these reasons, a free 

forging process was adopted in the present study, considering the tool 

life and capacity limitations of the cold former. 

In addition, two process limitations, including the upset ratio (s) 

and the upset strain (φ), were adopted to evaluate the risk of defect 

occurrence based on previous studies [17]–[19], which are expressed 

as follows: 

𝑠 =
௛బ

ௗబ
(𝑠 ≤ 2.3)  (1) 

𝜑 = ln
௛భ

௛బ
(𝜑 ≤ 1.6~2.1)   (2) 



Upset forging process design of aluminum bolts and forming load evaluation by slab method 

Journal of Advanced Marine Engineering and Technology, Vol. 50, No. 3, 2026. 6   199 

Figure 2: Schematic illustration of the preform geometry and design 

parameters 

where the upset ratio (s) is the ratio of the initial height (h0) to the 

initial diameter (d0) and is a key parameter governing the buckling 

behavior of the workpiece. Because this parameter is geometric in 

nature, it is independent of material properties and is therefore appli-

cable to aluminum alloy bolt forming. The upset strain (φ), defined 

as the logarithmic strain based on the ratio h1/h0, where h1 denotes 

the upset head height, represents the degree of deformation and is 

used as an indicator of material formability. In general, when the up-

set ratio lies within the range of 1.6~2.1, the upsetting operation can 

be performed in a single stage. Based on the evaluation of these two 

process limitations, the risk of defects such as buckling and cracking 

was assessed. The results indicated that the required deformation ex-

ceeds the allowable limits for single-stage upsetting, and therefore, a 

multi-stage upset forging process was adopted. 

2.3 Preform Design for Multi-Stage Forging Process 

For multi-stage forming processes, the design of the intermediate 

shape, hereafter referred to as the preform, is critical because it 

strongly affects material flow during deformation and consequently 

influences the dimensional accuracy of the final product [21]. In the 

present study, the design rule proposed by Lange [19] was adopted 

to determine the preform geometry for the multi-stage forging pro-

cess. Figure 2 illustrates the design rule, which considers major pa-

rameters such as the upset ratio, cone angle, guide length, and cone 

length. The preform geometry was determined by interpolating the 

calculated upset ratio within the applicable range of the design chart 

and by considering the volume relationship between the workpiece 

head portion and the punch cavity. 

2.4 Feasibility of the Designed Multi-Stage Upsetting 

After the intermediate shapes for the multi-stage upsetting process 

were determined, the number of forming stages was evaluated based 

on the process limitations described earlier in order to prevent defects 

such as buckling and cracking. In the present study, the process se-

quence was initially configured to consist of preforming, first upset-

ting, and second upsetting. When tapered dies are used in upsetting, 

an equivalent diameter must be defined to apply the process limitations,  

Figure 3: Profile at each stage of the multi-stage upset forging pro-

cess 

which are generally established for cylindrical geometries. Although 

the arithmetic mean of the entrance and bottom cavity diameters can 

be used as a simple approximation, this method does not adequately 

represent the actual deformation stability. Since buckling resistance 

is governed by the area moment of inertia of the cross-section, the 

equivalent diameter was determined based on the moment of inertia. 

Accordingly, the equivalent mean diameter (dm,i) was calculated 

from the arithmetic mean of the area moments of inertia at the two 

end sections of the tapered cavity as follows [21]: 

𝑑௠,௜ =
൫ௗೌ

రାௗ್
ర൯

ଶ

ଵ/ସ

 (3) 

where da and db denote the diameters at the entrance and bottom of 

the tapered die cavity, respectively (See Figure 5). 

For the first upsetting stage, the initial geometry was assumed to 

be cylindrical, and the equivalent diameter was obtained based on the 

volume constancy condition. Table 1 summarizes the calculated pro-

cess limitations for each stage. All calculated values fall within the 

allowable ranges, indicating that the proposed multi-stage upsetting 

design satisfies the feasibility criteria. Figure 3 presents the interme-

diate profiles for each stage of the designed multi-stage upsetting 

process. In the modified design, the initial head diameter was re-

Table 1: Calculated process limitations for each stage of the 

multi-stage upsetting process 

Initial 
(Single stage) 

Modified 
(Multi-stage) 

Single 
upsetting 

Preforming 1st upsetting 2nd upsetting 

d0 
[mm] 

10.70 10.58 
12.46 
(dm,i) 

14.19 

h0 
[mm] 

36.0 30.0 26.0 20.0 

h1 
[mm] 

8.0 20.0 20.0 8.0 

s 3.36 0.95 0.48 0.85 
φ 1.50 0.41 0.26 0.92 
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duced from 10.7 mm to 10.58 mm. Accordingly, the initial head 

height was revised from 34.5 mm to 36 mm to satisfy the target vol-

ume. 

