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Abstract  
 
This research is about a costly problem in the automotive industry due to tool fracture during the 
splines cold rolling of steel shafts. The objective is to study the cause of this failure and propose 
solutions that can be implemented in the workshop. 
The writing starts with a brief introduction of the companies involved in shafts production and problem 
solving. It introduces the cold rolling process and its advantages on splines manufacturing, and it goes 
through relevant material and process characteristics that help to determine the cause of tool fracture. 
In order to understand the process failure and production flow, it has been necessary to build up an 
Ishikawa diagram with possible tool fracture causes. After collecting and analysing the data about the 
machine tool, cold rolling process and work-piece and rolling tool materials, tests and experiments have 
been done. 
It has been considered that there is a rolling tool fatigue that causes tool fracture. Beside tool fracture, 
two more problems with production flow instability and the right side rolling tool have been detected. 
Testing the material hardness of the work-piece has shown continuous hardness fluctuations from the 
supplier. Rolling tool misalignment has been measured by using a vernier caliper measurement device. 
Rolling tools material hardness analysis shows that tool is very hard and it is possible to use a tougher 
material which responds better to cyclic loads.  
Leax has tried to solve the problem by testing another lubrication and tool coatings. A modal analysis 
test has been performed in order to find the natural frequency of the work-piece which possibly may 
lead to vibration and over loading one of the rolling tools. 
The conclusion that has been reached is that main cause of fracture is rolling tool fatigue due to cyclic 
loads and it is important to use other rolling tool material. The other two detected problems, 
production flow instability and rigth side rolling tool fracture, should be considered as a part of the 
problem in order to significantly increase tools life and stabilize production flow rate.  
 
 
Keywords: cold rolling, material properties, heat treatment, production flow, machine tool, rolling tool 
and vibration 
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1. Introduction 

1.1. Objective 

 
Problem description 
 
The company LEAX Falun is producing spline shafts for automotive industry. Unlike "hobbing" where 
material is removed by cutting, the Grob process of cold roll forming displaces raw material to form the 
desired shape with virtually no waste. The process increases strength, durability, and produces and 
extremely high surface finish. 
However, during rolling process, quite often occurs the fracture of the rolling tools which drastically 
shortens the life of the tools. This leads to increasing the cost and negatively affects the quality of the 
products. 
The project purpose is to study the cause of the fracture and to propose solution that can be 
implemented in the workshop. 
The project is carried out partly at the company to study the material flow and the process of spline 
forming, and partly at KTH to characterize the fracture and to analyze the tool and work-piece. 
 

 

1.2. Background 

 
There are different companies involved in this research to different extends. Therefore, a background 
on the main companies helps in clarifying the level and type of role that each company plays in this 
problem solving. 

 

 

1. 2.1. Leax Group 

 
Leax FALUN is one of LEAX GROUP which consists of six different companies in Sweden and Latvia. LEAX 
Group works with contract manufacturing and services in the international market. This includes in 
particular: mechanical manufacturing, assembly and testing, calibration of instruments and business 
development. They supply customers with parts and assemblies for propeller shafts of heavy vehicles 
and large rotors for power generation industry. LEAX GROUP overtook Scania Falun and got access to 
parts of Scania’s work in Lean production. The new company is now known as LEAX Falun. LEAX Falun 
works in manufacturing and assembling of the propeller shafts of Scania vehicles with an annual 
production of more than 100 000 propeller shafts. In addition to the parts production for the whole 
assembly, also spare parts as drive shafts, end flanges, wheel flanges, differential housing and other 
components are produced in large amounts.  

 
 

1. 2.2. Ernst Grob 

 
ERNST GROB AG is a Swiss enterprise that incorporates the GROB cold forming process developed by 
the company founder, Dr. Ernst Grob, a globally unique chip-less spline generating technology. All the 

http://www.ernst-grob.ch/english/processes/processes.html


processes used on Grob machines to generate splines are based on the cold forming process for solid 
bar stock components developed and patented by Dr. Ernst Grob. Ernst Grob develops designs and 
builds precision machinery dedicated to cold forming and reduction of sheet metal and solid 
component, including slotting machines for processing, cup or ring shaped sheet metal parts and tools 
(1). 
 
Grob machine tools are capable of manufacturing standard spline shafts and Custom Spline Shafts. 
Grob Standard Spline Shafting saves lot of time and money on companies with high outcome demand 
on spline shafts production. The process has been designed to maximize torsional strength and contact 
area.   
Grob produces tools, as shown in Figure 1.1, with standard or custom specifications for its machine 
tools and processes.  
 
Cold forming machines C-series (C6 / C9 / C9T / C9T-L) have been developed specifically for cold 
forming precision splines in solid bar stock, tubes and hollow shafts.  While these machines are ideally 
suited to high volume output of shaft type components, their modular design concept and extremely 
short changeover types also make them appropriate for combined production runs of short to medium 
series. 
  
 
Benefits associated with the Grob machine tools as claimed by the manufacturer include: 

 Very short cycle times 

 Very high tool life 

 Minimal auxiliary production time 

 Extremely high process stability 

 Universal machine application, very short changeovers  

 Forming of long splines, up to 10 m length (longer on request) 

 Simple machine operation  

 Ease of service and maintenance (e.g. remote diagnosis and maintenance) 

 Superficial surface work-hardening 

 No deterioration of work-piece microstructure 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1: Ernst Grob products 

http://www.ernst-grob.ch/english/processes/cold-forming-solid-materials/cold-forming-solid-materials.html
http://www.ernst-grob.ch/english/processes/cold-forming-solid-materials/cold-forming-solid-materials.html
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Cold forming machine tool C9, shown in Figure 1.2, is used for splines forming of shafts Leax Falun. It is 
designed for manufacturing long parts and with larger diameters. 
 
 
Technical specifications: 

 Max. spline length 1450 - 1650 mm 

 Max. spline diameter Ø 120 mm 

 Max. root circle diameter Ø 110 mm 

 Min. root circle diameter Ø 20 mm 

 Rotation speed of tool head 0 – 2250 rpm 

 Max. rotation speed of drive spindle 187 rpm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. 2.3. Primateria 

 
Primateria claims an overall solution in surface engineering by: 

 Technical consulting, e.g. education, increased production efficiency.  

