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ABSTRACT 

This article presents a critical overview of the current failure mechanisms and treatment methods applied to 

improve the surface integrity of die tools used in hot forging process. The knowledge from this study enables a 

longer mean times between failures and cost-effective processes. In literature, several independent review works 

have been developed to provide a conceptual overview of failures and treatment methods. Despite all these efforts, 

there is still no comprehensive review of failures and improvement methods in a mutual frame to show the current 

research status for preventing failures in hot forging tools. In the present study, the current failure mechanisms 

and treatment methods have been presented based on theoretical knowledge and empirical knowledge obtained 

from the experience of the authors. This paper aims to provide a conceptual perspective of hot forging tool 

failures, including wear (abrasive wear, adhesive wear, oxidation, and thermal fatigue cracking), mechanical 

fatigue cracking, and plastic deformation, and the corresponding treatment methods, including surface treatment 

(nitriding, hybrid procedure, pad welding, beam technology, and mechanical treatment) and coating techniques 

(CVD, PVD, duplex coating, PACVD, and TRD) which in turn allows to control and potentially extend the life of 

die tools used in metal forming process.  
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1. Introduction 
During the last two decades, the increasing industrial demand for inexpensive, high-quality manufacturing of 

products has led to dramatic development in the forming process. Among all metal forming, forging, which can 

yield high mechanical properties while producing minimum material waste, has distinguished its place in industry. 

In addition to the merits of the forging process, the reduce lifetime of a forging die is a significant challenge in 

this area[1], [2]. The lifecycle of a die significantly affects manufacturing costs, final product quality, and 

productivity. In general, die costs constitute 8-15% of production cost, increasing up to 50% when considering the 

replacement time of tools and unexpected damages [3]. Other study confirmed this high cost which can be about 

30% [4]. Due to direct contact between the die and the forging part, the quality of the forging part is influenced by 

the quality of the die. During the hot forging process, the die is prone to various failures that decreases the service 

life of the die. Several studies have been performed to identify and present the reasons for failures in hot forging 

tools. Based on such studies, the current failure mechanisms that occur in hot forging dies are as follows: wear 

(abrasive wear, adhesive wear, oxidation, and thermal fatigue cracking), mechanical fatigue cracking, and plastic 

deformation [5], [6], [7]. Among these failures, wear has been reported to have the greatest impact of die integrity. 

Prevention of these failures by controlling the material properties and applying different heat treatments can 

increase the production cost to 25% [8]. During the last two decades, various procedures have been developed to 

prevent failures on the die surface. At present, there is no clear direction for selection a method to improve tool 

life [9], [10]. Based on the research and empirical knowledge obtained from the forging industry, the most 

conventional methods for prolonging the service life of a die can be divided into the following categories: a) 

Proper tool material selection based on the type of operation [11] and b) appropriate selection of process 

parameters such as optimal temperature [12], load [13], proper cooling and lubricating and monitoring and control 

[14, 15]. Further, other treatments such as surface treatment (nitriding, hybrid procedure, pad welding, beam 

technology [16], and mechanical treatment), and surface coating (CVD, PVD, duplex coating, PACVD, and TRD 

[17] can be beneficial too. In view of the above facts, and due to the remarkable effect of treatment methods on 

tool life, this research is dedicated to present in details the main failure mechanisms and treatment methods which 

leads to a longer mean time between failures. This article aims to present the current research status based on 

empirical knowledge for preventing failures and prolonging the service life of dies. Figure 1 shows the flow 

diagram of present survey. The rest of this paper is structured as follows. Section 2 is devoted to describe the 

failure mechanisms that occur in the die. Section 3 presents the degradation mechanisms of forging tools triggered 
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by abrasive wear, adhesive wear, oxidation, thermo mechanical fatigue, mechanical fatigue, and plastic 

deformation. Section 4 compares the failure mechanisms in a tabular format. In Section 5, current methods for 

improving failure in hot forging tools, including heat treatment and surface treatment techniques, coating are 

presented and compared. Section 6 describe some other improvement methods. Further observation based on the 

literature review were proposed in Section 7. Finally, we provide some final conclusions and remarks in Section 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 Figure 1. Flow diagram of the current review 
 
 

2. Mechanisms of die failures  
In the hot forging process, dies experience three main types of failure: 1) manufacturing failure, which occurs due 

to defective raw materials and manufacturing processes (nonconformity parameters), die materials of the hot 

forging process are evaluated based on some factors such as wear and plastic resistance, ability to harden 

uniformly, ability to resist heat checking, thermal fatigue, and mechanical fatigue. The most common materials 

used for hot forging are steel, copper, aluminum, and brass [18]. The low carbon steels contain high and medium 
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alloying elements, which allows keeping their hardness at high temperature, with good strength and toughness 

have wide application in hot work die steels since the die material preferred is H19, H12 [19]. For aluminum, the 

most die tools materials used are H11, H12, H13. The preferred die steel brass alloys are H13 and H21 [20, 21]. 

The other materials such as superalloys, ceramics, and carbides also apply, but due to high cost and design, they 

have less application than others. On the other hand, the classification of the hot forging die materials in terms of 

alloy can be made as follow. Low alloy steel, steel with ASM designation 6G,6F2, 6F7, and nickel contents with 

ASM designation 6F5 and 6F7 as shown in the table 1. Die made of steel used at the temperature 650 contains 

tungsten, vanadium/molybdenum and chromium. These elements increase the abrasion resistance, hardening 

characteristic and softening resistance of steel. Tungsten is responsible for improving hardness and toughness, 

vanadium increases the heat checking and abrasion resistance, molybdenum in high content can improve the 

resistance to softening.  

