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Abstract 
 

Rotary forging process, in spite of its various advantages, has still not reached industrial production scale owing to its 
complex nature. With the advent of sophisticated finite-element modelling capabilities, it is now possible to make rotary 
forging more predictable and optimize it for industrial production standards. However, modelling by nature involves a se-
ries of assumptions and simplifications that can help us make reasonable predictions. It is important to know the im-
portant factors that affect the results, and what compromises can be made, with a genuine understanding of what the com-
promises will result in. This paper reports some initial findings from our attempt towards robust modelling for the design 
of the rotary forging process. Herein, we have taken the simple case of rotary upsetting of cylinders using a custom-
designed rotary forging machine and modelled it using commercial metal-forming software QForm. 
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1. INTRODUCTION 

From the day man started working metals into 
tools and ornaments until the advent of sophisticated 
mills and presses very recently, most metal forming 
was incremental in nature. However, incremental 
bulk forming became uncommon around the 20th 
century, with the production industry moving to-
wards mass production of large series of compo-
nents. Incremental bulk forming is seeing a revival 
owing to the shift towards production of small- and 
medium-sized batches of highly specialized compo-
nents (Groche et al., 2007). Rotary forging, a niche 
section of incremental bulk forming, also mirrors 
this cyclic trend. The first rotary forge machine was 
developed in 1918 by E. E. Slick, but this remained 
in the background until the 1960s when the interest 
in rotary forging was revived. The interest died out 
in the 1990s owing to various complications faced in 

controlling the process. Rotary forging is now again 
gaining interest with the possibility of more sophis-
ticated machine controls and FEA modelling of the 
process (Standring, 2001; Shivpuri, 1988). 

At the outset, as many researchers before have 
pointed out (Standring, 2001; Shivpuri, 1988), rotary 
forging has many advantages over conventional die 
forging: 
a) It requires lower forming loads (10–30% of 

conventional forging loads), and therefore, 
smaller machines to achieve the required com-
ponents. 

b) It is very flexible in that it can produce a varied 
range of components with a small set of simple 
tools. This is very attractive in the automotive 
industry for small to medium batch production 
and in the power and aerospace industry in pro-
ducing large components in very small batches, 
as this saves a lot on tool cost. 
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c) It can produce near-net-shape components at 
room temperature and can produce high forming 
ratios, thereby eliminating multiple die sets, 
production stages and setup times. It is to be 
noted that rotary forging produces more plastic 
strain than conventional cold forging owing to 
the cyclic nature of the loading.  

d) Last but not least, it has the potential for improv-
ing the microstructure, and thereby, the mechan-
ical properties of the material due to cold work.  
However, these advantages come at a cost. Re-

duction in contact area reduces the forming loads, 
but results in highly localized deformation that is 
difficult to control or predict. Complex shapes can 
be formed because of the incremental and cyclic 
loading, but this makes it difficult to predict the 
material behaviour using standard uniaxial tests. 
Cold forming of components improves the mechani-
cal properties of the end product, but reduces the 
flexibility of tailoring the material properties 
through-process owing to the loss of sensitivity to 
strain-rate and temperature variation. Using simple 
tools and complex kinematics improves the flexibil-
ity of the machine, but makes it highly difficult to 
control and optimize the technology because of the 
sheer number of factors involved. These were some 
of the reasons why towards the end of the 20th centu-
ry interest in rotary forging subdued a little. 

Nevertheless, very much like the mechanics of 
rotary forging, the cyclic nature of industrial interest 
could lead to advances never imagined possible if 
only we can understand the nature, overcome the 
roadblocks faced, and put them to advantage. With 
the advent of sophisticated finite-element modelling 
capabilities, it is now possible to make rotary forg-
ing more predictable and optimize it for industrial 
production standards. However, it must be borne in 
mind that modelling by nature involves a series of 
assumptions and simplifications that can help us 
make reasonable predictions. It is important to know 
the important factors that affect the results, and what 
compromises can be made, with a genuine under-
standing of what the compromises will result in.  

In rotary forging, the issues to be tackled are 
multiple. Given below are some of the most com-
mon ones: 
a) Design of process - Owing to the complex non-

monotonic loading of the part, the prediction of 
material flow, optimal process parameters, form-
ing load and springback are non-trivial 

b) Fracture of part – The complex triaxial stress 
state prevalent during the process makes fracture 

prediction difficult using available uniaxial test 
data 

c) Wear of tool – Severe material pick up happens 
owing to high-velocity rubbing of surfaces with 
small contact areas  

d) Fracture of tools – Complex machine kinematics 
coupled with unbalanced offset load and torque 
effects can lead to tool fracture (Standring, 
2001) 

e) Repeatability - Heating up and high springback 
in tools dictate that special efforts are needed in 
process design to achieve repeatability in indus-
trial-scale processes.  
It is not possible to address all these issues and 

find optimal solutions for all of them with a single 
model. Instead, models generated for finite-element 
analysis must be focused to address one issue at 
a time. The results required will dictate the parame-
ters considered and simplifications made. In this 
paper, we have tried to analyse the specific aspects 
to be considered in designing rotary upsetting of 
cylinders.  

