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Abstract 

The study presents the comparative analysis of competitive techniques of forging and analysis of the effect of the 

forging sequences on microstructure development. Starting with industrial practice of hammer-forged elongate geometry, 

two competitive processes were numerically analysed in term of forging economy and quality. Numerical modeling of 

temperature, strain and strain rate fields let theoretical prediction of the microstructure development in multi-stage drop 

forging process consisting of progressive sequence of multiple blows in preforming and die-impression forging operations. 

The aim of the modeling was prediction of the parameters of austenite in as-forged condition, which in thermomechanical 

controlled processing form the restored austenite condition prior to direct cooling. Dynamic recrystallization kinetics was 

analyzed with use of Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, taking advantage of numerically calculated of 

temperature, strain and strain-rate in selected location in the volume of the part. The obtained results show the possibility 

of look-ahead microstructure prediction and form the basis for comprehensive selection of the forging process parameters 

aimed at producing required microstructure and its uniformity in the bulk in multi-stage hammer-forging process. 
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1. INTRODUCTION 

Forging technology offers wide possibilities of 

shaping billet material to required geometry with an 

assumed accuracy (Takemasu et al., 1996). On ac-

count of technical difficulties in producing net shape, 

forged parts require number of allowances, including 

machining allowances, forging tolerance, mismatch 

and flash related surplus of material. Most material 

consuming is flash and allowances referring to its 

elimination, hence it is of big importance to optimize 

the forging process so as to minimize the flash. The 

flash is serious issue in forging elongate geometries, 

especially if the cross-sections vary a lot, or the lon-

gitudinal axis is either curved or fork-ended (Da Silva 

et al., 2006). Obviously, the flash is crucial for forg-

ing economy affecting material consumption, forging 

energy, tool life, and last but not least, costs of ma-

chining and heating up (Byrer et al., 1988). 

Due to the necessity of considerable preforming, 

medium or small forging plants tend to produce such 

parts in drop forging process, owing to versatility of 

die-forging hammers. Forging technique for this kind 

of drop forgings often involves dozens of 

blows/strokes realized in several preforming opera-

tions. As a rule, individual part can be shaped in a 

number of competitive technological chains, includ-

ing multi-stroke semi-open die preforming and im-

pression forging which allow obtain the final part in 

different number of forging stages (Fujikawa, 2000; 

Skubisz et al., 2015). Abovementioned considera-

tions are common as long as the forging yield and 

productivity rate are major components of forging 

economy balance (Werner, 1994). However, if the 
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forging sequence is a part of thermomechanical con-

trolled processing cycle, they must take into account 

deformation history and its aftermaths. In considera-

tion of controlled cooling directly after forging, dy-

namic recrystallized austenite grain size and its distri-

bution in the bulk is of primary importance (Mukher-

jee et al., 2014; Dhua $ Sen, 2011; Kucera & Ma-

zancova, 2016), and so are the all intermediate stages 

of forging, which have critical impact on the micro-

structure inherited from run-out table austenite condi-

tion (Biba et al., 2006; Irani & Taheri, 2008). Thus, 

influencing the forging conditions by variation of the 

forging sequence, machine employed and forging re-

gime, allows controlling final microstructure and 

properties after thermomechanical processing 

(Adamczyk & Opiela, 2006; Muszka et al., 2006). 

The aim of the study is prediction of variation in 

microstructure parameters on the basis of comprehen-

sive numerical simulation of a full processing chain, 

employing theoretical models of microstructure de-

velopment. With a vast number of parts being forged 

in a hammer forging process, the question arises 

whether or not is the scatter in grain size after hammer 

forging sequence and its development during consec-

utive intermediate stages acceptable for utilization of 

direct controlled cooling with a view to produce uni-

form or controllable microstructure condition of de-

formed austenite before cooling. As the considered 

geometry is typical of many parts with head and 

shank, and the analyzed forging sequence is repre-

sentative of conventional hammer forging process, 

which gives the results utilitarian meaning, as the the-

oretical modeling refers to technological limitations 

of the forging process. 

 

 

 

 

2. ASSUMPTIONS AND MODELS 

2.1. Geometry and material characteristics 

The comparative analysis involved three compet-

itive industrially feasible forging sequences of a 

demonstrative part, a screw hook, the part of variable 

cross-section with bent axis (figure 1), to be forged 

with double-action die-forging hammer.  