 

Table1. Steel alloy for hot forging die [21]  

 
 

 

 
                                Designation (ASM) 

 
 
[22, 23] 
 
 

 

   Low-alloy steel  6G 6F2 6F3 6F4 6F5 6F7 

Chromium base hot work die steel  H10 H11 H12 H13 H14 H19 
 
 

  Tungsten-base hot work die steels H21 H22 H23 H24 H25 H26 
 

 

 

The tools microstructure can suffer some modification during the heating process. The heating of the die surface 

layers occurs due to heat transfer from the forging part, fraction, and high contact pressure during the forging 

operation. As a result of heating, two ranges of temperature are probable. Heated temperatures above the 

austenitizing temperature of tool material that occur in some layers and trigger phase transformations. Otherwise, 

due to continuous unloading during the operation, a skinny austenitic layer cools down. A high cooling rate 

generates new martensite formation, which has a greater hardness than dies material.  

On the other hand, it is possible to have some material structure obeying temperature between annealing and 

austenitizing temperature. In this range of temperature, annealing effects occur, which leads to hardness reduction 

and speeding up of wear. The ductility of die materials significantly affects the crack initiation due to 

mechanical/thermal stress-strain loading, whereas the crack growth depends on toughness. However, a good 
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ductility can decrease the crack growth rate. During the preparation of hot forging tool steels, it is required to heat 

the tool up to austenitizing temperature. In this phase, structure modification of steel from ferrite-pearlite to 

austenite occurs. Keeping the dies in to an extended period of austenitizing temperature leads to a non-uniformly 

austenitic structure. The dies are quenched to temperatures below the transformation temperature which results in 

different phases in which the final ideal structure is martensite. The high hardness of the martensitic structures has 

a significant effect on the wear, fatigue, and plastic deformation resistance of dies. 2) Catastrophic failure (due to 

imperfect design, incorrect storage, and mishandling through the transformation of the die and 3) operation 

failures, which are identified as the leading cause of faults that occur during the hot forging process, as shown in 

figure 2 [22]. 

Other, potential failure reasons are linked to residual stress in the die, which can exist during the die manufacture 

or its life service. During the hot forging operation, the die is exposed to thermal and mechanical load, which are 

the primary reason for failures. On the other hand, there are some operation conditions that lead to failures on die. 

For example, improperly preheated triggers a brittle fracture on the die. Normally, the 500- 600ºF is the preheat 

temperature which is recommended [24] for this kind of forging process. Inadequate lubrication during the forging 

operation can leads to wear and subsequent failure on the die. Also, insufficient lubrication leads to friction and 

wear, which may cause stress concentrations and crack propagation. The wear and subsequent failure, which 

generally occur during the operation step were investigated in [25]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Failures of hot forging dies from planning the production process through the end of the forging  
operation [29]. 
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3. Tool degradation mechanisms  
In the hot forging process, the degradation of the dies is greatly influenced by three main factors: unstable cyclic 

mechanical loads, intense thermal loads, and high temperature/pressure conditions [26], [27]. In the hot forging 

process, to reduce the yield point of the forming part, the part is heated to 1000-1200 °C. Moreover, when the die 

contacts the forging part, the temperature of the die exceeds 800 °C following by cooling. Repeated heating and 

cooling and high mechanical loads cause die failure. The main damage to the die surface occurs at an operational 

level where the die is applied as a tool. The researcher community agreed for three main damage mechanisms 

which occur in forging dies (a) wear (70% of failures) [28]. Yet, the investigation of over 120 various cavities 

formed on more than 20 types of forging showed that abrasive wear is the cause of more than 70% of all forging 

die failure [29]. The wear occurs as one of the following mechanisms: grooves that do not consist of direct 

material removal ("Ploughing"), material separation in the form of microchips and more material separation in the 

spalling form when the separation of material occurs due to indenting abrasive which leads to localized fracture of 

the wear ("Fragmentation") [30]. (b) Mechanical fatigue cracking (25% of failures) occurs due to external load 

which is described as accumulated strains on the surface. (c) Thermal cracking and plastic deformation (3-5% 

failures) [31, 32], which occurs due to repeated heating and cooling. These modifications in temperature generate 

are responsible for thermal stresses. On the other hand, increasing the temperature, the hardness, and deformation 

resistance leads to plastic deformation. Figure 3 shows a diagram with different contribution of damage 

mechanism linked to hot forging tools' life cycle.   

 

 

Figure 3. Main damage mechanisms that occur in hot forging tools [5,10], [28][31-32]. 
 

70%
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3.1 Wear Mechanisms 

Wear is responsible for most of the degradation process on the die surface. Many studies have been conducted in 

this area, from which the wear mechanisms have been defined. Holm described the wear as the disappearance of 

surface atoms between two contacting bodies, whereas Archard introduced the wear notion as subsidence micro 

asperities between two contacting bodies [28]. The mechanism of wear is influenced by different factors, as 

shown in figure 4. The leading factors with a more significant impact on the progression of wear include the 

mechanical properties (strength, ductility, hardness, impact resistance, and fracture toughness), the loading 

conditions (forging speed, Lubrication, pressure e.g.), and material behavior (yield point, temperature, sliding 

distance, contact time, and  

shape) [33], [34].  

 

 

 

 

 

 

 

 

 

               

 

               Figure 4. Main factors that substantially influence the progression of wear [30], [35]. 

 

Hot forging tools undergo the heating and cooling cycle, leading to local tool microstructure variations. The 

resistance to breakage of structure depends on the grain structure. The smaller grain structure enhanced the 

mechanical properties like tensile strength, toughness, and shear strength. The corresponding large grain with 

large grain boundaries leads to a weaker structure [35]. On the other hand, grain size, crystal structure, and grain 

boundaries significantly affect the wear. Due to sliding motion, surface dislocations are locked in their motion and 
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accumulate at the grain boundary. This phenomenon leads to strain-hardening in surface layers that increase the 

frictional force and consequence wear [36]. A high thermomechanical load due to an increase in temperature may 

exceed the austenitic temperature. Consequently, the grains may grow bigger. However, applying a strong cooling 

leads to a martensitic layer formation in the tool's boundary region, enabling a significant wear resistance [37, 38]. 