When modelling the rotary forging process, spe-
cial emphasis is given to machine kinematics as the 
tool is afforded more degrees of freedom than in 
a conventional process and the formed shape is in-
fluenced by the machine kinematics in addition to 
the tool design. However, the number of factors 
involved in machine kinematics is large, and each of 
them cannot be represented to its true nature in 
a single model. Therefore, it is required to filter out 
the key factors, understand their effects and the sen-
sitivity of the process to these factors and analyse 
which factors can be simplified at what cost.  

Many researchers before have used analytical 
models for the design of rotary forging processes 
(Standring & Appleton, 1979; Hawkyard et al., 
1979; Appleton & Slater, 1972; Kubo & Hirai, 1979; 
Kobayashi et al., 1979). With many simplifying 
assumptions, they were able to estimate the process 
parameters and had reasonable success in predicting 
the load and geometry (Hawkyard et al., 1979; Kubo 
& Hirai, 1979; Kobayashi et al., 1979). However, 
most of this published research pertains to an orbital 
or rocking-die type forging machine with limited 
capabilities. When using a different type of machine, 
with different tool kinematics, the factors that affect 
the process change and the interplay of these factors 
differ markedly. In such cases, a direct translation of 
earlier forming approaches and process design will 
not provide satisfactory results. The process of iden-
tifying the key parameters and accounting for them 
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in a model will have to change according to the ma-
chine. 

The efforts reported in this paper lays out our 
approach towards understanding a bespoke rotary 
forging machine and building a robust model of the 
process. The framework can be used towards under-
standing and modelling other types of rotary ma-
chines as well. The following sections detail the 
particulars of the rotary forging machine with im-
proved capabilities, the key parameters to be consid-
ered in the design of the process, our analysis of the 
same, modelling approaches to factor them in and 
some of the important first findings with their signif-
icance.  

2. MODEL SETUP 

The model described in this work was developed 
for rotary upsetting of cylinders using a bespoke 
MJC RFN 200T-4 machine installed at the Ad-
vanced Forming Research Centre (AFRC). This is 
a spin-nutation type rotary forging machine custom-
designed for research purposes to handle a range of 
component shapes and material (figure 1(d)). Figure 
1(a) and (b) compares the kinematic scheme of this 
machine with that of the prevalent orbital-type rotary 
forging machine. This design affords an ability to 
provide 0° – 45° nutation angle, change the nutation 
angle during the process and also apply a maximum 
load of 200 T at any point in this angle range. In 
result, we are able to produce a wide range of geom-
etries in the size range 25 – 400 mm. 

 

The model for the rotary forging process was 
generated with the commercial metal forming soft-
ware, QForm. The model was setup and improved 
on the basis of the analysis described below. As 
a first step towards generating the model, we identi-
fied the key process parameters. The key process 
parameters, which are fed to the machine using 
a CNC code, are 
1. Nutation angle (θ) – the angle of tilt of the top 

tool with respect to the axis of the bottom tool 
about the pivot point 

2. Speed of rotation of the tools (ω1, ω2) – In order 
for the top tool to incrementally compress the 
workpiece without any shearing or rubbing ef-
fects, similar to pure rolling process, the tangen-
tial velocity of the top tool and workpiece must 
match at the contact area. For instance, for point 
P denoted in figure 1, if we assume r2 to be the 
radius along the surface of the cone; r1, radius 
along workpiece surface; ω2, angular velocity of 
the top tool; ω1, angular velocity of the bottom 
tool; and θ and β are the nutation and half cone 
angle, respectively, then the following relation-
ship should hold true: 

 1122 ωω rr =   and  
)sin(

)sin(
21 βθ

β
+

×= rr   (1) 

Therefore, 
)sin(

)sin(
12 β

βθωω +×=  (2) 

For upsetting of cylinders, this is simplified to  

Fig. 1. Kinematic scheme of (a) orbital-type and (b) spin-nutation type rotary forging machine; (c) bespoke MJC RFN 200T-4 machine 
installed at AFRC and (d) the range of components produced using the machine.  
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)sin(

