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Abstract 

The use of pre-hardened mold steels has increased appreciably over the years; more than 80% of 

the plastic mold steels are used in pre-hardened condition. These steels are delivered to the 

customer in finished state i.e. there is no need of any post treatment. With hardness around 

~40HRC, they have properties such as good polishability, good weldability, corrosion resistance 

and thermal conductivity. Machinability is a very important parameter in pre-hardened mold 

steels as it has a direct impact on the cost of the mold. In normal machining operations involving 

intricate or near net shapes, machining constitutes around 60% of the total mold cost. 

Efforts are underway to explore every possible way to reduce costs associated with machining 

and to make production more economical. All the possible parameters which are considered to 

affect the machinability are being investigated by the researchers. This thesis work focuses on 

the effect of prior austenite grain size on the machinability of pre-hardened mold steel 

(Uddeholm Nimax). 

 Austenitizing temperatures and holding times were varied to obtain varying grain sized 

microstructures in different samples of the same material. As it was difficult to delineate prior-

austenite grain boundaries, experimental and empirical methods were employed to obtain 

reference values. These different grain sized samples were thereafter subjected to machining 

tests, using two sets of cutting parameters. Maximum flank wear depth=0.2mm was defined for 

one series of test which were more akin to rough machining, and machining length of 43200mm 

or maximum wear depth=0.2mm were defined for second series of tests which were similar to 

finishing machining. 

The results were obtained after careful quantative and qualitative analysis of cutting tools. The 

results obtained for Uddeholm Nimax seemed to indicate that larger grain sized material was 

easier to machine. However, factors such as retained austenite content and work hardening on 

machined surface, which lead to degradation of machining operations were also taken into 

consideration. Uddeholm Nimax showed better machinability in large grained samples as 

retained austenite(less than 2%) content was minimal in the large grained sample. Small grained 

sample in Uddeholm Nimax had a higher retained austenite (7+2%) which resulted in 

degradation of machining operation and a lesser cutting tool life. 
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1 Introduction 
Austenitic grain size is a material characteristic which is often reported on test reports and 

certification documents for mold steels that are machined in machine shops of most steel 

companies. It is a material characteristic which affects the machinability and subsequently the 

life of a cutting tool. Machining of mold steels in hardened state can be a challenging job due to 

cutting tool wear. The main objective of this thesis work is to investigate the amount of cutting 

tool wear on different grain sized mold steel work piece materials, during end milling. 

The thesis work is carried out in collaboration with Uddeholms AB, a world leading producer of 

steel. The tool steel at Uddeholms AB is produced through conventional ingot casting, powder 

metallurgy and electroslag re-melting processes. 

1.1 Aims of thesis work 

This thesis work has been carried out in joint cooperation between Uddeholms AB, Sweden and 

Karlstad University, Sweden. The work material has been supplied by Uddeholms AB whereas 

most of the practical work has been done in the various labs of Karlstad University. Some 

practical work has been done in Uddeholms AB, Hagfors as well. The work material provided by 

Uddeholms AB was Nimax, a low carbon die and mold steel recently introduced in the market. 

The material is delivered to the customer in pre-hardened condition, with a hardness of ~40 

HRC. This means that the customer does not need to do any heat treatment on the finished mold. 

For good production economy, it is important that the machinability in the material is good and 

even. Some customers have complained that the machinability has varied between different 

delivered steel pieces and also sometimes in the same steel block. Uddeholm Nimax is a material 

that hardens direct after forging or rolling, and depending on size the cooling time can vary, 

which can result in different grain size from surface to centre of the steel block, and this can 

result in uneven machinability. Essentially the aim of thesis work is to evaluate the influence of 

prior-austenite grain size on the machinability of Uddeholm Nimax. The scope of work included: 

 Heat treatment of the material to different grain sizes. 

 Microstructure characterization, including measuring the prior-austenite grain size. 

 Machinability test including both rough and finish milling. 
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1.2 Mold steels 
Plastics are modern materials and have proved to be more than satisfactory replacements of 

metals in most applications. Today plastics are utilized in vehicle industry, for household 

articles, in electronic devices and containers for food and beverages [1]. Plastics used in 

contemporary applications have to meet different demands and perform under varying 

conditions. Some of these requirements are met by the plastics themselves but most others like 

polishability and structured surface are influenced by the mold and in essence by the steel used 

for the mold [2].Wear resistance is an important requirement in plastic molds and can be 

achieved by developing a microstructure with a higher matrix hardness and precipitates of hard 

carbides and nitrides. Also corrosion resistance is an essential prerequisite, as better resistance to 

pitting corrosion and crevice corrosion are required [3]. 