 Analysis, e.g. material analyses, wears studies, break down analysis. 

 Intermediary services, e.g. coatings and heat treatments. 

 Surface preparation of tools and components using unique Prima treatments. 

Figure 1.2: Grob forming machine tool C9 



 
Primateria is involved in material analysis and tool 
coatings at Leax Falun.  
Primateria coatings are offered to optimize tools 
conditions under different work conditions. Some of 
the treatments are done to avoid surface fatigue, 
avoid edge chipping and accelerated wear due to 
rough and brittle edges and reduce the local risk for 
local cracks and fracture. The expected results after 
coating is increased reliability, a longer life time, an 
improved surface finish of manufactured parts and 
high strength cutting edges for cutting tools. 

 

 

 

 

  

Figure 1.3: Primateria coatings. 
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2. Literature review 

2.1. Introduction 

 
Cold forming is a type of metal forming where parts are formed at room temperature and without 
preheating. However, this does not necessarily mean literally cold working as said. The upper 
temperature limit of cold rolling varies with the metal and its metallurgical condition before working, 
but cold working for steels is generally considered to be between ambient temperature and about 
300°C. Cold rolling generally produces repeatable accurate components with a good surface finish (2).  
Splined shafts are produced by either cutting or rolling operations. Unlike cutting processes where the 
material is cut, cold rolling produces parts by squeezing the metal to form the desired shape.  
Though such operation improves and refines the metallurgical properties of the metal and gives an 
excellent finish and accuracy. Still, there are disadvantages such as work hardening which increases 
further machining difficulties and pressing the unwanted internal stress inside the material surface 
which can cause unexpected distortion later (2). In Figure 2.1 contains different components that are 
cold rolled. 
 
 
 
 

  

Figure 2.1: cold rolled components 



2.2. Cold rolling of splines 

 

The Grob Rolling process increases the strength by rearranging the grain structure of the material over 
the entire tooth profile. Figure 2.2 compares grain strength between a cold rolled and a cut gear tooth. 
The greatest amount of strength is gained near the bottom, or root area of the form where strength is 
most crucial. The cold forming process produces a very high surface finish. Roughness average, Ra 
Readings of 0.0254 microns has been produced. 

 
With Grob cold roll forming, the groove is formed down between the teeth. The material displaced 
from area "A" (see Figure 2.3) forms the tooth tip area "B". This is a severe reverse flow; with no 
elongation, the area of raw material displaced must be the exact same as the area it was displaced 
from. 

 

 

 

 

 

Through this process, it is possible to roll both even and uneven numbers of teeth on a cylindrical blank 
with symmetrical patterns only. Tubular blanks can be formed over a grooved mandrel, which permits 
internal corrugation of the blank while external shape is rolled. 

 

Because the Grob Rolling process displaces material instead of removing it, proper material selection is 
important. With this process, almost any ductile material may be used. Generally, material with a 
hardness of less than Rockwell C-20 works well. If carbon steel or alloy steel is to be used, it must be 
annealed first. The blank or stock must be free of flaws, uniform in ductility, and must be the correct 
outside diameter to produce an accurate form. 

 
Work hardening of the rolled form depends on the material composition, the hardness before rolling, 
the depth of the tooth form, and the feed rate of rolling. Not all materials work well for the same 
shape. For example, aluminum and some stainless steels may be formed to produce a spline shape or 
shallow tooth form, but may not be used to produce a full depth gear because the material work 
hardens too quickly and will not flow up to fill in the tooth form. 

Figure2.2: Note the tighter grain structure of a rolled 
tooth form (left) as compared to that of a cut gear 
(right). 

Figure 2.3: material displacement in spline shaft cold 
rolling. 
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2.3. Material properties 

 
In general, material properties can be greatly modified depending on the purpose of material usage. 
Controlling a part’s properties gives results that better match to applications, especially directionality of 
mechanical properties. 
 
When two materials contact each other’s, the asperities of the two materials will touch at only a 
fraction of the total nominal contact area. The characteristics of the material and the applied loads 
control the behavior at the asperities. Friction comes when the sliding forces act against the bonds 
developed between contacting points. Thus, lubrication is needed to reduce the contact points 
between the two surfaces (3). 
 
Chemical properties 
Materials are composed of different elements with controlled percentage of each element. The 
microstructure study of metals indicates the grain size, heat treatment, phases present and inclusions.  
 
 
Mechanical properties 
Mechanical properties are important in selecting materials for structural components. During 
manufacturing processes, a component is subjected to forces that pull, push, shear, twist or bend. 
Whenever an external force is applied to a part this internal stresses develop within the material. 
Material deformation due to forces can be elastic if the material returns back to its original state or 
plastic if the material remains at the deformed shape.  
 
Toughness 
Toughness is the ability of a metal to absorb energy and deform plastically before fracturing. The area 
under the stress-strain curve in tensile testing is also a measure of toughness. (4) 
 
Hardness  
Hardness is the property of a material that enables it to resist plastic deformation, penetration, 
indentation and scratching. In general it is achieved by different types of heat treatments applied to 
metals and alloys. Therefore, hardness is important from engineering standpoint because resistance to 
wear by either friction or erosion by steam oil and water generally increases with hardness (4). 
 
Hardness tests  
There are many ways of measuring hardness but the most used ways are Brinell, Rockwell or Vickers 
hardness tests. These different hardness tests use different methods to find a measurement scale 
where hardness level is indicated. Any hardness test method follow the same principle which is 
applying force into a sample and then measure the indentation dimensions to convert into hardness 
results. Therefore, whenever a result of a hardness test is converted to another type then it should be 
noted “converted from”, for example “325 Brinell converted from Rockwell C-38” (4).  
 
 
In Brinell hardness tests, a ball with indenter diameters is fixed on the Brinell machine. Then, a load is 
applied for 5 to 10 seconds, so the ball presses the specimen material. After load removal, the indenter 
ball leaves a circular stamp or indentation diameter on the material surface. In order to find out the 



hardness, indentation diameter, as in Figure 2.4, is measured and converted to Brinell hardness unit 
(HB). Normally, HB values are already calculated and included with the machine. 
 