3. Forming Load Evaluation

during Multi-Stage Upset Forging 

3.1 Slab Method Analysis for Upset Forging 

The slab method is a useful analytical approach for estimating 

forming loads in various metal forming processes. In particular, the 

forming load (L) for axisymmetric, homogeneous open-die upset 

forging can be expressed as follows (See Figure 4) [22]: 

𝐿 =
గ

ସ
𝑑ଵ
ଶ𝜎௙ ቀ1 +

௠ௗభ

ଷ√ଷ௛భ
ቁ   (4) 

𝜎௙ = 𝐾(𝑙𝑛
௛బ

௛భ
)௡  (5) 

where d1 is the final diameter of the upset head, σf is the flow stress, 

m is the shear friction factor, h1 is the final upset head height, h0 is 

the initial height of the workpiece to be deformed, K is the strength 

coefficient, and n is the strain-hardening exponent. 

It should be noted that the formulation above is only suitable for 

open-die upsetting and cannot be directly used to predict the forming 

load in semi-closed or closed-die upsetting processes, such as the 

preforming stage examined here. During preforming, material flow 

is constrained by the tapered die cavity, resulting in a smaller deform-

ing volume than in open-die upsetting. Additionally, the final upset 

dies are more complex geometrically due to the tapered upper part 

and washer face. Therefore, this study employed the modified slab 

method [10], accounting for effective deformation, to estimate the 

forming load at each stage of the multi-stage cold upset forging pro-

cess. 

Figure 4: Schematic of axisymmetric homogeneous open-die upset 

forging for slab method 

Figure 5: Application of modified slab method: preforming 

Figure 5 illustrates the preforming stage considered in the appli-

cation of the modified slab method. The peak forming load is gener-

ated at the end of the upsetting stroke. At this stage, the head region 

can be divided into three distinct layers according to their defor-

mation characteristics, as shown in Figure 5. The upper and middle 

layers (layers a and b) are in contact with the die wall and are 

therefore constrained, resulting in negligible additional deformation. 

These layers can thus be regarded as undergoing rigid-body motion. 

In contrast, the bottom layer (layer c) remains relatively uncon-

strained and continues to deform. Accordingly, for an accurate esti-

mation of the forging load near the end of the stroke, the deformation 

of the bottom layer is considered as the primary contributor. 

In Equations (4) and (5), the geometrical parameters required for 

predicting the forming load are d1, h0, and h1. Since the forming load 

near the end of the stroke is primarily governed by the deformation 

of the bottom layer (layer c), these parameters should be modified to 

represent the geometry of this deforming region. Accordingly, Equa-

tions (4) and (5) are revised as follows: 

𝐿 =
గ

ସ
𝑑௠,௖
ଶ 𝜎௙ ቀ1 +

௠ௗ೘,೎

ଷ√ଷ௛೎
ቁ   (6) 

𝜎௙ = 𝐾(𝑙𝑛
௛బ,೎

௛೎
)௡  (7) 

where dm,c is the equivalent mean diameter of the layer c, hc is the 

final height of the layer c, and h0,c is the initial height of the layer c 

corresponding to the final height hc. 

The values of dm,c and h0,c were determined based on the principle 

of volume constancy. By assuming that the bottom layer is equiva-

lent to a cylinder with a diameter of dm,c, the corresponding initial 

height h0,c can be obtained using the following equations. 
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𝑑௠,௖ = ට
ସ௏೎

గ௛೎
 (8) 

ℎ଴,௖ =
ସ௏೎

గௗబ
మ  (9) 

𝑉௖ =
గ

ସ
ቄ𝑑଴

ଶℎ௣ − ൬𝑑௔
ଶℎ௔ +

ଵ

ଷ
ℎ௖൫𝑑௔

ଶ + 𝑑௕
ଶ + 𝑑௔𝑑௕൯൰ቅ   (10) 

where hp, ha, and hb are the heights of the preform, layer a, and layer 

b, respectively. Vc is the volume of layer c, determined from the vol-

ume constancy condition as Vc = Vp – (Va + Vb) where Vp, Va, and Vb 

are the volumes of the preform, layer a, and layer b, respectively. Vb 

is calculated using the geometric formula for a truncated cone. 

In the same manner as in the preforming stage, the forged head in 

the final upsetting stage (i.e., the second upsetting) is divided into 

three regions: the upper head part (layer u), the upsetting region 

(layer v), and the washer face region (layer w), as shown in Figure 

6. At the end of the stroke, only the material in layer v undergoes

plastic deformation, while the materials in layers u and w are con-

strained by the punch cavity and the washer face of the bottom die, 

respectively. The forging load can therefore be predicted using 

Equations (11) and (12) as follows: 

𝐿 =
గ

ସ
𝑑௙
ଶ𝜎௙ ቀ1 +

௠ௗ೑

ଷ√ଷ௛ೡ
ቁ   (11) 

𝜎௙ = 𝐾(𝜀௣̅ + 𝑙𝑛
௛೛

௛ೡ
)௡   (12) 

where df is the diameter of final upset head, hv is the final height of 

upset part, 𝜀௣̅ is the mean effective strain by preforming. 

The unknown parameters in the load prediction formula are the 

final head diameter df and the height of the upset region hv. The value 

of hv is determined using Equation (13). By applying the principle 

of volume constancy, a third-order equation with respect to df is ob-

tained, as given in Equation (14). Substituting Equation (13) into 

Figure 6: Application of modified slab method: second upsetting 

Equation (14) yields the value of df as the root of the cubic equation. 