Based on [39], the main properties that increase the material's wear resistance are hardness and toughness. These 

two properties are influenced by material microstructure. The effect of austenitizing and tempering temperature on 

hardness and fracture toughness in steel tools (H11) has been studied in reference [40]. Their results indicated that 

the reduction of hardness due to increasing the tempering temperature. By increasing the core hardness of nitrided 

AISI H11 tool steel, its abrasive wear resistance can improve. On the other hand, modification of fracture 

toughness/hardness ratio up to 40% can improve the wear resistance. It has been reported that with a slight 

increase in the forging ratio, the size of austenite grain decreases. If this increase reaches 50%, the proeutectoid 

cementite with network and acicular structures turn into a granular model. The granular model disappears if the 

above percentage goes above 80% [41]. 

Based on the literature, four types of wear have been identified as main reason of failures: abrasive wear, adhesive 

wear, oxidation, and thermal fatigue cracking. To be noted, abrasive wear has a significant influence on 

mechanical damage in hot forging dies.  

In the hot forging process, the die's service life at the maximum temperature depends on abrasive wear in about 70% 

of cases [42], making it a dominant hot forging mechanism [43]. However, in [44], the authors stated that in the 

tools with appropriate lubricated and cooling conditions, the dominant failure mechanism is thermo-mechanical 

fatigue. 

During the hot forging process, the temperature of the forging surface exceeds 1000 °C. Moreover, the 

temperature of the tool surface temporarily increases over 500 °C. This increase in temperature leads to a decrease 

in hardness and causes mechanical effects due to abrasive wear and plastic deformation. Abrasive wear appears on 

the die surface as a separation of particles, as shown in figure 5. It agrees well with an experimental and 

theoretical analysis of the wear mechanisms reported in [45] that indicated as one of the primary wear 

mechanisms the abrasive wear. We can state that the following parameters can influence the amount of this type 

of degradation: surface temperature, velocity, contact length, roughness, material, pressure, and lubrication 
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parameters (time, amount, type) however these parameters mentioned in work [46, 47] as main influenced 

parameters. 

  

\ 
Researchers have proposed several mathematical models to calculate the wear. One of the underlying models is 

the Archard model, which is expressed by Eq. (1). This model was developed for abrasive wear which occur 

between two sliding bodies. In the model the wear volume (W) is directly proportional to the load (F) and sliding 

distance (S) and is inversely proportional to the hardness (H) of the wearing material surface, and K is Archard's 

wear coefficient. Even though this model has applied in many studies, some researchers found that Archard model 

is not every time suitable for all conditions.   

H

SF
Kw

                                                                                                                                                          (1) 
 

Another model that evaluates abrasive wear is the SHAW model, which is expressed in Eq. (2) [7]. Based on 

Wilkus M and his colleagues report [48],  this model only supports wear induced by friction. The SHAW model 

explains the amount of deformation energy in the system for predicting abrasive wear on a forging die under given 

assumptions, such as the sliding distance and the friction/pressure between defined elements [49]. 

 

                                                                                 (2) 

 

where B is the wear modulus, P is the normal load, L is the sliding distance, µ is the friction coefficient, and U is 

the wear energy. 

 

Recently, an abrasive wear model was proposed by Xun, [45], which is expressed in Eq. (3). This model was 

developed because the author claimed that the traditional Archard model has insufficient accuracy in calculating 

mandrel wear. 

0 ( )

t P v
W k dt

H T                                                                                                                 (3) 

where P is the pressure, V is the sliding velocity, H (T) is the surface hardness at temperature T, and t is the 

sliding time. Adhesive wear occurs in the surface layers of the die and forging part. At the beginning of the 

contact between the tool surface and the forming region, the rough points on the surface are the first area of 

LP

B
=

U
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contact. Under a sufficient load and high pressure, plastic deformation is followed by welding in these areas. As 

sliding continues, bonds are broken where the metal particles on the surface with less resistance start to be 

removed, as shown in figure 6. The extent of particle removal depends on the layer properties and process 

parameters which it has been confirmed in [4], [6]. 

 

 

 

 

 

 

 

 

Figure 5. Separation of particles due to abrasive wear in the forging die of a gear blanks, a) industrial hot forging 

die surface, b) material loss analysis of a hot forging gear blank die surface (mm).  

 

The Holm' equation, which is described in Eq. (4), was proposed to calculate adhesive wear. In this equation, V is 

the wear volume, pm is the yield stress of softer material, P is applied load, l is the sliding distance, and z is the 

coefficient of wear [50]. Nevertheless, the presented wear equation by Archard is slightly similar to Holm's 

equation [51]. 

                                                                                                               (4)                 
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Figure 6. Adhesive wear mechanism sequence: a) beginning of sliding  b) contact of the rough point due to 

sliding of surfaces and c) metal particles broken off [4], [6]. 

 

3.2 Oxidation 

Separation of oxide layers from the surface of a forging die is another type of defect; this phenomenon is 

recognized as oxidation. This defect occurs when the formed oxide layers have higher strength than the degraded 

surface due to abrasion. An investigation made by Hardell [52] demonstrated the effect of the load and 

temperature on this type of wear for tool steel. They claimed that as the temperature and load increased over the 

critical point, the wear increased as a result of the fracture in the oxide films. In thermal fatigue cracking, during 

the hot forging process, the die is subjected to mechanical and thermo mechanical stresses. The literature stress 

that the thermal fatigue is the primary reason for stress in the die. Indeed, in the hot forging process, thermal 

fatigue represented 75% of the total stress [53]. During the hard contact, the heat flow from the forging part to the 

die increases the temperature of the die surface. To reduce the high-temperature effects, the die is cooled. 