The forging tests in industrial conditions were the 

basis for numerical simulation in the code QForm3D. 

Hot rolled ingots of the demonstrative laboratory 

heats were used the forging tests to validate the theo-

retical models and provided data for definition of pro-

cess parameters and boundary conditions in consecu-

tive hammer blows. The chemical composition of the 

steel (table 1) has been designed to represent standard 

grades 29MnSiVS5, 35MnB4VTi or 38MnSiVS5 

with modifications with lean alloying content. Strain-

stress characteristics of the alloy used in the study, 

were determined in uniaxial compression tests on 

Gleeble simulator, covering strain rates correspond-

ing to ram speed 5-50 m/s (figure 2).  

Having validated the temperature calculations, 

using pyrometer measurement with on-line correction 

of emissivity (Skubisz et al., 2011), temperature, ef-

fective strain and effective strain rate, were taken 

from the simulation to carry out mathematical model-

ing of microstructure development for all of the in-

vestigated forging chains. These are: I) impression-

die forging with preforming in cogging operation fol-

lowed by blocker and finisher impression forging, re-

alized altogether in 11-14 hammer blows, see figure 

3 (Skubisz et al., 2015); II) assumption of bend axis, 

which resulted in preforming in bending operation 

(figure 4), and III) multiple forging impression forg-

ing with use of cogging to reduce flash (figure 5). 

 

Fig. 1 Forged geometry with location of the analysed cross-sections. 

Table 1. Chemical composition of the microalloyed steel used in the study,  wt. %. 

C Mn Cr Si Mo Ti V Nb N ppm Al 

0.30 1.50 0.42 0.26 0.01 0.011 0.09 0.039 110 0.039 
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Fig. 2. Flow curves obtained in compression test for: a) 5 s-1, b) 50 s-1. 

 

Fig. 3. FEM modeling result of forging sequence I ), where: a) billet, b)÷d) hand-forge preforming, e),f) impression forging. 

 

Fig. 4. FEM modeling result of forging sequence II ), where: a) billet, b)÷d) hand-forge preforming, e) impression forging. 

 

Fig. 5. FEM modeling result of forging sequence III ), where: a) billet, b)÷d) hand-forge preforming, e),f) impression forging. 

 

2.2. Theoretical background. 

In order to analyze the evolution of microstruc-

ture during consecutive forging operations, JMAK 

model based on classic theory of nucleation and grain 

growth was employed in the study, as the model 

which has been successfully used in modeling dy-

namic behavior of hot deformed microalloyed steels 

(Majta et al., 2002; Pietrzyk & Madej, 2014). As far 

as the present demonstrative microalloyed steel is 

concerned, reliability of the model with regard to pre-

diction of the microstructure changes during hammer 

forging of microalloyed steel is referred in related 

studies (Skubisz et al., 2017a; Skubisz et al., 2017b), 

where consistency to experimental measurements of 

the size of as-forged direct cooled ferrite-pearlite 

grains was assessed.  

The analysis of microstructure evolution is based 

on the thermo-mechanical data derived from numeri-

cal modeling in selected points, representing two ma-

jor sections of the part which were subject to different 

straining history, A and B in the center and on the sur-

face.  
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Calculation involved checking the condition of 

dynamic recrystallization occurrence, in accordance 

with the following criteria: 

0

m p

c p pC BD Z     (1) 

where: c - threshold strain for dynamic recrystalliza-

tion to occur, εp – peak strain, D0 – initial austenite 

grain size, Z –Zener-Hollomon parameter, B, m, p – 

material constants. 

The threshold strain level for Nb-containing steel was 

calculated as: 

  4 0.5

0

1 20 Nb
2.8 10

1.78

p

p D Z 


   (2) 

   
2

0.8 11 Nb 117 Nbc

p




    (3) 

Activation energy for recystallization was defined 

on the basis of chemical composition with use of the 

formula: 

     

     

267 2.5 Mn 33.6 Si 35.6 Mo

70.7 Nb 93.7 Ti 31.6 V

Q    

  
 (4) 

Kinetics of dynamic recrystallization were calcu-

lated from JMAK equation: 

2

0.5

1 exp 0.693 cX
 



  
     
   

 (5) 

where: ε – unit deformation, ε0.5 – amount of defor-

mation needed for recrystallization of 50% of the vol-

ume under conditions considered.  