 
Figure 2.4: Brinell hardness test  

 
 
 

2.4. Heat treatment 

 
Heat treatment involves heating and cooling materials to change its physical properties. Grain 
characteristics are controlled to produce different levels of hardness and tensile strength. Generally, 
the faster a metal cools, the smaller the grain size becomes. Grain size and patterns increase material 
hardness and tensile strength but as hardness increases, the toughness and ductility decrease (4). With 
the proper heat treatment internal stresses may be removed, grain size reduced, toughness increased 
or a hard surface produced on a ductile interior (5). 
 
Hardening is the process of heating the metal to a temperature within or above its critical range and 
then cooling it rapidly. Heat rate is very important during this process. Heat flows from outside the 
metal to inside and the heat rate should be properly considered in order that to have heat equally 
distributed within metals.  Rapid quenching of carbons steels obtains martensite which is formed by the 
rapid decomposition of austenite. Carbon amount controls the hardness of martensite which is 
magnetic and cannot be machined due to brittleness (5).  
 
Tempering comes after hardening in order to reduce the level of brittleness and hardness that 
previously obtained during hardness. Tempering softens the material but not to the same level as in 
annealing. 
 
Annealing is a process where hard steels are softened so they can be machined or cold worked. This is 
done by heating steel to the required temperature and holding the temperature or a certain time 
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before cooling it down slowly.  This process is known as full annealing because it wipes out all trace of 
previous structure, refines the crystalline structure and softens the metal. Annealing also relieves 
internal stresses previously set up in metal. When hardened steel is reheated to above the critical 
range, the constituents are changed back into austenite and slow cooling provides ample time for 
complete transformation of the austenite into the softer constituents (5).  
 
 

2.5. Fatigue  

 
Fatigue is the most common reason of fracture which occurs in materials when they are subjected to 
repeated cyclic or fluctuating loads. These loads cause fluctuating stresses and strains on the material. 
Fatigue failure in metals starts with the initiation of a crack. The crack then propagates across the cross-
section of the part until the residual ligament is unable to support the load and final failure occurs by a 
static mechanism (3). 
 
The fatigue of a metallic specimen will be increased if the surface of the specimen is hardened. 
Conversely, softening of the surface has the effect of decreasing the fatigue strength. Cold working of a 
surface, as for example in shot peening, induces compressive residual stresses which act to increase 
endurance by prohibiting the opening of the fatigue crack. In som e materials plastic strain may 
increase fatigue strength. Surface hardening by flame or induction methods, by carburizing or by 
nitriding all increase the fatigue limits of steels, especially in bending and torsion (3).  
 

 
Figure 2.5: (6). Metal fatigue is caused by repeated cycling of the load.  It is a progressive localized damage due to fluctuating 
stresses and strains on the material.  Metal fatigue cracks initiate and propagate in regions where the strain is most severe. 

 
The resistance against fatigue depends essentially on a number of factors. Among them are: stress 
concentration, surface roughness, frequency of loading, loading history, residual stress-strain fields, 
temperature, environmental conditions, etc. manufacturing process features such as heat treatment 
and cold deformation also affect fatigue life (7). 
A possible way to prevent fatigue failure is to reduce or eliminate the residual tensile stresses which 
result during manufacturing.  
 



The S-N curve, see Figure 2.5, illustrates the applied stress S and the total fatigue life within cycles of 
stress N. Though S-N curves are not available for all materials but their use is helpful in estimating 
material life time (3). 

 
 

2.6. Tribology  

 
Fiction is important and needed for example for driving a car, where tires have contact with the road 
and with time they are wear out. Friction and wear exist in all moving systems. Heat is generated due to 
friction. Lubricants are used for cooling and to prevent or minimize wear to happen. 
 
Friction  
Friction is the resistance to motion when two bodies in contact are forced to move relative to each 
other. It is closely associated with any wear mechanism that may be operating and with any lubricant 
and/or surface films that may be present, as well as the surface topographies. The heat generated as a 
result of the dissipation of frictional interaction may affect the performance of lubricants, may change 
the properties of the contacting materials and/or their surface films, and, in some cases, may change 
the properties of the product being processed. Any of these results of frictional heating can cause 
severe safety problems because of the danger of mechanical failure of components due to structural 
weakening, severe wear (for example, seizure), or fire and explosion (8). 
For well lubricated surfaces the friction between two surfaces is related to the temperature which 
affects the viscosity of the lubricant. Table 1 shows the difference in coefficient of friction for dry and 
greasy metals. In moving machinery, friction is responsible for dissipation and loss of much energy. 
 

Material 1 Material 2 

Coefficient Of Friction 

Test method DRY Greasy 

Static Sliding Static Sliding 

Steel (Mild) Steel (Mild) 0.74 0.57 
 

0.09-0.19 
 

Steel (Mild) Steel (Mild) 
 

0,62 
  

FOR 

Steel (Hard) Steel (Hard) 0,78 0.42 0.05-0.11 0.029-0.12 
 

Table 1: coefficient of friction table. (9) 

 
 
Wear  
According to ASTM G 40 standard, wear is defines as “damage to a solid surface, generally involving 
progressive loss of material, due to relative motion between the surface and a contracting substance or 
substances.” The standard defines erosion as “progressive loss of original material from a solid surface 
due to mechanical interaction between that surface and a fluid, a multi-component fluid, or impinging 
liquid or solid particles.” There are about 13 forms of wear and 5 forms of erosion that are generally 
recognized by the tribology community (10).  
 
Some clues as to mechanisms of wear are to be found in the shape of debris particles produced in a 
wear process, these can often be of plate form. In this case it is proposed that there is plastic 
deformation of a surface asperity, smoothing it somewhat. As strain accumulates on the surface, cracks 
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are nucleated below the surface which eventually shears on the surface, at weak points, i.e. the 
deformed material delaminates (3). 
  