The American Iron and Steel Institute (AISI) classification system, have assigned group P to 

steels used for plastic molding and some die casting applications. Following are some of the 

necessary characteristics required in mold steels [4]: 

1. Ease of hubbability-This requisite is met by low annealed hardness. 

2. Machinability- Hubbing is normally followed by machinability and so it is of great 

significance in mold steels. 

3. Polishability-This is of particular importance in dies used for molding transparent 

plastics, which require a smooth surface on the final product. For good polishability 

freedom from inclusions, chemical and structural uniformity and high surface hardness 

are required. 

4. Wear resistance-Noticeable wear can be caused by the flow of material into a die or 

mold. Therefore a wear resistant surface is essential. 

5. High surface hardness-High hardness of the surface is necessary for resistance to 

indentation. Additionally it is required for good polishability and wear resistance. 

6. High core strength-The core strength is required to avoid sinking of the cavity, once high 

pressures are applied. 
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7. Toughness-Dies and mold are subjected to severe mechanical and thermal shocks. 

Consequently it is beneficial to have a tough, ductile material. 

8. Minimum dimensional change on hardening- Dies that require very little finishing to size 

post heat treatment are favored. 

9. Resistance to corrosion-Under high-humidity conditions rusting can become a major 

concern as several plastics are very corrosive. 

10. Resistance to hardness loss on tempering- High temperatures are employed in the 

molding operations and dies which lose their hardness easily start showing signs of wear. 

1.2.1 Types of mold steels 
Plastic mold steels can be divided into following three groups [5]: 

1.2.1.1Through hardened mold steels  
Through hardened mold steels are normally delivered in soft annealed condition. Hardening is 

done in these steels after machining. These mold steels usually have high hardness (48-60HRC), 

high wear resistance and good polishability. These mold steels are normally used for extremely 

abrasive plastics. They are used in applications which require high pressures. 

1.2.1.2Pre-hardened mold steels  
Pre-hardened mold steels are delivered to the customer in finished state i.e. there is no need of 

any preheating or post treatment. They have a typical hardness of ~40HRC and usually have a 

high mechanical strength, wear resistance and good polishability for most applications. These 

mold steels are normally used in almost all applications. They are particularly useful for large 

molds and in applications where there is a less emphasis on wear resistance. Machinability is a 

parameter of special significance in pre-hardened condition.  

1.2.1.3Corrosion resistant mold steels  
Corrosion resistant mold steels are delivered either in pre-hardened or soft annealed condition. In 

case they are delivered in soft annealed condition, care should be taken during heat treatment to 

not damage corrosion resistance characteristics of the material. Corrosion resistance in molds can 

be attained by nickel or chrome plating; however it is difficult to obtain a uniform coating 

thickness. They are used in applications which require high corrosion resistance.  
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1.2.2 Heat treatment of pre-hardened mold steels 
Hardening in pre-hardened mold steels can be done either by quenching followed by tempering 

or by precipitation hardening. The first mechanism involves heating the material above AC3 

(upper transformation temperature) and holding at this temperature for an appropriate time so 

that an austenitic microstructure is acquired. This is called austenitizing and is followed by 

quenching, cooling down the material to room temperature in suitable quenching medium. The 

preference of quenching medium depends on the required cooling rate which determines the 

formation of martensite or bainite. Usually polymer bath, oil and air used as quenching media. In 

view of the fact that as-quenched martensite is brittle and metastable; tempering is done to attain 

a desired reduction in hardness and a more stable microstructure. Tempering is usually done in 

two or three steps to convert the retained austenite into tempered martensite. During the 

hardening stage a small fraction of austenite, known as retained austenite, does not convert to 

martensite. This retained austenite transforms into as-quenched martensite during the first 

tempering cycle and during the second cycle it transforms into tempered martensite. In some 

cases several tempering cycles are required to eliminate retained austenite completely from the 

structure.  

 

Fig.1.Schematic illustration of a typical hardening treatment for pre-hardened mold steels. 

In precipitation hardened mold steels, the requisite hardness is produced by intermetallics 

dispersed in the matrix. Al is a commonly found constituents of these intermetallic alloys. These 
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intermetallics dissolve in the matrix at high temperatures but form precipitates upon quenching 

and ageing at lower temperature, as the solubility decreases at lower temperature [5]. 

1.2.3 Uddeholm Nimax 
Uddeholm Nimax is a low carbon steel used for making molds for plastics. At the time of 

delivery to the customer its hardness is ~40HRC. It has all the usual characteristics which are 

necessary for a mold steel; exceptional machinability, easy weldability, good polishability, good 

resistance against indentations, high impact and fracture toughness. At the time of delivery to the 

customer, it is a finished article and does not require any preheating or post treatment [6]. 