1
2 β

ωω = , as 2/πβθ =+   (3) 

3. Feed (v) – controlled translation of top tool to-
wards and away from the bottom tool 
As the next step, we analysed the above parame-

ters, their interplay and the sensitivity of the process 
to them: 

 
2.1. Positioning of the tool 

 
In spin-nutation type machines, the top tool and 

workpiece rotate about their own axes (ω1, ω2), in 
addition to relative translational motion (feed, v) 
about a central vertical axis. Therefore, the align-
ment of the axes of the top tool and workpiece about 
the pivot point plays a very significant role (Stan-
dring, 2001). The pivot point is the point of intersec-
tion of the axes of the top tool and workpiece (bot-
tom tool), as shown as O in the scheme in figure 1. 
The value of the nutation angle provided to the ma-
chine through the CNC code is calculated about the 
pivot point, and care is taken to ensure that the apex 
of the conical top tool aligns with the pivot point. A 
misalignment with the pivot point potentially leads 
to instability in the machine kinematics. There are 
two reasons for this. 

 

Firstly, equation 1 assumed for pure rolling will 
no longer be valid when there is a shift in the pivot 
point. In result, there will be rubbing of surfaces 
leading to poor surface finish and tool wear. Second-
ly, a wrong pivot point means that the top tool is 

nutated off-axis. Hence, the contact area generated 
between the workpiece and top tool gets shifted in 
the radial direction, and this could result in an in-
crease in the eccentric loading, among other effects. 
This effect was tested using exaggerated models, 
where the pivot points were shifted below and above 
the designated point. As shown in figure 2, a shift in 
pivot point above the designated point leads to a 
pronounced geometrical distortion, and should be 
avoided at all costs. Cracks in the centre of the 
workpiece were observed (as shown in the figure 
2(d)) in such cases during our machine setup trials. 
When the pivot point was shifted down, it did not 
result in any drastic instability, but the relative con-
tact area increased, which could potentially lead to 
undesired results. 

The second important factor to be considered in 
the positioning of the tools is the nutation angle of 
the top tool (θ). This is dependent on the profile of 
the workpiece required. In the case of rotary upset-
ting of cylinders, the nutation angle is provided such 
that 2/πβθ =+ , as expressed in equation 3. How-

ever, owing to the localized nature of deformation 
and elastic springback of the material post defor-
mation, sometimes bowing of the top surface is ob-
served. In such cases, it is important to model the 
whole process involving the forming step (rotation 

of tools + feed of top tool), dwelling step (only rota-
tion of tools), and the relaxation step (top tool re-
moved) to study the geometry of the workpiece fol-
lowing the elastic springback of the material (refer 
to figure 3). In cases where bowing of the top sur-

 
Fig. 2. Positioning of the conical top tool (a) with correct pivot point (PP) alignment, (b) with cone apex (CA) below PP, and (c) CA 
above PP. Top: alignment before the start of the process; Bottom: Formed geometry at the end of the process; Insert: Contact area 
between the top tool and workpiece. (d) Enlarged picture of cracks formed when CA is above PP 
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face is observed, it might be required to increase the 
nutation angle by 1° or 2° to obtain a flat top sur-
face.  

 

 
2.2. Process parameters 

 
Although intuitively it is clear that speed and 

feed play an important role in the rotary forging 
process, it is not very straightforward to understand 
their effects. The nature of interaction at the local-
ized contact area is non-trivial and it is a cost-
intensive process to estimate the speed and feed that 
is optimal for individual processes through a trial 
and error method. Therefore, it is pertinent to arrive 
at the best speed and feed fit for a process through 
process modelling. This is easier said than done. 
Being a cold deformation process, the material is 
almost insensitive to strain rate in the broad range. 
However, on the basis of experience, it is understood 
that the speed and feed affect the forming load and 
output geometry. The reason for this is that the bite 
size - penetration of tool into workpiece per revolu-
tion (ω1/v) - dictates the contact area generated be-
tween the tool and the workpiece during each revo-
lution of the workpiece. This in turn affect the mate-
rial flow and load applied. 

Research work published in the 1970’s reported 
on the significance of the bite size (Appleton & Slat-
er, 1972). Unfortunately, this was focused on orbital 
forging machines with a fixed 2° inclination of the 
top tool. As emphasised earlier, these results cannot 
be translated directly to machines such as the one 
used here. In addition, the findings published were 
limited in scope in that they only focused on finding 
appropriate feed values for rotary upsetting process, 
and failed to analyse the wide-ranging effects of the 
choice of speed and feed on the process. In particu-
lar, the choice of feed and speed will depend on the 
material to be formed. Although one bite size value 

may be appropriate for one type of material, they 
could lead to catastrophic results in other, as shown 
later in section 3.3.  
 