When machining steels the wear on the tool is affected by the relative carbide size in the two materials. 
Where the carbide size is small and uniformly distributed in the tool, with small intercarbide spacing, 
and the carbide is coarsened in the work/piece, as by a spheroidizing treatment, the wear on the tool is 
minimized. Where the carbide spacing is smaller in work-piece than in the tool, increased wear in the 
work-piece of the tool results (3).  
 
Carburizing or nitriding are usual surface treatment made for steel surfaces to resist surface wear. It is 
important to mention that as heat increases due to friction then wear risk increases. 
 
 
Some types of wear 
Adhesive wear  
According to ASTM G 40, adhesive wear shown in Figure 2.6, is defined as “wear due to localized 
bonding between contacting solids leading to material transfer or loss from either contacting surface” 
(11).  
 
Abrasive wear 
Is an unintentional wear produced by hard or sharp particle that move on a softer material. Under low 
stresses the abrasion causes scratches on the material’s surface. But it is more serious when the 
stresses are very high as this can lead to fracture or crush. Figure 2.7 is an example of surface 
deformation due to abrasive wear. 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
Impact/fatigue wear 
This type of wear occurs on surfaces subjected to repeated impact. The mechanism of damage is 
usually plastic flow (11). 
 

 

Figure 2.6: schematic of adhesive wear Figure 2.7: scanning electron micrograph showing surface 
damage by chip formation, plastic deformation, and 
pickup of fragments of a ceramic particle abrading a 
copper surface. 



Lubricants  
Lubricants are substances that separate rubbing surfaces and readily shear while adhering to the 
surfaces. As demonstrated in table 2, there are three major categories of lubricants: oils, greases and 
solid-film lubricants (11). 

 
 
 
 

 
 

The use of oil prevents adhesive wear and washes the abrasive particles. Thus, oil filtering is required to 
insure particles free oil circulation in a machine tool. According to Alfredsson (12), for lower viscosity 
and less clean lubrication oil, the cracks or spalling are surface initiated, originating from noticeable 
surface damages. For higher viscosity and clean lubrication oil the cracks are subsurface initiated, 
indicating the presence of another failure process (12). Mineral oils are refined from crude oils while 
synthetic oils are manufactured by chemical processes which make them more costly. 
 
The importance of lubricants comes when there is contact between surfaces and a high heat is caused 
due to friction. Lubricants are used as coolants and insulators since oil particles separate the two 
surfaces in order to smooth motion and reduce friction and heat.  
 
Viscosity is a main parameter in film formation. Viscosity index (VI) modifiers are important because 
they control the change in viscosity with heat. VI is the usual measure of oil’s ability to accommodate 
elevated temperature: the higher the VI, the better the high-temperature ability to provide film 
separation (11). 
 
 
 
  

Lubricants 

Oils Greases Solid film 

Mineral Synthetic Mineral Synthetic Inorganic Organic 

Table 2. Different types of lubricants 
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3. Research approach 

3.1. Process failure  

 
Tool fracture during cold rolling at Grob machine tool is very serious problem that the company faces. 
This failure is critical for many reasons and mainly because of the low production quality and high cost 
to the company. There are numbers of factors adding to production costs, such as raw material cost, 
rolling tool cost and time loss. Time loss results increased production backlogs and influences negatively 
on product delivery deadline. 
Ishikawa diagram or fishbone diagram was created by a Japanese professor in order to show the causes 
of a certain event. The idea of this diagram is to think about possible causes and reasons leading to an 
effect or problem and find solution for preventing those problems. The diagram is sketched showing 
the main and side causes of the problem. In production, manpower, methods, material and machine 
are factors that result and influence on a problem.  
It has been a big challenge to find out root cause for this problem, therefore Ishikawa diagram was used 
as a helping tool. As Ishikawa diagram in Figure 3.1 represents the four possible causes for the fracture: 
the rolling process, rolling tool material and profile, work-piece or shaft material, and Grob machine 
tool. While for the tool and shaft, the main influencing factor is the material composition and 
properties. The misalignments of the rolling tools vertically or horizontally do have a high impact on the 
life time of the rolling tools and as well on the process and end product quality. Misalignments increase 
the forces and stresses on one of the tools more than the other and causes more vibrations. More 
failure factors are in rolling process. Process parameters are expected to be within the machine tool 
capability and corresponding to tool and work-piece material machinability. The importance of 
lubrication is associated with the requirement of the right friction reduction during rolling and as well 
the correct oil filtering.  



 
Figure3.1: Ishikawa Diagram with possible causes for tool fracture in Grob cold rolling. 

 

3.2. Production flow 

 
As shown in Figure 3.2 illustrating the process flow of the spline shaft’s production on Grob machine 
tool.  The blanks of raw material are manually put on a conveyor and then delivered for the robot. From 
this point till the end of rolling process, it takes the work-piece five minutes and ten seconds to have 
the splines rolled. Before rolling, there are two turning process to be performed. At first at the Bellows 
centering step, the bar hollow of the work-piece is face turned because this part of the work-piece is 
fixed to the tailstock spindle while rolling, as shown in Figure3.4. Also, the work-piece is fixed by a drive 
spindle and therefore there is a need for a centering on the other side of the blank. In Okuma lathe, the 
surface that should be rolled is turned before the robot delivers the piece to Grob machine tool for 
rolling. After rolling the work-piece is sent to a buffer, then for further machining and afterwards it is 
sent to the assembly station. 
It is important to mention the quality assurance of production after turning and after rolling. In both 
cases, it is always when production is flowing, the robot pick a work-piece for testing its quality. After 
ten work-pieces are turned or rolled, the robot takes the last piece for quality assurance. The process of 
turning or rolling are paused until the technician performs the quality test. Therefore, in case of errors 
at Grob, as rolling tool fracture, the amount of damaged work-pieces does not exceed ten pieces per 
one set of rolling tools. However, this remains a serious loss in time and damaged work-pieces. 
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Spline shafts come on three main types with difference in the diameter of the machined and cold  
 

  

Blanks 

Bellows 

Centering 

Okuma 

Turning 

Grob 

Rolling 

Quality 

Assurance 

Quality 

Assurance 

Buffering  

Figure 3.2: production flow from raw material till cold rolling. 