However, repeated heating and cooling generates thermal stresses which leads to catastrophic failure, as shown in 

figure 7. In Figure 7 (a) is depicted the formation of initial damage area which occurred after about 2400 forging 

cycles. There we have observed the formation of a V crack which is the main responsible for tool surface failure. 

Also, we have noted formation of micro-fractured elements that can act as third body. As long as the number of 

cycles increases and reached about 4200 cycles Figure 7 (b), we have noted that almost the entire surface were 

damaged. The ductile fracture was noted which also was accompanied by some micro irregularities formation. 

The die surface submitted to 4200 cycles indicated also clearly the notch structure and formation of primary and 

secondary crack, respectively.  This kind of failure is observed as the appearance of cracks on the die surface, 

where can affect the quality of the tool surface and reciprocally quality of the final product. Based on Anders 

Person studies [54] the amalgamation of the thermal cycling and tensile stress with plastic strain leads to thermal 

fatigue, in which each component is a loop of the thermal fatigue chain. The main factors that triggers the thermal 

fatigue crack are as follows: a) the thermal cycling of the die, including the preheating temperature, the holding 

time at the maximum temperature, the die surface temperature, and the cooling rate; b) the properties of the die 

material, such as ductility, hot yield point, thermal conductivity, and the thermal expansion coefficient; c) the 

parameters that increase the stress, such as the roughness of the surface, corner, and holes [55], [29].   
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Figure 7. Patterns of thermal crack occurred on external radius of hot forging die made of H21 steel (a) after about 

2400 forging and (b) about 4200 forging cycles, (c, d) optical micrograph of H21 steel after 5400 forging cycles.

3.3 Mechanical Fatigue Cracking

The mechanical cracking in die surfaces subjected to hot forging is described by accumulation of critical strains 

on the die surface which finally leads to cracking and major failure. This process is driven by the occurrence of 

cyclic stresses and repeated external loading imposed on the die surface. Figure 8 illustrate a typical crack 

formation and propagation on hot forging die subjected to different number of cycles. Figure 8 (a) that 

corresponds to about 2400 forging cycle shows a thin crack formed on the transversal plan which seems to have 

very low depth. Indeed, Figure 8 (b) confirms that this crack is formed on the surface/interface proximity and its 

width is not constant. However, by increasing the number of forging cycles probably the weakening of material 

occurs. It can be accompanied by decreasing in hardness on the surface layer as a result of cyclic thermal loading. 

Correspondingly, the grooves begin to develop and grow also in depth (see details in Figure 8 (c) and (d)). This 

crack configuration was found for about after about 4200 forging cycles. Further increase on the number of cycles, 

about 5200 forging cycles, can leads also to formation of cluster of cracks as depicted in Figure 8 (e). Further, in 

hot-work tool steels, the softening behavior is determined as a loss of hardness. On the other hand, the high-

temperature fatigue strength is triggered by the fine carbides which progressively coarsen due to temperature rise

and most probably is accompanied by recovery of the dislocation-rich martensitic structure. A typical 

microstructure of hot-work tools contains different carbide generated from deformation of Cr, Mo, and V and also 
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the tempered martensite phase with high dislocation density. On the other hand, the nucleation sites for carbide 

precipitates can be due to the high density of dislocations, so the degree of dispersal in the precipitated carbides 

can increase the amounts of lath martensite. Figure 8(f) and (g) reveals some distinctive features as (Fe, M)3C 

carbides, crack and grain boundaries. During the repeated number of cycles these later features develop in small 

clusters which act as mechanical cracks promotors as depicted in Figure 8 (g). Generally, there are two common 

approaches to predict mechanical fatigue life. 1) Evaluation of the crack initiation and propagation. 2) Analysis of 

the fatigue life based on the material capability to face the cyclic loading. In [56], the result obtained from the first 

approach shows the significant role of oxidation in the fatigue life of X38CrMoV5 both in nitrided and virgin 

conditions. It confirmed the effect of nitriding treatment on modification of crack initiation mechanism. In the 

other work [57], the authors investigated in the high-performance of rotor steel, which showed crack formation 

after applying a considerable load cycle with a high-stress magnitude. In the experimental work [58], two steel-

grades took under consideration based on the approach 2. A good agreement between experimental data and 

analytical relation (plastic strain-based Manson Coffin and stress-based Basquin life laws) was obtained.
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Figure 8. Mechanical crack formed on the H21 steel during hot forging process in the inner corner radius (a) after 

close up indicated in (c) and (e) dispersion of cracks after about 5200 forging cycles on the surface of the die, (f) 

SEM and  (g) optical micrograph of H21 steel after 5400 forging cycle indicate the local mechanical cracks.

3.4 Plastic Deformation

The heat flow from the forging part to the die increases the temperature of the die surface over 500 °C. This 

increased on the temperature reduces the die's hardness and deformation resistance, which generates plastic 

deformation [59, 60]. In this situation, the corners of the tool substantially influence tool life due to experiences a 

longer contact time and the maximum thermal load. In [61], the authors developed a methodology for applying 

FEM to predict abrasive wear and plastic deformation. It has been reported that the high temperatures and 

pressures during extrusion can lead to plastic deformation. Figure 9 shows the formation of crack/cracks due to 

plastic deformation accumulation on the hot forging die. The in-depth analysis of hot forged die reveals the 

formation of primary crack followed by a secondary one. The primary one form as a perpendicular crack on the 

surface and grow as plastic deformation progress. We speculate that the secondary one forms as combination of 

plastic deformation and residual stress accumulated by the surface layer subjected to considerable number of 

forging cycles, in our case study, after around 2400 cycles (see details in Figure 9 (a)). Even so, the crack/cracks 

formed are very thin. By increasing the number of forging cycles, about 5200 forging cycles, the cracks grow both 

in length and width (see details in Figure 9 (b). Also, we have noted some small residual materials formed on the 
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crack path. The plastic mechanism at very small scale (generally nanoscale) depends on formation of dislocation 

densities and networks. Figure 9 (c) indicated the lower density of dislocation containing reduced dislocation 

networks which confirm the recovery occurrence and lower hardness values of deform area developed in Figure 9 

(b). Otherwise at macroscale a quick deformation velocity may decreases the forming cycle, which in turn 

accelerate the deformation of material surface. Preferential Direction causes plastic deformation in local places 

owing to the heterogeneous stress in the process as shown in Figure 9(d). To solve this issue and reduce surface 

failure, generally the heat transfer from the die and the die's hardness is improved by applying appropriate thermic 

treatment and lubrication.
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Figure 9.  Plastic deformation crack on hot forging die made of H21 steel (a) after about 2400 forging cycles, (b) 

after about 5200 forging cycles and (c) TEM image of deformation area on the die (d) optical micrograph of H21 

steel after 5400 forging cycles which indicates the local deformation owing to the heterogeneous stress. 