Table 1.Chemical composition of Uddeholm Nimax measured by Optical Emission 
Spectroscopy 

Typical analysis 
weight-% 

C Si Mn Cr Mo Ni 
0.1 0.3 2.5 3 0.3 1 

Delivery condition 360-400HB     
Color code Light blue/Dark blue    
              

1.2.3.1Microstructure of Uddeholm Nimax 
Uddeholm Nimax has low carbon content which gives it a microstructure with high toughness 

and shock resistance. The hardening mechanism in Nimax is continuous cooling in air or 

insulated environment. Therefore, microstructure is mainly bainitic with a 7+ 2% retained 

austenite, precipitates of cementite and about 5-10% auto tempered martensite [7]. 

 

Fig.2.Optical micrograph of Nimax etched in 2% Nital. 
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1.3 Microstructure 
Increasing the austenitizing temperature also increases the austenite grain size. Upon quenching 

the austenite transforms into martensite, yet the traits of the austenite grain structures are carried 

over into the tempered martensite. Essentially it is the remnants of the high temperature austenite 

grain boundary structure which affects the properties in fully hardened tool steels having 

tempered martensitic microstructures. The high temperature austenite grain boundaries are 

known as prior austenite grain boundaries and are commonly revealed by chemical etching or 

fracture at room temperature [4]. 

All the major material properties (strength, creep, fatigue resistance, electrical and magnetic 

properties) are known to depend upon grain size. Moreover, during processing grain size plays a 

pivotal role in the development of eventual microstructure due to re-crystallization, grain growth 

and phase transformations [8]. Therefore in order to investigate the connection between 

microstructure and properties in martensitic steels, it is important to measure the prior austenite 

grain size [9]. In order to determine the prior austenite grain size; firstly the prior austenite grain 

boundaries need to be delineated and secondly the prior austenite grain size needs to be 

measured [10]. 

1.3.1 Revealing prior-austenite grain boundaries 
The revealing of prior austenite grain boundaries can be accomplished by following two distinct 

methods: 

1.3.1.1Direct method 
In direct method, steel is heated above the critical point, AC3 (the temperature at which the 

transformation of ferrite to austenite is completed) and the resulting austenitic microstructure is 

examined with the aid of a high temperature microscope. 

1.3.1.2 Indirect method 
In indirect method, after austenitization the steel is quenched in a suitable medium (water, oil 

and air) and thereafter tempered. This is followed by careful metallographic preparation of the 

specimen. All the indirect methods involve revealing prior austenite grain boundaries at room 

temperature. Various indirect methods are used [10]: 
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1.3.1.2.1Oxidation etching 
This method requires polished surface of a sample to be heated in a furnace having an oxidizing 

atmosphere. Prior austenite grain boundaries are revealed due to oxide accumulation or 

decarburization along the grain boundaries. 

1.3.1.2.2Controlling post-austenitization conditions 
This method involves regulating the cooling conditions after austenitization to support the 

formation of the pro-eutectoid ferrite or cementite evenly precipitated at grain boundaries. 

1.3.1.2.3Thermal etching 
This method involves heating up a finely polished sample up to the austenization temperature in 

a vacuum furnace followed by cooling down to room temperature. Thermal etching does not 

require metallographic preparation after heat treatment. Surface tension effects and matter 

transport mechanisms result in the formation of austenite grain boundaries.  

1.3.1.2.4 Chemical etching 
Etch solutions are extensively used and chemical etchants based on saturated aqueous picric acid 

plus a wetting agent gives best results[10],[11],[12],[13],[14]. Chemical etching is the most 

commonly used indirect method to reveal prior austenite grain boundaries [10], [11]. 

1.3.2 Metallographic specimen preparation 
Tool steels cover a very broad spectrum, ranging from simple plastic molding die steels to highly 

alloyed high speed steels. Normally tool steels are not too difficult to prepare but there are a few 

complexities which are dealt with. 

1.3.2.1 Sectioning 
Sectioning of tool steels can be complicated and softly bonded abrasive blades are needed for 

effective cutting and also to avoid burning. Softer specimen (less than 35HRC) can be sectioned 

with the aid of hacksaws. This however creates a large deformation zone underneath the cut and 

rough surfaces. This damage however is removed with a coarse abrasive (80 to 120 grit silicon 

carbide). For harder specimens water cooled abrasive cutoff wheels are used to minimize heat 

generation, especially when cutting quenched and lightly tempered tool steels. If inappropriate 

methods are used it can temper martensite at the surface and if the heating is too much it can lead 

to the re-austenization of the surface which cannot be straightforwardly removed by grinding 

later. Specimens having high hardness and high alloy content can be sectioned with a low speed 
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diamond or cubic boron nitride wheel saw, as it produces first-class surfaces and grinding can be 

initiated with fine grits (320-400 grit silicon carbide). 