3.3. Blank’s material  

 
The work-piece’s blank is made from alloy steel (SS2234) and it is consists of a hollow bar, Figure 3.3, 
which is hot worked, and a forged driver, Figure 3.4. The two parts are later friction welded. The surface 
and core of the new part, Figure 3.6, is hardened and tempered. Figure 3.5 and Figure 3.7 illustrate the 
work-piece after turning and rolling, respectively.  
There is one supplier for these blank work-pieces, which is Arvika Smide AB. The technical drawings for 
this part, journal driver, are given by Scania and the hardness of the blank should be between HB290 
and 330. There are three main types of blanks where the hollow bar diameter varies. 
Arvika Smide AB is counted as a low quality supplier. Table 3 contains the chemical composition of the 
blank work-piece. Blank’s hardness varies widely between charges. Hardness tests on different work-
pieces blanks of different charges has shown that while sometimes the hardness is below the demand, 
it would also goes beyond that.  A parallel research (13) was made by another student in order to find 
tool fracture causes. According to that research and as shown in Table 4, hardness variation between 
different charge numbers reaches 35 HB.  
 
 

 

 
 
 

 

 

 

 

 

 

  

Figure 3.4 forged driver 

Figure 3.3 hot worked hollow bar 

Figure 3.6 journal driver after friction welding 

Figure 3.5 after turning 

Figure 3.7 after rolling 
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Table 3. Blank material  

 

Charge 

Number of 

Blanks 

Measuring Point

 
1                    2                   3 

Hardness 

Average 

V1015 334 336 340 337 

V1797  
(two blanks) 

292 292 297 294 

277 286 285 283 

Table 4. Blank hardness at different points  

After rolling the hardness increases due to work hardening in the material. This reduces the rolling tool 
life. Figure 3.8 illustrates shaft hardness before cold rolling and hardness distribution on the spline after 
cold rolling process. 
 
 

 
Figure 3.8 hardness distributions on one spline 

  

Work piece material C Si Mn P S Cr Mo 

SS2234 (34CrMoS4) 0,30 - 0,37  0,40 0,60 - 0,90  0,035 0.02 - 0.04 0.90 - 1.20 0.15 - 0.30 

Ø 74 mm is shaft diameter 
before rolling 



3.4.  Machine tool  

 
Cold rolling concept 
As mentioned in literature, Grob machine tool C9 is used for the spline rolling of the shafts. Figure 3.9 is 
taken from the Grob machine tool catalogue (14).  
The tool hits the work piece in every rotation and forms a groove accordingly to rib profile of the rolling 
tool. Thereby many teeth are continuously formed by simultaneous feed and rotation of the work 
piece. In this way, the entire forming process is made by many evenly repeated steps. So the required 
forces are relatively low. 
For producing a spline shaft the blank is clamped on the driving spindle, and supported by the tailstock 
spindle. This spindle system enables a simultaneous rotation and feed of the blank. The blank rotates 
between the two rolling tools exactly for a tooth pitch per every rotation of the rolling tools, and in the 
same time moves forwards about the desired feed. In this way the rolling tools beat the blank to form 
the next groove (14). 
The rolling techniques, as shown in Figure 3.10, varies regarding to the tool rotation direction to same 
and counter direction with the advantage of high tip tooth quality for the first one, and of high tooth 
pitch quality for the last one, and regarding to the work piece rotation to continuous and discontinuous 
rotation. In the continuous work piece rotation, the work piece rotates with constant rotating speed. In 

this case the rotation axis of tool head is tilted about few degrees (max  3°) and both rotation of the 
tool heads and the work piece are synchronized to reduce the axial stresses on the tool rib. In the 
discontinuous rotation the work piece stops while the tools are forming the grooves. During the time 
the tool is outside the work piece, the work piece rotates exactly about a tooth pitch (14).  
 

 
Figure 3.9 process concept of Grob cold rolling machine C9 
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Figure 3.10 rolling techniques and related tooth quality 

 
 
  

Machine tool alignment 
Tool alignment is another important factor leading to process failure. This alignment should be 
considered on the three axis, X, Y, & Z as shown in Figure 3.11 & Figure 3.12. A detailed study and 
experiment has been carried in this regard, as reported in student research project (13) on failure 

analysis in  cold rolling of spline shaft. The tool head alignement in direction Z should not exceed  0.05 
mm according to the machine tool catalogue. However, the measurements that have been performed, 

showed an alignment of  0.0675 mm, see Figure 3.11. This experimental measurement is not 
considered reliable due to the lack of precise measuring equipments.  
 
 
Machine instability 
Machine instability has a significant impact of the process behavior and thus reducing products quality 
and rolling tool life time. As the machine tool is an assembly of many components and sub-assemblies, 
then these components can behave as a spring-mass system affecting machine’s natural frequencies or 
eigenfrequencies.  
It is critical to perform a vibration test and analysis to determine machine tool behavior and the effects 
on the rolling process. 
 
 
 
 
 
 
 



 
 
 
 

 

 
Figure 3.12 tool misplacement in X and Y direction 

  

Figure 3.11 rolling tool heads alignment 
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3.5. Grob cold rolling process 

 
The Grob cold forming process is based on a straightforward and universally applicable fundamental 
principle: the total forming effort needed to generate splines in solid materials is broken down into 
numerous forming steps spread along the entire cylindrical length of the zone to be formed. This means 
that the forces needed to achieve superior forming rates and high degrees of deformation are 
comparatively low, allowing ready-to-install precision spline geometries to be produced.  
 
 

 
 

Figure 3.13 rolled shaft fixed to drive spindle in Grob machine tool 



 
As its name implies, this technique is a strictly forming process during which no chip forming is 

involved.  In principle, all popular splined shaft profiles defined by well-established standards can be 

generated. 