 

4. Comparison of failure mechanisms  

During the hot forging process, the failure mechanism occurs in the surface, subsurface, or simultaneous. The 

most reasons for this failure are improper loading and heating. The current failure mechanisms are compared 

based on operation conditions and reasons, as shown in table 2. This comparison verified the distinguished role of 

harness degree related to improper load and heat during the process. 

 

Table 2. Reasons for failures which occur in hot forging process during forming operation. 

Reference    Failures Operation conditions         Reasons 

  
 Exist protruding irregularities or abrasive 
particles on the two interaction parts. 

 
Due to the high temperature where the hardness 
and mechanical effect decrease [3, 13-16]     Abrasive Wear 

 [3]      Adhesive Wear Plastic deformation than welding occurs between 
the rough points of sliding bodies 

 The action of interatomic forces in the 
roughness peaks of surfaces 
 

 [3, 4,21] 

 

 

  [3, 24-27, 

30-31] 

         Oxidation 
 

 

Thermal Fatigue Cracking 

 

When the formed oxide layers have higher 
strength than the degraded surface due to 
abrasion. 
 
 
Repeated heating and cooling generates thermal 
stresses, which leads to deformation 

0xygen absorption, which leads to the separation 
of oxide coatings formed 

 Cyclic stress due to overall temperature 
gradients, mechanical loads, and pressures. 

  [2] 

 

Mechanical Fatigue cracking  
 
 Accumulation of strains in the surface layer 
leads to Mechanical fatigue cracking 

 
 
Cyclic stresses due to the external loads made 
when the forging being formed. 
 
 
 
 
 Combination of low material's yield point and 
mechanical interactions 

   [3, 8, 33-

34, 40] 

   Plastic Deformation The heat flow from the forging part to the die  
increases the temperature of the die which lead to  
 reduces the hardness and deformation  resistance  
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5.  Current methods for improving failure in hot forging tools  
 
In the hot forging process, various failures can occur simultaneously, which makes it difficult to select a proper 

method to improve the durability of the die. In this survey, an overview of the current treatment methods has been 

considered. As shown in figure 10 the primary techniques applied for preventing failure in the hot forging process 

are divided into two categories: surface treatment (nitriding, hybrid procedure, pad welding, beam technology, and 

mechanical treatment) and surface coating (CVD, PVD, duplex coating, PACVD, and TRD); more details on 

these methods are provided here in after. 

 

 

 

 

 

 

 

 

 

 

 

    

 

              Figure 10. Current methods for preventing failures in hot forging tools. 

 

Heat treatment is an old and leading technique in increasing the service life of tools. This process includes 

numerous heating and cooling operations, which ultimately provide high microstructure efficiency and hardness 

[30]. In Ti-6Al-4V alloy forged at a low temperature, about 900 °C heating treatment leads to an increase in 

ductility by reducing the residual porosity [62]. An experimental study by Kim and Bae [63], demonstrated that 

the combination of thermal treatment and sub quenching enable obtaining the best result in tool steel. Generally, 

in tool steel, the sub quenching method is a supplement to heat treatment. When this technique is applied after 
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heat treatment, the hardness of the steel is increased to a desirable level. Zhao J and his colleagues [64] reported 

some defects during the forging, which leads to lower mechanical properties. To eliminate these defects and gain 

the desired mechanical properties, the sub quenching is required. There are two types of sub quenching: the 

traditional model and the updated model (known as deep cryogenic thermal treatment). The difference between 

these two methods is in the temperature and duration of the treatment. In the traditional method, the process 

occurs at -70 °C for a few hours, whereas the updated version operates at -185 °C with a much longer duration 

(approximately a few tens of hours).  

 

5.1 Surface engineering method 

Increasing the durability of hot forging tools requires two types of surface engineering methods: surface treatment 

and surface coating [65]. Some hardening elements are added during heat treatment to modify the material's 

metallurgical state in surface treatment. This technique is applied via different methods, such as nitriding, hybrid 

treatment, pad welding, beam technique, and mechanical treatment. In other study the nitriding is introduced as 

one of the cheapest and most conventional technologies for realizing thermochemical surface treatment [66, 67]. 

The nitriding process is performed at 400-700 °C for 0.5-50 hours. The nitriding part's microstructure can be 

controlled by adjusting some parameters of the process, such as the nitriding duration and the ammonia 

decomposition rate [68]. The sequential transmission of atoms from the nitrogen source during the process 

influences the nitriding part's surface and subsurface. In [69], the influence of nitriding parameters has been 

investigated, which shows the slightly increased nitriding depth by higher nitriding temperatures. Hence, nitriding 

is a useful technique for increasing the hardness and plastic deformation resistance of a material. Furthermore, it 

has been reported as an improved wear method [70] and corrosion resistance of forging dies [71]. Although the 

plasma nitriding improves the wear resistance, the product can be more prone to cracking [72, 73].  The nitriding 

process can apply in different methods; however, plasma nitriding has become the most convenient method in 

recent years. Nitriding conditions and materials play a vital role in the properties, thickness and, composition of a 

nitrided layer [74]. A diffusion heat treatment has been applied to three types of ion - nitriding steels to obtain the 

augmented nitrided layer [75]. It was reported an increase up to 30% in nitride layers after heat treatment. 