1.3.2.2 Mounting 
Large samples can be polished without mounting in modern automatic polishing equipments. In 

preparing samples, often it is needed to retain the edge, for instance, in the rating of 

decarburization or in the investigation of heat treated specimens. If edge retention is of 

paramount importance, mounting the specimen is the best option. Best edge retention is provided 

by compression-mounting epoxy resins. Automated polishing gives better results for edge 

retention. Small samples having unusual shapes are mostly mounted. If edge retention is not 

needed, phenolic compression-molding materials can be used. 

1.3.2.3 Grinding  
For grinding phase water cooled silicon carbide paper (220-300mm diameter) may be used. The 

choice for initial grit size relies on the method employed to generate cut surface. Common grit 

sequence is 120,240,320,400 and 600-grit.For highly alloyed tool steels in which carbide pull out 

is an issue finer grit sizes may be used. Grinding pressure should be moderate. To eliminate 

scratches and deformation from the last step, grinding for 1 to 2 min is sufficient. In order to 

avoid deformation it is better to use fresh silicon carbide paper. 

1.3.2.4 Polishing 
Conventional approach to polishing may involve the usage of manual or automated devices. 

Polishing is normally done with one or several diamond abrasive stages. Usually polishing with 

6 and 1µm diamond is enough. Diamond abrasives in combination with a lubricant are applied to 

a polishing cloth in stick, slurry or spray form. The lubricant used with diamond abrasives helps 

to mitigate drag. Typically wheel speeds of 150 to 300 rpm with moderate pressures and 

polishing times of 1 to 2 min should suffice. Final polishing is done with one or more final 

abrasive stages of alumina (Al2O3), normally 0.3µm α-alumina and y-alumina [15]. 

1.3.2.5 Chemical Etching 
Metallographic etching includes all processes and procedures which are employed to reveal 

structural details of a metal which are otherwise not apparent in a polished specimen. Details 

such as porosity, cracks, nonmetallic inclusions, inter metallic precipitates and nitrides are 

evident in the as-polished specimen. Etching however reveals other structural characteristics 
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such as grain size, segregation, and the shape, size and distribution of the phases and inclusions 

that are present.  

Etching is performed by dipping or by scrubbing with a suitable chemical etchant which results 

in selective corrosion(only certain phase or phases are attacked) .The chemical composition of 

the etch solution depends upon the material being examined, alloying chemistry, heat treatments 

involved and finally the structural characteristics to be examined. It is difficult to determine 

optimum etching time as it depends upon the strength of the solution being used and the details 

which are to be examined. Essentially it is a trial and error procedure and can only be perfected 

after years of experience. Careful metallographic preparation followed by etching with suitable 

chemical solution yields reasonable results [11].  

1.3.2.5 .1Etching for revealing prior austenite grain boundaries 
A variety of etchants have been used to reveal prior austenite grain boundaries in hardened 

steels. However, often the etched grain boundaries cannot be clearly distinguished from the 

tempered martensite [16].An appropriate chemical etchant is picric acid which is often used 

along with a suitable solvent and a wetting agent [8].For higher alloy grades HCl is also added, 

however for high carbon steel alloys the addition of HCl should be minimal [16].Solvents with 

lower dielectric constants show lower ionization and therefore lower disassociation and 

conductivity; ether, alcohol and water in order are suitable solvents. Varying the quantity of 

wetting agent does not make too much of a difference. Normally a few drops of Teepol (sodium 

alkyl sulphonate) are added but other wetting agents can also be used [13].Etching to reveal prior 

austenite is done as follows [16, 17]: 

1. Polish the specimen as per standard metallographic methods. 

2. Etch by immersing the specimen in a beaker containing the etchant. To give some 
agitation the beaker should be placed in an ultra sonic cleaner. 

3. Remove the specimen, clean in alcohol and dry. 

4. Examine the etched surface with an optical microscope. Austenite grain boundaries 
should be visible. 

5. Lightly re-polish the specimen on a 0.05µm alumina to remove the etched matrix. 

6. Steps 2-5 are repeated until boundaries are adequately revealed. 



15 

 

Austenitization time and resulting coarsening of the martensite formed on quenching has no 

impact on the etching of the prior austenite boundaries. Degree of tempering however gives rise 

to a disparity in etching response. Tempering for long duration at high temperatures leads to 

considerable ferrite formation, causing the etching of the prior austenite grain boundaries to be 

masked because of additional etching at the ferrite boundaries [18]. 