 
Herein, we first setup the model with feed and 

speed values typically used in spin-nutation type 
machines on the basis of know-how. The values 
were varied and the obtained results analysed to 
understand thoroughly the effect of choice of speed 
and feed on the forming load and workpiece geome-
try for a specific hard variant of steel. Section 3.2 
provides a detailed description of our initial find-
ings. 

3. RESULTS AND DISCUSSION 

3.1. Validation of the model 
 
Firstly, after setting up of the model, with the 

correct alignment of the pivot point, nutation angle 
and machine kinematics parameters derived based 
on know-how, the model was validated using exper-
imental trails performed on 100CrMo7-3 steel. This 
type of steel is commonly used for producing bear-
ings and gears and is ideal for studying the merits of 
the rotary forging process. This is because 
100CrMo7-3 steel is very hard and difficult to form 
at room temperature using conventional cold form-
ing methods. Please refer to table 1 for the chemical 
composition and mechanical properties of 
100CrMo7-3 steel. Material data derived from room-
temperature tensile tests carried out using the same 
batch of material used to produce the preforms were 
used in the model. The material model used is very 
significant in determining the robustness of the pro-
cess model. However, this is a topic for detailed 
discussion, and will be dealt with separately in 
a forthcoming paper. 

 

 
 (a) (b) (c) 
 
Fig. 3. Modelling of different stages of the forming cycle in rotary forging process: (a) forming step, (b) dwelling step, and (c) relaxati 
on step. 
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Table 1. Chemical composition and mechanical properties of 
100CrMo7-3 steel 

Chemical Composition 

C Si P Mn Si S Cr Ni Mo 

0.93-
1.05 

0.20-
0.40 

0.025 
0.6-
0.8 

0.21 0.015 
1.65-
1.95 

0.25 
0.20-
0.35

Mechanical Properties 

Density 
(kg/m3) 

Elastic 
Modulus 

(GPa) 

Yield stress 
(MPa) 

UTS (MPa) 
% 

elongation 
to fracture 

7800 210 410 1010 5 

 
 

The results obtained, specifically load and output 
geometry, from the simulations were compared with 
the experimental results. The machine used is not 
load controlled, but rather kinematics controlled. 
Hence, the load and output geometry obtained do not 
have a direct one-to-one relation with the process 
parameters used in the model, and are quite practical 
to judge the effectiveness of the model developed. 

The load-stroke curve during the forming step was 
processed from the data available from the machine 
hydraulic control system and compared with those 
obtained from the simulations (see figure 4(a)). The 
geometry obtained after the complete forming cycle 
was scanned using GOM optical scanner and com-
pared with that from the simulations using the cus-
tom GOM Inspect software (see figure 4(b)). The 
results from the simulation were in good agreement 
with the experimental results. 
 
 

 

3.2. First findings from the model 
 
Upon validation of the model and gaining confi-

dence in it, the key process parameters were varied 
in the model to understand the sensitivity of the pro-
cess to these parameters. The chief significant find-
ing from this analysis is an understanding of the role 
played by speed and feed. The ratio of feed to speed, 

(a) (b) 

Fig. 4. Comparison of results from the simulation with that of experiments: (a) comparison of load vs. stroke curve; (b) comparison 
of output geometry. 

        

 (a) (b)  

Fig. 5. Comparison of (a) load vs. stroke curve recorded for the top tool and (b) the resisting torque developed in the bottom tool 
for different bite sizes. 
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bite size, as briefly mentioned before, plays a critical 
role in determining the contact area generated be-
tween the top tool and workpiece during each step in 
the forming cycle. This in turn affects the forming 
load and output geometry. The effect was analysed 
in detail and the reasons explored. 

A comparison of the load-stroke curve obtained 
for different bite sizes is provided in figure 5(a). 
Provided next to the curves is a schematic of the 
contact area generated during the final step. As can 
be clearly seen, employing a lower bite size reduces 
the forming load considerably as the contact area in 
each step reduces drastically. In figure 5(b), a com-
parison of the resisting torque generated in the bot-
tom tool, to which the workpiece is attached, is pro-
vided. The resisting torque is generated in the bot-
tom tool as the load applied vertically by the top tool 
hinders the free rotation of the bottom tool. As is 
clearly seen, the resisting torque in the bottom tool 
increases as the bite size increases, owing to an in-
crease in the load applied by the vertical tool. 