 
Process parameters 
In Figure 3.14, rolling tool head rotation is shown, in addition to work-piece rotation direction and feed 
motion. Spline length for each work-piece type is 192mm. See process parameters in Table 5. Knowing 
work-piece spline length and feed per revolution, it is possible to know how many times does the 
rolling tool beat the work-piece and the result is 256 beats per work-piece spline. To know how many 
times each tool hits the work-piece, the total beats per spline is multiplied by the total number of 
splines per work-piece and divided by two. The total number of beats per work-piece for each work-
piece type during cold rolling process is shown in Table 5.  

Work-piece splines amount 26 30 32 

Tool head rotating speed (RPM) 1800 1800 1800 

Work-piece rotating speed (RPM) 358 359.50 359.0 

Work-piece feed (mm/min) 104 90 84 

Feed per Tool Head Revolution (mm/r) 0.75 0.75 0.75 

A-angle of tool head () 1.45 1.33 1.33 

Tool number of beats (beat / work-piece) 3328 3840 4096 

Cold rolling time (sec / work-piece) 110.8 128 137.1 

Table 5: Cold rolling parameters for three work-piece types 
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Figure 3.14 Grob cold forming process. This figure illustrates motions during the process. 

 

Process records 
As shown in Figure 3.10 and Figure 3.14, there are two rolling tools that work symmetrically. The tools 

rotate at the same speed. Both tools are always replaced by new pair of tools when a fracture or wear 

occurs. The production rate of rolling tools is normally recorded. These records show a lot on instability 

and the lack of a production rate pattern. 

 

There are three main types of work-pieces as mentioned earlier in blank’s material. The main types 

have 26, 30 and 32 splines per work-piece, respectively. 

 

Charts below illustrate the production rate not only for all Grob production, as in Figure 3.15 and Figure 

3.16, but also a separate chart for each work-piece type as in Figure 3.17, Figure 3.18 and Figure 3.19. 

As noticed, the highest production demand is on work-pieces with 30 splines.  

 

Each type of work-pieces has different number of splines but all spline lengths are the same. Therefore, 

rolling tools producing types with less number of splines are supposed to break less often. Taking work-

pieces with 26 splines as a reference, the calculation shows that for each additional spline on a work-

piece, the rolling tools life time is less by 3%. But this is impossible to follow due the ups and downs in 

tool failure rate. During problem investigation, charge number has also been considered. Unstable 

hardness in each charge has been recorded. 



 

Another problem has appeared after studying the process records. There is a trend that the rolling tool 

located on the right side fractures first.   

To compare tool life time in beats per work-piece for the highest and lowest production rate of type 30, 

Table 6 and Figure 3.18 are useful to look at. The results in table 6 show a huge tool life variation. 

 

 

 

 

 

 Figure 3.15 Sum of work-pieces produced by one pair of Grob cold rolling tools vs failure date of the tools used to produce 
work-pieces with 26, 30 and 32 splines. 

  

Production rate for type 30 Work-piece Beats/work-piece 

Highest  984 3 778 560 

Lowest  60    230 400 

Difference  924 3 548 160  

Average  462 1 774 080 

Table 6: rolling tool life time in terms of production rate and beats per work-piece 
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Figure 3.17 Sum of work-pieces produced by one pair of Grob cold rolling tools vs failure date of the tools used to produce 
work-pieces with 32 splines. 

 
Figure 3.18 Sum of work-pieces produced by one pair of Grob cold rolling tools vs failure date of the tools used to produce 
work-pieces with 26 splines. 
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3.6.  Rolling Tools 

 
Fracture type in tool can guide to the reason of fracture, as seen in Figure 3.23c. Hardness and 
toughness of tool material should be considered and balanced with shaft material properties and 
process parameters. The student research (13) of tool failure in cold rolling process contains more 
details about tool fracture.  In figures below there are samples of fractured tools that have been tested. 
In the pictures and other analyzed tools, almost all tools had a similar fracture. In Figure 3.20a, it is seen 
that more fractures has been occurring during rolling due to compressive overloads and Figure 3.20b 
shows that the fracture is due to shear and tensile strength. Tool surface has been examined and 
surface cracks have been identified as in Figure 3.20c. 

 
 

  

Figure 3.20a & b: tool fracture 

 

 

Figure 3.20c: cracks in tool surface 
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Tool analysis 
The micro structure of Ernst Grob rolling tool, Figure 3.21, has been studied at Primateria in order to 
determine the chemical properties of the tool and if the tool is heat treated in a satisfactory manner. 
(15) 
 

  
 
 
 
 

Analysis:  
Sample’s hardness was measured using a standard Vickers hardness tester with a load of 10 kg. 
Chemical composition was measured using a wet chemical analysis while the microstructure was 
assessed with the help of light microscopy and by scanning electron microscopy (SEM). (15) 

 
Hardness 
Hardness measurements showed that the steel had a hardness of 930 HV10. After tempering at 560 ° C 
for 1 hour, the hardness was 925 HV10. According to Primateria, this is a perfectly normal and 
acceptable change in hardness, and the material is well heat-treated. (15) 
 
Chemical analysis 
the chemical analysis of steel sample showed that there is a high alloy high speed steel, which agrees 
well with ASP2060 from Erastel Kloster AB. See Table 7. (15) 
 
Microstructure 
The analysis shows that the structure of the steel consists of small evenly distributed carbides in a 
matrix of tempered martensite. The material is a powder metallurgically produced high speed steel 
(HSS PM). Furthermore, it can be seen that the heat treatment conducted in a proper way, see Figures 
3.22a and 3.22b. 
According to Erasteel Kloster AB, the sample’s chemical composition shows that the material used in 
the rolling tool is ASP2060. 
 
Primateria test conclusion 
Based on the observations made in this study, the following conclusions can be drawn and 
recommendations for future work are given: 
 Materials ASP2060 with a hardness of 925 HV is normally a very good tool material relatively easy to 
cope with the loads produced by cold forming of splines. However, this presupposes that there is a 
lubricant that reduces friction and protects the surface against cold welding. 

Figure 3.21: examples of current roll 
forming tools. The image is taken from 
Ernst Grob AG website. 



Table 7 Chemical analysis of the specimen. * Missing value for that substance in the target analysis. 