1.3.3 Austenite grain growth 
The major thermodynamic driving force responsible for grain growth is the reduction of 

interfacial energy. The interfaces in a microstructure are the grain boundaries and so it is 

essentially reduction in the grain boundary energy that accompanies the replacement of fine 

grains by coarse grains. 

As the material is heated to austenitization temperature, nucleation, growth and encroachment of 

austenite grains occur. This is followed by the formation of finest grains immediately after the 

completion of austenitization. In the absence of particles grain growth commences instantly and 

continues as time and temperature are increased. Second phase particles distributed in 

microstructure impede grain growth. In tool steels, fine austenite grain sizes are maintained by 

carbides that pin the austenite grain boundaries. Thus, grain growth does not start instantly after 

the formation of austenite and a stable fine grain size is retained over a range of austenitizing 

temperatures and times. The equation below relates to a stable grain size, D to characteristics of a 

particle distribution that pins down grain growth [4]. 

            (1)        

D=stable grain size 

r=radius of the particles 

f=volume fraction of particles 

A lot of other parameters have been added to the above mentioned equation but the essence of 

the equation is the dependence of grain size on particle diameter and inverse dependence on 

volume fraction. In tool steels the carbide particles are quite coarse; however this is offset by the 

high volume fraction of carbides which ensure a fine grain size. As the austenitizing 

temperatures are increased the carbide particles coarsen and dissolve. Austenite grain sizes 
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increase significantly with increased austenitizing temperatures as the particle distributions are 

no longer able to control migration of grain boundary [4].  

1.3.3.1 Prior austenite grain size measurement by experimental methods 
Soap bubbles can be used to model the shape and properties of grains in steels and other metals 

as they show a good model of the 3-dimensional shape of metal grains. The soap model can be 

used to visualize how grains extend below the surface. In Fig.3 a seven sided soap grain 

contacting the glass surface can be seen [19]. 

 

Fig.3.Soap grains simulate metal grains [19]. 

The size of grains in all three dimensions is never the same. Moreover, the sectioning plane cuts 

through the grains in a random way and so on any cross section an array of sizes is viewed. The 

maximum grain size is essentially cross section of the largest grain on view[20].It is known fact 

that the grain size of martensite formed in heat-treated steels cannot be measured. In low carbon 

steels the martensite forms in packets inside the parent austenite grains. Whereas, martensite in 

high carbon steels does not form any suitable structural shape which can be measured. 

Consequently it is a common practice to measure the size of parent austenite grains (prior-

austenite grains) that are formed during high temperature hold during the heat treatment. It is 

however not easy to reveal the prior austenite grain boundaries using the commonly used etching 

procedure. For low carbon steels it is particularly difficult to reveal prior austenite grain 

boundaries and instead the low-carbon lath martensite packet size which is a function of the 

prior-austenite grain size can be measured [21]. 
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1.3.3.1 .1Grain size number 
It is usual practice to predict the grain size using chart ratings, although they are considered to be 

biased; that is the ASTM grain size number is 0.5 to 1 unit too low. The ASTM grain size 

number, G is defined as: 

n=2G-1        (2) 

n= the number of grains per square inch at 100X 

n can be converted to NA (the number of grains per square mm) by simply multiplying n by 15.5. 

ASTM E 112 explains the manual measurement of grain size for structures having a single grain 

size distribution. On the other hand ASTM E 1382 covers image analysis measurements.  

In 1916 Zay Jeffries devised the intercept method for grain size measurement. Likewise another 

method known as the planimetric method was developed by Emil Heyn in 1904. 

1.3.3.1 .2 Planimetric method 
According to ASTM recommendations a test circle having a diameter of 79.8mm (5000 sq.mm 

area) is indiscriminately placed over the image of etched grain structure. The next step is to 

count (a) the number of grains inside the circle (ninside) and (b) the number of grains intercepted 

by the circle (nintercepted). For the sake of accuracy it is better to mark the grains on the template. 

The magnification of the image should also be known and should be kept to minimum possible 

(e.g.200X or 300X).The number of grains per sq mm, NA is determined using the equation: 

NA = f {ninside + ½(nintercepted)}    (3) 

f=M2/circle area 

M=linear magnification of the image 

Using the value for NA, the ASTM grain size number, G, can be calculated using the equation 

from E112-96: 

G = {3.322 (log10 NA) – 2.954}    (4) 
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1.3.3.1 .3The Intercept method 
Using the intercept method for ASTM grain size measurement involves counting either the 

number of grains intercepted, N or the number of grain boundaries intercepted, P, with a test line. 

As per ASTM recommendations a grid with three concentric circles having a cumulative line 

length of 500mm should be employed for this method. The next step is to calculate the number 

of interceptions per mm, NL or PL in case we are working with grain boundaries interceptions per 

mm. 