There are various types of treatment techniques with different efficiencies for improving the surface properties of 

forging dies. The idea of simultaneously obtaining advantages from a few technologies in a single treatment 
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created a method known as hybrid treatment. Hybrid treatment includes thermochemical techniques with CVD or 

PVD coating technology. Morita [76] claimed that applying gas nitriding and diamond-like carbon (DLC) coating 

can increase the wear resistance and reduce the friction coefficient of alloy steel [77]. The experimental study 

made by Gronostajski and Marek Hawryluka, and their colleagues [78], [79] confirmed that this technique can be 

applied for precision forging, particularly for hot forging tools solving the problem of low durability. Recently the 

result of research works shown that hybrid layers combining hard facing and nitriding can have a positive 

influence on the life service of hot forging tools [80], [81]. The pad welding technique coats the tool with a metal 

layer during substrate melting. The pad welding technique is responsible for improving the coating performance to 

protect the layers. Based on a few studies that applied this technology, pad welding can simultaneously improve 

the service life and quality of tools. Based on [82], pad welding technology had a better effect on the surface's 

quality and mechanical properties than other conventional methods. The beam technique improves the service life 

of forging tools by increasing the hardness of the surface. In this method, 2.5 J/cm2 energy required to melt and 

solidify the tool surface [83]. Some researcher has claimed that the thickness of the layer produced by this 

technology is two times larger than that produced by plasma nitriding[84]. In recent years, an experimental studies 

of Shen L and his colleagues [85] showed the combination of this technology with other methods to obtain 

maximum hardness. The results showed an increase of 400 HV in hardness. Based on work [86], [87], the beam 

technique can improve the performance properties of the surface. Mechanical treatment is employed to increase 

the performance properties of surface layers. In this procedure, the surface is subjected to impacts from hard 

spheres moving at high velocity. Mechanical treatment is divided into two types: shot peening and burnishing. 

Shot peening is more conventional in industrial applications. Shot peening is a cold working operation that 

employs the finishing step of the procedure to improve the mechanical properties and generate residual stresses in 

metals. In the forging process, the tribological properties can improve by peening when solid graphite lubrication 

applies[88]. Some studies have shown that surface layers subjected to peening have higher yield points and 

hardnesses. Many researchers have reported that this technology produces 40% greater tool hardness than thermal 

treatment[89][90]. An experimental study of Zhi Jia [91] confirmed the shot peening could improve the surface 

strengthening layer and abrasion resistance of die, which is more evident under the lubrication condition. In [92], 

the effect of the ball-burnishing on the shafts made of 15-5PH surface has been investigated. The normal stress 
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has been reported as most influential parameters on the modification of thickness of the affected layer and 

compression peak in the sub-surface among all the process parameters of ball-burnishing.   

 

5.2 Comparison of surface engineering methods  

In this review paper, the surface engineering methods are considered on the base of the three criteria given in 

Table 3. Operation conditions, properties, and type of contribution. Assume the operation temperature falls into 

the three classifications, including minus/low/ high temperatures; the sub quenching is classified as the minus; 

however, it needs to be implemented along with a heat treatment method to be completed. In case of lower 

temperature, there are required to be applied nitriding, hybrid/mechanical treatments (mechanical treatment is a 

cold treatment which assumes as low- temperature). Pad welding and beam techniques are known as the high 

temperature. In point of properties view, sub- quenching method has a high impact on abrasive wear-resistant; 

besides, hybrid treatment increases the wear-resistant. Nitriding and beam techniques improve the hardness. It 

worth mentioning that, on one hand, beam technique increases the hardness up to 400HV.  Moreover, on other 

hand, nitriding can be applied for improving plastic deformation. Pad welding and mechanical treatments are used 

to improve the mechanical properties; in addition, pad welding can simultaneously increase the quality higher than 

conventional treatment methods. In case of contribution, the treatment methods can be used independently or 

along with other techniques. 
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Table 3. Surface engineering techniques for preventing failures in hot forging tools. 

Reference                Technique Operation condition         Properties Contribution  
[13, 40-

41] 

 

[42-47] 

 

[50-52] 

 

[53] 

 

[54-56] 

 

[52-53] 

             
      Sub-quenching 
 
 
 
            Nitriding 
 
 
 
    
 
 
  Hybrid treatment 
 
 
 
        
 
Pad welding 
 
 
 
 
     Beam technique 
 
 
 
 
Mechanical treatment 

 
Update model at -185 C for few 
tens hours   
 
 
at 400-700 C for 0.5-50 hours 
 
 
 
 
 
Thermochemical techniques with 
CVD or PVD coating 
 
 
 
 
coats the tool with a metal layer 
during substrate melting 
 
 
2.5 J/cm2 energy required to melt 
and solidify the tool surface 
 
 
 
 
surface is subjected to impacts 
from hard spheres moving at high 
velocity 

 
a significant influence on increasing 
abrasive wear-resistant 
 
 
Increases hardness and plastic 
deformation resistance , improves  the 
corrosion and oxidation resistance  
 
 
 
Increases wear resistant, and reduce the 
friction coefficient of alloy steel 
 
 
 
 
Improved life service (up to 60% in 
tool) ,quality and mechanical properties 
    
 
Improves hardness up to 400HV in 
combination with another 
technique ,makes thickness bigger than 
plasma nitriding   
 
 
Improves mechanical properties of 
surface, and generate residual stresses in 
metals 

 
With some heat treatments 
 
 
 
Single and with some 
coating technology 
 
 
 
 
Combination of 
thermochemical techniques 
with CVD or PVD 
 
 
 
With a coating technique 
 
 
 
Single and combination   
    
 
 
 
             Single  
 

 

5.3 Coating technology  

High-cycle thermal loads and mechanical loads in forging process led to the appearance of thermal and chemical 

stresses during the forging process. Supplementing surface engineering methods with coating techniques helps to 

increase the wear resistance and durability of forging tools. Coating techniques create a protection layer on the 

material surface to reduce wear and friction. This technique has been accomplished via different methods. The 

conventional methods of surface coating are as follows: CVD, PVD, duplex coating, PACVD, and TRD. 