Finally, the forming load is calculated using Equations (11) and (12). 

ℎ௩ = ℎଵ − ((𝑑௙ − 𝑑௨)/2𝑡𝑎𝑛𝜃 + ℎ௪)   (13) 

𝑉௣ =
గ

ସ
ቄ
ଵ

ଷ
ℎ௨൫𝑑௨

ଶ + 𝑑௙
ଶ + 𝑑௨𝑑௙൯ + 𝑑௙

ଶℎ௩ + 𝑑௪
ଶ ℎ௪ቅ   (14) 

3.2 Validation of Forming Load Analytical Model 

The effectiveness of the analytical model proposed in the previous 

section was verified via FEM analysis, which model was originally 

established in the previous author’s study [7]. The simulation was 

carried out using DEFORM, a commercial finite element software 

for metal forming analysis. Figure 7(a) illustrates a two-dimensional 

(2D) axisymmetric FEM model for the multi-stage upset forging pro-

cess. The model consists of 5,054 elements and 5,340 nodes. The 

upsetting speed was set to 100 mm/s to reflect typical industrial op-

erating conditions. The friction factor between the workpiece and the 

dies was set to be 0.1 [22]. The true stress (𝜎ത) – true strain (𝜀)̅ rela-

tionship of the annealed aluminum alloy (Al6061-T0), obtained from 

a uniaxial tensile test, was expressed as follows: 

𝜎ത = 248.4(𝜀)̅଴.ଵଽଵସ   (15) 

Figure 7(b) illustrates the distribution of effective strain at each 

stage of the multi-stage upset forging process. During preforming, 

plastic deformation was mainly constrained in the lower part of the 

head, while the material flow in the upper part was heavily limited 

by the punch cavity's geometry. This supports the assumptions made 

during load estimation for this stage. In the first upsetting phase, de-

formation primarily occurred in the upper part of the head, which 

experienced minimal plastic strain during preforming. Conversely,  

Figure 7: (a) FEM model for multi-stage upset forging, and (b) ef-

fective strain distributions obtained from the FEM analysis 
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the lower region, which had undergone work hardening earlier, 

showed limited additional deformation. In the second upsetting 

stage, a typical deformation pattern known as barreling was ob-

served. This results from friction at the interface between the dies and 

the workpiece, which restricts radial flow near the contact surfaces 

while allowing greater lateral expansion in the center, leading to un-

even deformation. 

To validate the FEM model, upset forging experiments were con-

ducted under process conditions identical to those used in the simu-

lations. The experimental conditions are described in our previous 

study [7]. Figure 8 shows the forging dies used in the experiments, 

and Figure 9 compares the FEM results with the bolt head shapes 

obtained from the multi-stage forging process. The predicted head 

geometry and dimensions showed close agreement with those of the 

experimentally forged specimens. In addition, no defects such as 

buckling or surface cracking were observed in the formed bolt heads. 

These results confirm that the FEM model can accurately describe 

the deformation behavior and provides a reliable representation of 

the actual forging process. 

Figure 8: Dies used for the multi-stage upsetting experiments 

Figure 9: Comparison of deformed shapes predicted by FEM anal-

ysis and those obtained from experiments 

Figure 10: Comparison of forming loads predicted by the slab 

method and FEM analysis 

Based on the validated FEM model, forming loads during pre-

forming and second upsetting were predicted and compared with re-

sults from the proposed analytical model. The forming loads pre-

dicted by FEM and the analytical method are shown in Figure 10. 

FEM analysis predicted forming loads of 3.73 tons for preforming 

and 13.87 tons for the second upsetting stage. According to the ana-

lytical model, the respective loads were 3.72 tons and 13.71 tons. The 

results from the slab method show good agreement with FEM pre-

dictions, with an error of approximately 1% relative to FEM re-

sults, indicating that the proposed analytical model can reasonably 

estimate forming loads in the multi-stage cold upsetting of aluminum 

alloy bolts. However, experimental measurements of the forming 

load were not feasible in the present study due to equipment limita-

tions. Future work involving experimental load measurements is 

needed to further validate the proposed model. 

4. Conclusion

This study designed a multi-stage cold upset forging process for 

an Al6061-T0 M12 hexagonal bolt, and proposed an analytical 

method based on the modified slab approach to predict the forming 
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load. The effectiveness of the method was validated through FEM 

analysis and cold forming experiments. The main findings are sum-

marized as follows: 

1. A design procedure for the multi-stage cold upsetting process 

was proposed based on the volume constancy principle, up-

setting design rules, and process limitations.

2. A modified slab method was utilized to estimate the forming

load by taking into account the actual deforming volume near

the end of the stroke, where material flow is constrained by

the die cavity.

3. FEM simulations and upset forging experiments closely

matched in the final head shape and dimensions. No defects,

such as buckling or surface cracking, were observed, con-

firming the reliability of the FEM model.

The analytical model could estimate forming loads with about 1% 

error compared to FEM results, confirming its validity. This method 

provides a practical way to quickly predict forming loads and can be 

effectively applied in the process design of multi-stage cold forging 

of aluminum alloy bolts. 
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