NL=N/true length (circumference of the circle) 

True length= πd /Magnification 

To compute grain size, the mean lineal intercept length, l, (reciprocal of NL) is calculated.  

l=1/ NL (units mm) 

G is calculated using the equation from E112-96: 

G = {-6.644 (log10 l) – 3.288}   (5)   

In practice, these measurements are repeated on several fields of a specimen to obtain a good 

estimate of the grain size. 

1.3.3.2 Predicting prior austenite grain size by empirical models 
Various empirical equations have been developed to predict the austenite grain size during 

austenitization keeping in view the alloying elements. The empirical equations have been 

developed by establishing relation between thermodynamic parameters such as grain boundary 

energy, activation energy for grain boundary diffusion, and others. These parameters however 

are not easy to obtain. Some empirical models have been developed primarily as functions of 

temperature and time of austenitization. These theoretical models can be used for plain carbon 

steel but not for low alloy steels as they do not accommodate the effect of alloying elements. 

A recently developed empirical equation for predicting the average grain size of low alloy steels 

containing Cr, Ni and Mo was validated, after comparisons were made between measured and 

calculated average grain sizes of low alloy steels [12]. 
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Fig.4. Effects of the alloying elements on preventing austenite grain growth at different 

austenitizing temperatures for 1 h [12]. 

 

Fig.5. Effect of carbon on preventing austenite grain growth at different austenitizing 

temperatures for 10 min in Cr–Mo steels [12]. 

Experiments have revealed that Mo suppresses the austenite grain growth more than Ni or Cr 

irrespective of the austenitizing temperature as shown in Fig.4.Likewise C addition also pins 

down the grain growth as evident from the Fig.5.Actually the alloying elements in a solute state 

act as barriers for growth of austenite grains by the segregation of the alloying atoms towards 

grain boundaries. Also there is a difference in atomic size between Fe and other alloying element 

that affects the dragging effect on grain boundaries [12].An Arrhenius type equation explains the 

relation between austenite grain growth and austenitizing condition: 
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    (6) 

d= grain size in micrometer 

A= a constant 

Q= activation energy (J/mol) for grain growth 

R=gas constant (8.314 J/mol/K) 

T=austenitizing temperature in Kelvin 

 t=austenitizing time in seconds 

n=time exponent 

The activation energy is obtained by Arrhenius plot by utilizing experimental data. The above 

mentioned equation (6), cannot be applied to low alloy steels because of the solute dragging 

effect of alloying elements. It can however be applied to plain carbon-manganese steels. The 

empirical model for predicting the average grain size of low alloy steels during austenitzation has 

been made by utilizing the Arrhenius type equation. Measured average grain size data is fitted as 

functions of elements, temperature and time [12]. 

 
 

 

Fig.6. Comparison of the austenite grain size calculated by the proposed equation with the 

measured one [12]. 
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The predicted average grain sizes using the developed empirical model (7) were compared to the 

measured ones of low alloy steels in Fig.6.Two comparison parameters having units in ASTM 

grain size number(D and E) to gauge the accuracy of the equation are used in this figure.  

 

/N (8) 

/N  (9) 
 
D= the average absolute distance between the line in the middle of the fig.6 and markers 

E= the average, signed distance between the line and the markers 

d calculated= grain size calculated using the empirical model (7) 

d experimental=grain size measured by linear intercept method 

N=number of experimental data 

The smaller values of parameter, D imply close proximity between predicted and experimental 

results. On the other hand parameter, E implies the average of empirical equation for low alloyed 

steels predicting values for grain size correctly. A higher positive value of parameter E indicates 

that values predicted by the empirical equation are too high whereas a higher negative value 

indicates that values are too low[12]. 

1.3.4 Lath Martensite  
Pre-hardened mold steels which are continuous cooled like, Uddeholm Nimax have a bainitic 

microstructure. However, pre-hardened mold steels which are quench-tempered have more of a 

martensitic microstructure. 

Martensite is formed as a result of displacive transformation which occurs when austenite (ϒ) 

phase in steels is quickly quenched. Austenite (ϒ) has a face centered cubic (fcc) structure 

whereas martensite has a body centered tetragonal (bct) structure. Martensite in steels has many 

high strength practical applications. During the transformation to austenite, the crystallographic 

orientation relationships are sustained which leads to a characteristic lath or lenticular 

morphology. Laths, blocks and packets form a three level hierarchy in lath martensite (low 
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carbon steels). The Martensite lath is a single crystal of martensite which has a high density of 

lattice defects, mainly dislocations. The block is collections of the laths which have matching 

crystallographic orientation. A packet is collections of the blocks with the same {111}ϒ plane in 

austenite. A number of packets can be visible inside a single prior austenite grain as there are 

four different {111} ϒ planes. A packet consists of many blocks which are made up of martensite 

laths with different variants, but the same {111} ϒ planes. At most six different variants (blocks) 

can appear within a packet. Many mechanical properties of martensitic steels are dictated by the 

microstructure. The strength, for instance increases as the packet size decreases in low carbon 

steels. Lath martensite in steels is of immense significance as just about all martensitic steels 

have the lath type morphology. Lath martensite is seen in steels with carbon content less than 0.6 

weight percentage [22, 23].  