 
Notes on Primateria test conclusion 
Grob cold rolling process exposes rolling tools to continuous shocks with exceed 4000 beat or shock on 
each shaft. Besides of fatigue risk due to cyclic loading, material hardness is high.  According to Erasteel 
(16), both ASP 2060 and ASP 2053 are very high alloyed grade for applications requiring wear 
resistance. Also they can be used for cold work tools. ASP 2060 has 925 HV hardness and 19J toughness 
while ASP 2053 has 832 HV hardness and 40J toughness.  
 
 

 
Figure 3.22a: specimen’s microstructure with light microscopy. 

Sample C  Si  Mn Cr  Ni  Mo  W  Co  V  

Analyzed samples 2.29  0.61  0.27  3.95  0.22  6.97  6.34  10.1  6.70  

ASP2060 analysis 
2.30  *  *  4.2  *  7.0  6.5  10.5  6.5  
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Figure 3.22b: specimen’s microstructure with scanning electron microscopy (SEM). The carbides are evenly distributed in 
matrix of tempered martensite. 

 
Figure 3.22c: Structure after annealing at 560°C for 1 hour. The structure is more or less intact, suggesting a good heat 
treatment. 

  
 



Tool life time 
According to rolling tool supplier, there are eight different tool scales. The current used tool scale is 
number five. It would be helpful to determine tool scale impact in the process failure. It was not 
possible to test the performance and behavior of other tool scales because the tool manufacturer did 
not supply with more tool scales. 
Both tools on right and left side are changed together in the same time whenever there is a fracture. 
Also, production rate records have shown the trend that around 70% of failures are occurring on the 
right side rolling tool. Therefore it has been an issue to find out the left side tool life time. 

 
Left side tool life time 
The following test instruction has been prepared to assist the technicians and other involved people in 
this test to understand better all steps in this test. 
 
Pre-Test 

 Check latest records (last 3). 

 Estimate right tool life considering last 3 records. 

 Check current tool’s record and decide whether to include it in the test on not. 

 Record shaft blanks selected from the same charge number. 

 Use new records sheet (Leax format). 

 Fill test attempts sheet. 

Test 

 Right side tool is changed when its estimated life time (50%-70%) is reached. 

 Record the number of spline shafts completed with 1 left side tool. 

 Record the number of right tools changes during step B. 

 Record tool material and coatings. 

 Keep mark on all tools used in the test for later microscopic test.it is explained in Table 8 that 

marking includes attempt number (1 or 2 or 3), right or left side tool (R or L) and broken tools (1 

or 2 or 3...). For example the first tool that breaks on the right side will be marked as 1R1. 

Attempt number Tool. Right or Left Tool numbering 

1, 2, 3 R, L 1, 2, 3… 

Table 8: Marking tested tools. 

Notes  
The test objective is to know the left side tool life after 3 successful tests. 
There is always a risk that the tool breaks before the estimated life time.  
In case of test failure, a new attempt is carried on. 
Results 
The test was not completed due to different obstacles. Only one attempt was done by Leax Falun 
technicians and it might seem that they did not want to complete the test. However, the results given 
by the first attempt shows that one left side rolling tool has produced 925 work-pieces, meanwhile 
three right side rolling tools were changed. The result could have been better if the third right side 
rolling tool was changed after rolling 250 work-pieces.  
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Attempt     1 Date: 

Tool 
Tools used 

Pieces completed Time  Notes 
Nr. Material  

Left  1  925  Tool wear 

Right  1  250   

2  250   

3  425  
Tool not changed at 

250pcs. 

     

     

 

Attempt     2  Date: 

Tool 
Tools used 

Pieces completed Time  Notes 
Nr. Material  

Left      NOT COMPLETED 

Right       

     

     

     

     

 

Attempt     3 Date: 

Tool 
Tools used 

Pieces completed Time  Notes 
Nr. Material  

Left      NOT COMPLETED 

Right       

     

     

     

     

 

  



Tool coating 
Different types of tool coatings supplied by Ernst Grob have been tested to increase tool life tool and 
reduce fracture. Also, two pairs of Grob tools coated at Primateria with titanaluminiunmitride have 
been tested at Leax. Tool coatings started to disappear after rolling 200 pieces, see Figure 3.23a & 
Figure 3.23b, and continued until the right side tool fractures, as shown in Figure 3.23c. After fracture, 
both right and left tools were replaced. Figure 3.23a and Figure 3.23b show how the tool coating 
becomes after rolling 400 work-pieces. The right side rolling tool breaks after producing 720 work-
pieces. Figure 3.23c and Figure 3.23d show the fracture on the right side tool and the coating 
disappearance on the left side tool. 
 

 
 
 

 

  

Figure 3.23a: Right tool after rolling 400 work-pieces Figure 3.23b: left tool after rolling 400 work-pieces 

Figure 3.23c: Right tool after rolling 720 work-pieces Figure 3.23d: left tool after rolling 720 work-pieces 
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3.7. Lubricant  

 
Machine tool manufacturer first recommendation regarding lubricant is to use Mobilmet 447 and this 
oil will be used for the cold rolling process and the machine tool as lubricant and coolant. Mobilmet 447 
was not used at Leax falun as it was not available to purchase from the market. It is important to 
mention that the average temperature resulting while cold rolling is 40°C. 
 
Extraform P4 versus Mobil DTE 25 
Currently, Mobil DTE 25 which is the second recommended lubricant by Ernst Grob is used. Leax 
decided to test Extraform P4 oil which is thought to be better oil than the current used oil. Therefore, 
an evaluation of these two oils in load/scanning tribometer was done by Primateria in order to compare 
their ability to generate low friction and to avoid adhesive wear.  
The evaluation demonstrates test result in Table 10 where the same test was repeated for several times 
for both Mobil DTE-25 and Extraform P4. Tests were aborted between 20 and 50 times before 
determining each test result. The results show a higher friction increase when using Extraform P4 and 
the conclusion recommended Extraform P4 as the better oil to choose. The comparison showed that 
employing Extraform P4: 

 Adhesive wear is delayed almost twice as in Mobil DTE 25, see Table 10. 