Value ε0.5 was calculated as: 

3 0.25 0.05

0.5 0

6420
1.114 10 expD

T
   

   
 

  (6) 

where: T – run out temperature. 

Dynamically recrystallized austenite grain size 

was calculated as: 
4 0.231.6 10dxD Z       (7) 

and subsequent grain growth: 

0 exp
gm m

s

Q
D D k t

RT

 
   

 

   (8) 

where: t – time after completion of recrystallization, 

Qg – grain growth activation energy.  

3. RESULTS OF MODELING 

Analysis of effect of forging technology on the 

quality of parts after controlled direct cooling, repre-

sented by microstructure evolution was conditioned 

by reliable simulation of multi-stage hammer forging 

process. Full consistency to real shape progression in 

the standard forging technology, as confirmed in re-

lated work (Skubisz et al., 2015), as well as agree-

ment in temperature estimation, allowed assumption 

of reliability of taken boundary conditions for the key 

parameters in the proposed competing drop forging 

technologies. 

The technology I, referred to as standard forging 

technique for this part, was analysed keeping the pro-

cess parameters in accordance with industrial prac-

tice, e.g. forging temperature 1100°C, number and se-

quence of blows. Competing modifications involved 

freely changed process conditions so as to produce at-

tractive alternative for the standard process from a 

standpoint of material, energy and time consumption, 

as well as, minimization of gradients and differences 

within the part volume. Thus, feedstock dimensions 

and volume, intermediate operations, forging regime 

and blow energy was adapted accordingly within the 

range allowed by technical limitations, for example, 

due to shorter process, the forging temperature could 

be reduced to 1000°C. The geometry evolution within 

these sequences is shown in figures 3÷5. 

To sum up the forging economy, major compo-

nents of costs and benefits, which could be derived 

from FEM simulation, are listed in table 2, where 

yield is calculated as the volume of the forged part in 

relation to total volume of the workpiece, expressed 

in percent, and time sums up all forging, handling and 

dwell times within a single forging chain. As one 

could expect, bending offers best yield and the short-

est process. However, in practice, thin billet results in 

process instability, which may lead to big number of 

rejected parts. Thus, sequence III, depending on mul-

tiple forging turns up the most reliable technology 

which offers attractive indices of production rate and 

reasonable yield. However, due to large volume of the 

billet it demands bigger capacity of press or higher 

number or energy of hammer blows. 

Table 2. Comparison of components of forging economy for analysed 

technologies. 

 Yield  
Duration of the 

process, s 

Number 

of blows 

I 78% 28 13 to16 

II 86% 16 5 to 8 

III 83% 16 8 to 10 

3.1. Calculated stress fields in the forged part 

The key issue in the work was estimation of the 

temperature, strain and strain rate distribution 
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throughout the forging sequences. Maps of the calcu-

lated distributions of the analysed parameters of use 

in modeling microstructure evolution are shown in 

figures 6 to 8, for forging technology variants I-III, 

respectively. The results illustrate nonuniformity of 

strain in the bulk of the part, dependent on assumed 

forging technique, end thereby very strong effect of 

blow sequence on final strain and temperature fields.  

 

Fig. 6. FEM estimated maps of temperature (a-c) and effective 
strain in forging (d-f) in forging sequence I. 

In the most common technology, a sequence I 

(figure 6), the mass distribution is obtained through 

cogging, hence big discrepancy between hook (point 

A) and shank (point B) is observed. The same can be 

said about temperature gradients, however, tempera-

ture tends to equalize with finish-forge stage. As an 

alternative process, sequence II (figure 7), the initial 

strain is insignificant as due to bending transverse di-

mensions are closer. Thin billet results in lower strain 

values figure 7 a-e), as well as, faster cooling (figure 

7f). The low strain amount is inherited to the last im-

pression, remaining relatively low. However, it is suf-

ficient for refining recrystallized grain in both sec-

tions. As the process based on bending is shorter, de-

spite smaller cross-section of the billet, cooling either, 

has no adverse effect. The most promising technique 

is offered by sequence III, where, in addition to best 

yield, also strain is distributed most uniformly in the 

bulk with reaching considerable amount of work (fig-

ure 8 a-c). Also temperature appear uniform, produc-

ing exit temperature, proper for direct cooling (figure 

8 a-c). Although it reaches the highest of all three var-

iants, the temperature is associated with the highest 

amount of strain among all the three processes, which 

according to the JMAK model suffices to produce sat-

isfactory refinement of austenite. 