 

Fig.7. Microstructural hierarchy of the lathe martensite structure [22]. 

1.4 Machining of mold steels in pre hardened state 
The rapid development in cutting tools and machining processes has made possible the 

machining of molds and dies directly in hardened state. In the past dies were first rough 

machined in soft condition and thereafter they were hardened. Finally finished dimension was 

attained by spark erosion. This method resulted in the formation of a hard re-melted layer on the 

surface of the mold, which, in case of die casting mold, must be polished away. Polishing can be 
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tedious, especially if the mold has intricate details such as deep grooves or pockets. To save time 

the mold can be machined in hardened state using the high speed milling technique 

(HSM).However factors such as chemical composition of the tool steel and the steel hardness are 

of significance whilst machining with cutting tool direct in hardened tool steel [24]. 

 

Fig .8.Visualization of basics terms in orthogonal cutting [25]. 

1.4.1 Cutting Tool life 
Cutting tool life and quality are critically important in industrial production as they have a direct 

impact on the production cost and in effect play a crucial role in shaping up the eventual worth of 

the product in competitive market. As cutting tool failure is inevitable, therefore it should be 

incorporated in the final cost of the product as well as the delivery time. For usual production 

parts direct tooling cost i.e. cutting tool replacement cost may range from 5-10% of total 

manufacturing and for intricate or near net shape parts the cost even reaches up to 

30%.Additonally cost for machine down time and tool maintenance constitutes around 5-

10%.Cutting tool failure does not necessarily become a major issue provided tool life is taken as 

a calculated and manageable production factor. However for complex parts and unfamiliar 

processes cutting tool failure can become a major problem to the extent that tool costs may 

exceed the total manufacturing cost of the product. Quite simply, a systematic approach towards 

the solution of cutting tool life problems can be based on the following [26]: 
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Fig.9. Systematic approach towards solution of cutting tool life problems. 

1.4.1.1Cutting tool Wear 
During cutting there is gradual loss of material from the cutting tool and so the shape of the tool 

changes from its original shape.Cutting tools have to bear particularly severe rubbing process. 

The stresses and temperature near the surface of the tool are very high compared to the 

subsurface region. During machining material is removed from the work piece to attain the 

required shape, dimension and finish. However during the course of machining wear occurs and 

it eventually results in failure of the cutting tool. In order to continue with desired cutting action 

the tool has to be replaced. This is done after the cutting tool wear has reached a certain limit 

[27]. 

Cutting tool wear has a huge impact on the economical aspects of the machining operations as it 

plays an important role on ease of cutting and quality of the eventual machined surface. Tool life 

also has a direct connection with the wear behavior of the cutting tool. It is the work piece 

material and its physical properties which include mechanical and thermal properties and 

hardness which determine cutting forces in practical machining. Differences in heat treatments 

and microstructures can bring about variation in cutting tool wear rates and subsequently in 

cutting forces and tool life for same machining conditions. Wear in cutting tools can lead to 

unwanted effects such as loss in dimensional accuracy, scratching of the work piece, reduced 

surface reliability, residual stresses, roughness and increase in the noise produced during the 

cutting process. All these effects are detrimental for the ultimate product [28]. 
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1.4.2 Cutting tool wear mechanisms 
In metal cutting very high shear stresses, normal stresses and heat build up in cutting tool are 

involved. The contact stresses between the rake face and the chip are extremely high. This causes 

severe friction at the rake-face and also there is friction between the flank and the machined 

surface. A diversity of wear patterns and marks are observed at the rake face and the flank face 

due to friction [27]. 

The mechanisms involved in wearing down a tool are dictated by the mechanical and physical 

characteristics of the work piece, cutting tool and cutting parameters such as cutting speed, feed 

rate, width of cut, depth of cut etc. Abrasion, adhesion, diffusion, chipping and fracture are some 

of the most important causes of wear in tools [28]. 

1.4.2.1 Crater Wear 
During the course of machining, the heat starts to build up in the cutting tool and results in atoms 

diffusing from tool to the chip (and vice versa).These atoms are taken away by the flow of work 

material next to the contact surface. The material relocation in the direction of chip leads to the 

development of a depression on the rake face of the tool. This depression is known as crater; 

hence the crater wear phenomena [28].The parameter used to quantify the crater wear is crater 

wear depth (KT). 