 Less work material is sticking to the tool steel surface. 

 Tool and work-piece surface roughness is better than with Mobil DTE 25. 

 
 
 

 
 

Table 10: Extraform P4 versus Mobil DTE 25 



 
Extraform P4 
Applying Extraform P4 in the Grob C9 was not successful due to unexpected variables. The oil formed 
foam, see Figure 3.24, which prevents the proper oil flow in machine tool pipes and nozzles.  
Thus, it would be best to change the oil to Mobilmet 447 as recommended by the machine tool 
manufacturer Grob. 
 
 
 

 
Figure 3.24: Extraform P4 result after using it in Grob C9 
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3.8. Natural frequency & vibration 

 
All rotating equipments vibrate to some degree, but vibration is more dramatic when equipments are 
at the end of their life. Ongoing monitoring of equipment allows these signs of wear and damage to be 
identified well before the damage becomes an expensive problem. Vibration analysis is an efficient way 
to early detect of fatigue and breakdown. Accelerometers or tachometers are sensors that may be used 
to record vibration. These recordings are later transferred to a computer and analyzed. The recordings 
can be compared over time, and the gradual development of new vibrations that might indicate wear 
detected at their earliest stages (17). 
A vibration test has been performed by the maintenance team of the company who spent long time 
with vibration analysis but at the end failed to analyze test results.  
The figure below, Figure 3.25, is a Comsol simulation result showing the natural frequency of the work-
piece at 3000 Hz. When converting tools and the work-piece rotation speeds from RPM to Hz, the result 
is 30 Hz and 6 Hz respectively. Thus, it is possible that the work-piece is excited and causing vibration.  
There might be an overload on the right side tool due to vibration as proposed in Figure 3.26. However, 
the overload distribution can be symmetric which means that the tools on both sides are overloaded. 
The misalignment of the rolling tools can cause the tool to fracture and tool fracture is higher when 
both tools misalignment and work-piece vibration exist at the same time. 
 
 
 

 

 

 

Figure 3.25: Natural frequency at 3000 Hz 



 
Figure 3.26: a) Tool depth in the work-piece while rolling under normal circumstances,  
                       b) Tool depth displacement due to vibration. 

  

 

    

Work-piece Right side tool Left side tool 

a) 

b) 

  

Displacement X 

 

B > X > A 

Displacement B 
Displacement A 
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4. Analysis and Results 

 
Process failure 
After studying the collected data about the Gorb cold rolling machine tool and process, it was clear that 
the problem is not as easy as a tool fracture in a cold rolling process.  
Production rate varies widely. It makes a sense that Leax is performing different tests on tool coatings 
which may cause these variables. Also, work-piece material may vary within different charge number or 
deliveries. But, it is also true that fracture rate varies widely without any changes in the inputs.  
The other problem concerning the right and left side rolling tools is that the right side tool life time is 
sometimes 70% less than the left side tool life time. 
 
Production flow rate instability 
The shortage in frequent quality control of work-piece’s material properties makes it difficult to 
determine the main reason for instability. But this might be true because there are big changes of work-
piece’s hardness between different charges and also within the same charge. Therefore, tool life time 
varies depending on that hardness and it can cause a wide life time difference from a pair of rolling 
tools to another. 
 
Work-piece material 
The hardness of work-piece blanks, according to Scania technical drawings, should be between 290-
330HB. Whereas, Arvika Smide supplies blanks where the hardness is between 280 and 340 HB. Also 
according to different hardness tests which were done, it was clear that work-piece hardness variation 
exists within the same charge number. 
 
Machine tool  
Machine tool stability and accuracy plays a big role in process failure. According to measurement tests 
that are performed, there has been a misalignment detected on the two rolling tool head along Z axis 
as shown in Figure 3.11. 
 
Cold rolling process & lubricant 
The current process parameters are suitable for this cold rolling process when tool and work-piece 
materials and quality are improved.  
Mobil DTE Mobil 447 can be used instead of Mobil DTE 25 but this does not solve the problem of tool 
fracture. 
 
Tool material and coating 
Tool material ASP 2060 hardness is 930HV and toughness 19J. Thus, it is a high hardness and low 
toughness for cold rolling a steel blank with hardness over 300HB and under high cyclic loading. It 
would be more beneficial to use tool material ASP 2053 with 832 HV and 40J toughness.  
 
Natural frequency & vibration 
There is no vibration analysis performed for the cold forming process. It is possible that the rolling tools 
excite the work-piece and cause it to vibrate. The vibration and the misalignment of the rolling tools 
may result tool fracture and a short tool life. 
  



5. Conclusion and future work 

 
The main reason of tool fracture is the mechanical fatigue due to the cyclic loads during the forming 
process. The usage of a rolling tool material with balanced hardness and toughness for this specific 
forming process is necessary in order to prolong the tool’s life. Rolling tools supplier can manufacture 
rolling tools with the tougher material ASP 2053 which is currently used at Leax Köping. 
 
Three are two main problems that have been noticed: frequent right side tool fracture and production 
rate instability.  
 
Production rate instability can be linked to the instability of work-piece’s blank material hardness which 
is supplied by Arvika smide. The hardness quality is often below the requirements and it often goes 
below the minimum or maximum required hardness of the blanks. Applying strict quality control rules 
with the work-piece blank supplier would reduce the fluctuations in production rate and significantly 
increase the tool life. 
 
For the frequent right side tool fracture, it has been noted that there is something happening. It is 
worth to study this phenomena and the left side tool life test has shown that the left side tool has a 
higher life than the right side tool.  
 
A misalignment has been detected along the Z axis on the rolling tools. This alignment was measured 
using a vernier caliper and therefore it is recommended to perform more accurate measurement that 
can give precise alignment measurements.  
 
Beside tool misalignment, the work-piece can vibrate due to excitation caused by the rotation speeds of 
both the rolling tools and the work-piece. Together with the tools misalignment, the vibration might 
cause an overload on the right side tool and thus it can be the reason for the tool fracture on the right 
side tool. Therefore, a vibration analysis proves if there is an overload on the right side tool.  
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