 

Fig. 7. FEM estimated maps of effective strain (a÷e) and 

temperature (f) on longitudinal cross-section in parting plane in 
forging sequence II. 

 

Fig. 8. FEM estimated maps of effective strain (a÷c) and 

temperature (d, e) on longitudinal cross-section (e) and in parting 
plane (d) in forging sequence II. 
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To facilitate more insightful scope of all changes 

occurring during the whole forging sequence, the 

changes of the parameters have been summarized in 

plot shown in figure 9. The plot confirms observed 

differences, bringing in the time factor, which sug-

gests that despite seemingly similar strain and tem-

perature distribution, microstructure response can be 

different between forging variants. For instance, as 

compared to technology III characterized by the same 

strain, strain rate plot in variant II falls to zero (during 

bending). On the contrary, temperature variations are 

observed both on cross-section, between core and sur-

face (figure 10a, b), and characteristic sections in the 

length, which is obvious especially for techniques I 

(figure 10a-b), and technique II (figure 10c), which is 

bound to have an impact in microstructure. 

 

Fig. 9. Plots of the FEM calculated equivalent strain and strain 

rate during hot forging in section A for: a) technology I, b) 
technology II, c) technology III. 

3.2. Comparative analysis of microstructure 

evolution. 

Thus, despite comparable total time of the whole 

deformation cycle and  amount of deformation on the 

length, the differences in times between consecutive 

blows may cause differences in kinetics of grain 

structure restoration. It affect also rate of the process, 

as both recovery and recrystallization are diffusion 

driven phenomena and regardless of the variant, at 

this stage temperature is still very high (figure 10).  

 

Fig. 10. Plots of the FEM calculated temperature during hot 

forging in variants I section A (a) and B (b), II and II (c, and d, 
respectively). 

This dependence is well illustrated by compara-

tive analysis of plots of equivalent strain history in 

point A and B (figure 9), and reflecting these varia-

tions in time, differences in grain size between the 

two sections in the axis of the part (viz, comparing 

figure 11 a) vs. b) for technology I; c) vs. d) for tech-

nology II and e) vs. f) for multiple forging in sequence 

III. In case of technology I the initial deformation co-

vers the whole length preceding progressive sequence 
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of small bites within future shank. This favours grain 

growth in the hook area until finish forge takes place 

(figure 11 a, b). In addition to strain fluctuations on 

the length of the shank, the difference in strain en-

hances the mechanical nonuniformity contributing to 

local changes of flow stress. It leads to excessive 

stress gradients in the material subjected to defor-

mation and adversely affect the performance under 

operating conditions (Fatemi & Zoroufi, 2002). 

Somewhat similar sequence is observed in technol-

ogy II, where initially flattened billet is elongated in 

cogging sequence and subject to bending, which 

brings no essential amount of work (figure 11 c, d). 

In both cases the adverse effect of holding is eradi-

cated by finisher impression forging.  

 

Fig. 11. Results of mathematical modeling microstructure 

evolution during hot forging. 

The evolution of microstructure in technology III 

is different. Large cross-sectional dimensions allow 

significant amount of work to be attained throughout 

the whole cycle, resulting in both moderate strain and 

strain rate, which favours grain refinement to obtain 

the lowest grain size amongst all compared variants. 

In combination with obvious material saving benefits, 

this makes this forging technique an attractive option 

for realization on hammers. 

4. CONCLUSIONS 

Presented study provides a comparative analysis 

of forging techniques available for shaping of an 

elongate part with bent axis. As indicated by FEM 

simulation, all the three proposed techniques are tech-

nically feasible to carry out on die-forging hammers, 

producing sound forgings without change in machin-

ing allowance. The forging sequence determine the 

economy of the process, in which of significance are 

yield and production rate indices. In both of these as-

pects technology II is superior to other ones, however, 

in forging practice technical considerations and qual-

ity aspects may make it too risky for the process sta-

bility.  