Similarly, the output geometry was also found to 
be very sensitive to the bite size employed. With the 
reduction in the bite size, there was an increase in 
the mushrooming effect along the top surface of the 
workpiece (refer to figure 6). This effect can be at-
tributed to the change in material flow under the top 
tool with the change in bite size. 

As shown in figure 7(a), with a larger bite size, 
a significant portion of the material flows out along 
the radial direction. This can be clearly observed 
using the velocity vector and measure of the radial 
velocity. On the other hand, with a smaller bite size 
(figure 7(b)), only a small portion of the material 
along top edge flows out radially. This leads to 
a highly localized deformation in regions in close 
contact with the top tool. In result, the flow of the 
material along the top edge is more pronounced than 
the material flow along the bottom edge in contact 
with the bottom tool. 

 
3.3. Significance of the findings 

 
At the outset, as shown in figure 6, a higher bite 

size is preferable as this provides more uniform de-
formation of the material. This especially is the case 
where complicated profiles are generated in rotary 
forging using a profiled bottom tool. In such cases, 
employing a very low bite size could lead to im-
proper filling of the die cavity. Moreover, improved 
mechanical properties of the forged components are 
possible through cold working of the material. How-
ever, with a highly localized deformation concen-
trated on the top of the workpiece, the material 
formed into cavities of bottom tool might not be 
worked enough to generate an appreciable im-

Fig. 6. Side view of the output geometry and plastic strain values obtained at the end of the forming cycle for different speed and feed 
values.  

 
 a b 

Fig. 7. The radial velocity of points in the material for different bite sizes. Main picture: velocity vectors; Inset: plot of gradients of 
radial velocity in the part directly under the top tool; (a) bite size of 1 mm/rev, (b) 0.1 mm/rev 
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provement in mechanical properties. This clearly 
tips the scale towards using higher bite size. 

On the other hand, when deforming very hard 
materials such as 100CrMo7-3, using a higher bite 
size could create problems. Firstly, when we try to 
form complicated profiles with large bite sizes, the 
load required for forming might exceed the capacity 
of the generally small rotary forging machines. 
However, more importantly, when using higher bite 
sizes, there is more likely cause for the fracture of 
components and tools. Figure 8 shows an example 
case where the bottom tool sheared off owing to 
very high resisting torque generated in the bottom 
tool. This brings us to something of a dilemma re-
garding the bite size to choose. In such cases, robust 
modelling specific to the geometry, material and 
conditions are required to make informed choices. 

 

 
Fig. 8. An example case of a fractured bottom tool caused by the 
case of high resisting torque in the bottom tool  

4. CONCLUSIONS 

This paper reports some initial findings from 
our attempt towards robust modelling of the 
rotary forging process. Herein, we have taken 
the simple case of rotary upsetting of cylinders 
using a custom-designed rotary forging machine 
and modelled it using QForm software. We 
have analysed the importance of the positioning 
of the tools and the process parameters in the de-
sign of rotary forging process. Although, the re-
sults obtained were in good agreement with the 
experimental findings, it is very qualitative in 
nature. The model in its present form can be 
used to arrive at a good indication of the process 
parameters to be used. For more robust predic-
tive modelling, including the prediction of frac-
ture of components and tools, a more detailed 
study needs to be carried out.  
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SPECYFIKA MODELOWANIA KUCIA OBROTOWEGO 

Streszczenie 
 
Proces kucia obrotowego pomimo swoich licznych zalet ze 

względu na skomplikowaną naturę nadal nie znalazł praktycznego 
zastosowania w przemyśle na szeroką skalę. Wykorzystując 
zaawansowane modelowanie metodą elementów skończonych 
można obecnie symulować ten proces i optymalizować w taki 
sposób, aby spełniał standardy wymagane w produkcji przemy-
słowej. Z drugiej strony modele wymagają przyjęcia szeregu 
założeń i uproszczeń, które umożliwiłyby  przeprowadzenie 
symulacji. Dlatego koniecznie należy znać najważniejsze czynniki 
mające wpływ na wyniki symulacji oraz wiedzieć jakie kompro-
misy są możliwe i jaki może być ich skutek. W niniejszej publika-
cji opisane zostały wyniki badań zmierzających do opracowania 
niezawodnego modelu dla projektowania procesu kucia obroto-
wego. W tym celu rozważono prosty przypadek obrotowego 
spęczania próbki walcowej w typowej maszynie z wirującą ma-
trycą. Ten proces zamodelowano z wykorzystaniem komercyjne-
go programu QForm. 
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Received in a revised form: December 15, 2016 

Accepted: December 20, 2016 
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