Improving the quality and life cycle of hot forging tools (dies) is the main purpose of applying different types of 

surface treatments. Coating techniques involve the deposition of a hard layer on a surface which reduce surface 

friction and wear. However, there is a limitation to applying this technique for complex geometry. Further, 

chemical vapor deposition (CVD) and physical vapor deposition (PVD) provide hard layers on the surface of tools 

to increase the wear resistance. During the CVD procedure, the coating part is exposed to high temperatures (700-

1200 °C), and a substantial layer is deposited on the sample. It has wide application in multi-layered and multi 

faced coating. In the PVD procedure, the coating part is subjected to a lower temperature (200-500 °C), which 

requires expensive special equipment. In [93], different PVD coating has been applied to improve the wear 
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performance on H13 tool steel. It was shown an improvement on the life cycle of coated tools by around 100% 

using AlCrN TiAlN bilayer compared to AlTiN monolayer PVD coating. In another study [94], PVD coating has 

been applied for forging dies. It has been noticed that the nitride layer with comparably low nhd and coating has 

the best effect on wear resistance. The duplex coating has been defined as a combination of thermochemical 

treatment (plasma nitriding) and the PVD technique to modify the surface properties [95]. Plasma nitriding 

improves the hardness and plastic deformation resistance of the surface and the substrate protects the surface 

coating [96], [97]. The duplex technique is a suitable method for coating tools with complex shapes. Panjan ,and 

Hawryluk [98], [99] experimentally verified that the duplex technique has a significant effect on increasing wear 

resistance in hot forging tools. An investigation on four Ti6Al4V alloy substrates showed a significant 

improvement of wear resistance by applying duplex nitriding/TiN coating treatment [100]. In the research work 

conducted by [101], the authors considered the effectiveness of two duplex PVD hard coatings on core pins (part 

of high pressure die casting tools) throughout which was observed the highest wear resistance has been observed. 

Tercelj and his colleagues discovered that duplex treatment  containing plasma nitriding and deposition of 

multilayer PVD TiN/TiAlN hard the coating can have a positive effect on wear resistance, load-bearing capacity, 

the oxidation resistance, and the fracture resistance in hot forging tools [102]. It has noticed that duplex coating 

has significant influence in improve the corrosion resistance and mechanical properties of the titanium alloy [103]. 

Based on the industrial requirements for the treatment of tools with complex geometry, the PACVD technique is 

an appropriate method for hard coating deposition. However, the critical drawback of this technique is the input of 

small chlorine content inside the chemical composition of the coating, which diminishes the coating properties. 

According to Navinsek , and Jin son [104], [105], the PACVD technique simultaneously influenced the hardness 

(20 to 50 GPa) and improved the service life of the die (20000-25000 cycles). Y. He[106] in his research noticed, 

the non-crystalline PACVD  TiBN ternary coating with a gradient in the boron concentration over a range of 3 7% 

can show the good oxidation resistance for limit temperature. Based on experimental study nitrided layers can 

increase the surface hardness of TiN coating (PACVD) layer up to 400 HV [107]. Thermo reactive deposition 

(TRD) is an alternative technique to obtain a hard coating. This approach provides high wear resistance on steel 

tools based on nitrogen, carbon, and boron [108]. This procedure involves immersing the related material into a 

molten borax bath [109], [110]. In another approach, the target material was surrounded by powder, which is a 

mix of the carbide/nitride forming elements (CFE/NFE). In [111], the microstructures of VC coatings by the TRD 
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process have been investigated on two types of steel with different carbon activities, which have shown the effect 

of the substrates on the grain morphology. TRD technique is reported as a simple and economical technique with 

perfect adhesion to the substrate, leading to good seizure resistance [112, 113]. In [114], the improvement of three 

special steels with good corrosion resistance by thermo-reactive diffusion (TRD) has been studied. The result has 

shown an improvement of corrosion resistance by boronizing process. However, this technique has some 

drawbacks. In this method, only carbon (or nitrogen) substrates can be used, and component distortions may occur 

due to the process requiring higher temperature than the austenite start temperature of the steel. It has reported that 

applying TRD technique with plasma nitriding can improve the corrosion resistance [115]. 

 

5.4 Comparison of Coating Techniques 

The coating technology is known as the deposition of a hard layer on the surface with a significant influence on 

wear resistance and reducing the friction in the forging tools. However, the coating of complex geometry is an 

obvious drawback of this technology. CVD, PVD, Duplex, PACVD, and TRD are the most conventional 

techniques in the coating. Generally, the combination of these techniques with other surface engineering methods 

shows a high-efficiency performance. The most promising coating techniques are compared based on operation 

conditions and properties in a tabular format, as shown in Table 4. CVD, TRD, and duplex techniques are 

performed at high temperatures. However, PVD and PACVD are performed at low temperatures. In point view of 

properties, all techniques lead to the improvement of wear resistance.  However, CVD, PVD, and PACPD have a 

significant influence on increasing the abrasive wear resistant. 