One of the problems featuring processes of forg-

ing with consideration of direct cooling, eg. for mi-

croalloyed steels, is significant heterogeneity of the 

microstructure during the forging cycle, which en-

hances the mechanical nonuniformity related to local 

changes of flow stress. It leads to excessive stress gra-

dients in the material subjected to deformation and 

adversely affect the performance under operating 

conditions. Numerical simulation indicates the effect 

of consecutive operations on final uniformity of strain 

and temperature gradients, which directly influence 

the transformation products after subsequent con-

trolled cooling, regardless of expected structural com-

position.  

Calculated differences in strain distribution and 

forge-end temperature gradients as well as micro-

structure nonuniformity resulting from employed 

forging sequence are significant, thus selection of the 

best forging technology should not involve merely 

economical consideration if direct cooling is to be ap-

plied. Since as-forged microstructure condition is in-

herited to products of austenite decomposition it is of 

great importance that stroke or blow sequence pro-

duce fine-grained structure prior to cooling.  

Computer simulation with a use of reliable micro-

structure evolution models forms robust and time-

saving tool for favorable forging technique to be se-

lected. With a variety of elongate forgings with vary-

ing cross-section, the presented work can be of sig-

nificance as a representative of forged parts similar in 

shape coefficient 
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WPŁYW TECHNOLOGII NA ZMIANY 

PARAMETRÓW STERUJĄCYCH ROZWOJEM 

MIKROSTRUKTURY W PROCESIE 

WIELOZABIEGOWEGO KUCIA 

MATRYCOWEGO 

Streszczenie 

W pracy przedstawiono analizę porównawczą trzech sposobów 

kucia wielowykrojowego, która obejmuje dwa aspekty: 1) wpływ 

technologii na wskaźniki techniczno-ekonomiczne i siłowo-ener-

getyczne oraz 2) rozkład w objętości i zmiany w czasie parame-

trów termo-mechanicznych, wpływających na kinetykę zjawisk 

dynamicznych w odkształcanym materiale oraz jakość odkuwki. 

Na podstawie wyników modelowania numerycznego oceniono 

wpływ zmian w technologii kucia na rozkład odkształceń, pręd-

kość odkształcenia oraz temperatury w reprezentatywnych prze-

krojach odkuwki. Na ich podstawie wykonano modelowanie roz-

woju mikrostruktury, oparte o klasyczne modele zarodkowania i 

rozrostu ziarna podczas rekrystalizacji dynamicznej i przemiany 

dyfuzyjnej przechłodzonego austenitu w oparciu o model JMAK.  

Jak wskazują wyniki modelowania, zmiany sposobu lub warun-

ków kucia matrycowego stwarzają możliwości istotnego oddzia-

ływania na rozkład odkształceń i silnie wpływają na temperaturę 

w objętości okuwki. To z kolei, może być wykorzystane do zni-

welowania niekorzystnego wpływu warunków odkształcania na 

mikrostrukturę lub jej poprawy.  

Przedstawione wykresy pokazują istotne zmiany wielkości ziarna 

wraz z progresją odkształcenia w analizowanych punktach od-

kuwki. Jak widać, kształt odkuwki nie sprzyja uzyskaniu jedno-

rodnego odkształcenia. Relatywnie małe odkształcenie podczas 

wstępnego spłaszczania pręta poprzedzający kilkunastosekun-

dowy okres działania wysokiej temperatury, do momentu matry-

cowania, sprawia, że w obszarze zgrubienia prognozowane jest 

największe ziarno. Największe odkształcenie występuje w obsza-

rze trzonu, jednakże sposób wstępnego kształtowania przedkuwki 

tego fragmentu odkuwki skutkuje przesunięciem w czasie od-

kształceń cząstkowych, przez co nawet na długości trzonu mogą 

wystąpić zmiany mikrostruktury. Zróżnicowanemu odkształce-

niu w zgrubieniu oraz trzonie odkuwki towarzyszą duże różnice 

prędkości odkształcenia, co przekłada się na kumulację odkształ-

cenia w czasie.  

Analiza rozwoju mikrostruktury pozwala na odpowiednią korektę 

warunków kontrolowanego chłodzenia dla charakterystycznych 

fragmentów odkuwki, jak również odpowiednią korektę sekwen-

cji i warunków realizacji kolejnych operacji kucia.. 
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