 

Table 4. Various types of techniques applied as a coating method to increase the durability of hot forging tools 

Reference                               Technique Operation conditions              Properties 
 
[59-62] 
 
[59-62] 
 
[63-67] 
 
 
[67-69] 
 
 
 
[70-73] 

 
                           CVD 
 
                           PVD 
 
                         
 
                         Duplex 
 
 
                          
                       PACVD 
 
 
 
                          
                          TRD 

High temperature (700-1200 °C)  
 
 
Temperature lower than CVD (200-500 °C)  
 
 
 
Thermochemical treatment with a type of hard 
coating method  
 
 
Low temperature  
 
 
 
In a molten borax bath or surrounded with 
powder 

High resistance to wear, abrasion and erosion 
 
 
High resistance to wear, abrasion and erosion 
 
 
 
Increases hardness, wear resistance and corrosion 
resistance of tribosystem  
 
Increased hardness and service life (in a punch); 
suitable for tools or dies with complex 
geometries 
 
Provides a hard coating with high wear 
resistance   
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6. Some other methods of improving the life cycle of die  

Besides the surface engineering treatments, some parameters can prolong the die life service: forging conditions 

such as lubrication and cooling, optimal load, temperature, and billet size, change the die's design, and die 

material. The reasons for applying lubricants are associated to reducing the sliding friction, die wear, and losing 

heat of billet during forming. Friction is one of the parameters that contribute to the heat generated, which leads to 

short life service of the die. On the other hand, it dramatically influences internal failures, tool stress, forming load, 

and metal flow. Graphite base on water or oil is one of the most common lubricants in the forming process [116]. 

Based on [10], optimal die design and billet size for wheel hub can considerably reduce the load. An optimal 

preform shape of the die is required to provide lower forging load, minimize die wear, complete die filling and 

avoid flow defects like laps. Many studies have been done to improve the die shapes. In this way, FEM plays a 

prominent role. Bézier curves and some other optimization methods have been applied to describe die profiles 

because they help in reaching an optimal die profile which can decrease the die's external pressures. Over that, 10% 

force reduction in the whole range of stamp path has been reported due to change in die profiles [82]. One of the 

most complicated tasks for designers and process engineers is selecting proper materials for tools. On the other 

hand, there are no direct criteria for selecting materials. However, forming tool materials requires high heat 

resistance, 50-55 range of hardness, good wear resistance, high tensile strength, enough hardenability, high tensile 

and impact strength [117]. 

 

7.  Observation based on the literature review  

This literature review is concerned with the definition and categorization of current failure mechanisms and 

treatment methods in industrial forging. Various types of failures and treatment methods that affect the service life 

of dies have been discussed. There is no unambiguous guideline for selected best improvement method for given 

durability of tools. With regard to the extensive discussion in this paper, the most remarkable parameters have 

taken under consideration, as presented in figure 11. One of the conventional failures that occur most frequently in 

hot forging tools is abrasive wear. Due to the increased temperature during the hot forging process, the hardness 

and mechanical properties of the die decrease, which leads to abrasive wear. Based on the required  
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treatments for abrasive wear, the selected treatment technique needs to improve the hardness and mechanical 

properties of the die. Among the mentioned treatment methods, sub quenching, nitriding, and hybrid treatment can 

have the greatest influence on increasing the hardness. For the improvement in mechanical properties, pad 

welding and mechanical treatment are suitable candidates. Adhesive wear occurs on the surface layer because of 

plastic deformation and welding due to the contact of the rough areas on the surfaces. This phenomenon leads to 

the separation of metal particles with less resistance. Hence, the selected treatments need to increase the surface 

resistance by reducing the plastic deformation and friction. Among the surface engineering methods, hybrid 

treatment and sub quenching appear to have a greater influence on reducing the friction coefficient, whereas 

thermochemical treatment has a greater influence on increasing hardness and plastic deformation resistance. Other 

hardening techniques can be appropriate candidates for adhesive wear. Oxidation occurs due to the formed oxide 

layers having higher strength than the degraded surface. In addition to hardening methods, nitriding has a direct 

influence on improving oxidation resistance. Moreover, the beam technique can provide higher thickness than 

plasma nitriding and may have a good impact on oxidation. Repeated heating and cooling cycles generate thermal 

stresses, which leads to deformation. This kind of failure was observed as an appearance of cracking on the die 

surface. This form of failure is known as a thermal fatigue cracking. Sub quenching is the most advantageous for 

the treatment of thermal fatigue. The cyclic stresses due to external loading lead to accumulated strains. This 

accumulated strain in the surface layers was observed as mechanical fatigue (cracking). Sub quenching with 

effects on martensitic transformation and stress relaxation in addition to other treatment methods can be applied to 

improve mechanical fatigue (cracking). The plastic deformation is the result of insufficient hardness and 

deformation resistance due to an increase in temperature. Due to increasing the hardness and plastic deformation 

resistance, nitriding and other hardening techniques can help to reduce this type of defect. In addition, a 

combination of coating techniques with types of surface engineering can provide maximum efficiency. 
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Figure 11. Remarkable parameters of treatment methods to address current failure mechanisms in hot forging dies. 

 

8. Conclusion and future work  

In this review paper, we have been focused to provide the definition and categorization of current failure 

mechanisms and treatment methods of hot forging dies based on the theoretical and empirical knowledge obtained 
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from the experience of the authors. Based on authors experience and literature data, the current failure 

mechanisms are divided into the following categories: wear (abrasive and adhesive wear, oxidation, and thermal 

fatigue cracking), mechanical fatigue cracking, and plastic deformation. However, the methods of increasing 

durability are classified into two basic groups: surface treatment (nitriding, hybrid procedure, pad welding, beam 

technology, and mechanical treatment) and surface coating (CVD, PVD, duplex coating, PACVD, and TRD). 

Moreover, conditions of failures and the performance comparisons between the treatment methods are offered in 

tabular format. The failures and performance conditions, along with their comparison in different treatment 

methods, are presented in tabular format. Finally, the most remarkable parameters are presented as guidelines for 

the selection of treatment methods. We intend to consider the effect of the current treatment methods on specific 

tool materials in the forging area in future work. Based on the remarkable parameters presented in this survey 

article, we believe that this paper can provide direction for researchers to develop further treatment methods based 

on current failure mechanisms. 
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