 

Fig.10.Schematic of crater wear [27]. 

KT=Crater wear depth 

KB=Crater wear width 
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Fig.11.Photomicrograph showing crater wear and flank wear [29]. 

 

Fig.12.Effects of cutting speed V and cutting time T on crater wear depth KT [27].  

1.4.2.2 Flank Wear 
Another important wear phenomenon which affects the tool life and the quality of product in 

machining is flank wear which occurs on the flank face and results in the formation of wear land 

[27]. The mechanism behind flank wear is considered to be quite complex. The most dominant 

flank wear mechanism is known to be abrasion by hard inclusions in a work material and is 

typically identified by scoring marks on the flank surface. The other noteworthy flank wear 

mechanism is adhesion which occurs when one solid material is sliding over the counteracting 
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surface. The interfaces of two surfaces correspond to a metallurgical weld or an adhesion joint. 

Adhesive wear is typified by the detachment of distinct pieces from the tool surfaces during 

sliding [31] Flank wear can be measured by using the average and maximum wear land size VB 

and VB max [27]. 

 

Fig.13.Photomicrograph showing flank wear [30]. 

1.4.2.2.1Preliminary wear region 
The initial wear occurs due to micro-cracking, surface oxidation and also because the cutting tool 

tip has a certain degree of micro roughness. A new cutting tool has a cutting edge with a small 

contact area and a high contact pressure which results in a high wear rate.  

1.4.2.2.2Steady wear region 
After a first few passes the cutting edge becomes more even and the wear rate is relatively 

constant. 

1.4.2.2.3Severe wear region 
With continued machining the surface roughness of the machined surface increases, cutting 

forces and temperature increase and the rate of wear increases rapidly. When the wear size 

increases to a certain critical value, the tool loses its ability to cut. Essentially the tool should be 

replaced before this happens. 
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Fig.14.Typical stages of flank wear in a normal cutting operation[27]. 

 

 
Fig.15.Effect of cutting speed and cutting time on flank wear [27]. 

 

1.4.2.3 Notch Wear 
Notch wear is also a wear phenomena observed in tools. It happens due to the accumulation of 

excessive localized wear at the depth of cut line on the flank surface. This type of wear occurs 

adjacent to the point where the major cutting edge intersects the work surface. Notch wear results 

in gouging at the outer edge of the wear land due to hard or abrasive surface of the work 

material. The hard and abrasive nature of the surface is due to the work hardening caused by the 

previous machining operations (passes) [27].Notch wear often results in catastrophic failure of 

tool. Investigations to identify the wear mechanism responsible for notch wear have lead to the 

conclusion that the sequence of the severe shear deformation and lateral extension of the chip 

leads to excessive abrasion or adhesion wear between the deformed chip and the tool surface at 

the notch region [31]. 
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Fig.16.Crater wear on rake face, flank wear on flank face, notch wear on major and minor cutting 

edge [27]. 

1.4.2.4 Chipping 
Chipping occurs when large distinct particles are removed from the tool material. Tools 

subjected to intermittent cutting conditions are more susceptible to chipping. Chipping, unlike 

conventional wear, involves micro-cracking. Built-up edge formation also facilitates tool 

chipping, as every time the built-up material is taken away it may take with it chunk of tool edge. 

1.4.2.5 Ultimate failure 
The eventual outcome of the tool wear is absolute removal of the cutting point which results in 

ultimate failure of the tool. Ultimate tool failure may occur due to extremely high temperature at 

the tool tip leading to softening of the tip to the extent that it flows plastically even at very low 

shear stress. The softening process blunts the cutting edge and as it continues further it leads to 

the removal of large pieces from the tool. This mechanism (softening and plastic flow) is more 

common in high-speed-steel tools. The other mechanism considered to be a cause of ultimate 

failure is the mechanical failure (normally brittle fracture) of a large segment of the cutting tip. 

This mostly happens due to weakening of the tool by crater formation and is quite common in 

sintered carbide or ceramic tools [27]. 
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1.4.3 Causes of tool wear 

1.4.3.1 Abrasive wear 
Contaminants such as carbon, nitride, oxide compounds and built-up fragments in the work piece 

can cause a mechanical form of wear known as abrasive wear. This wear takes place at low 

cutting speeds. 

1.4.3.2 Adhesive wear 
Adhesive wear is the result of high pressure and temperature between the fresh surface of the 

chip and rake face. Extensive welding and tearing of the softer surface at a high rate typifies 

severe wear as large wear particles are formed. However in the case of mild wear the the sliding 

surface gets better. 

1.4.3.3 Diffusion wear 
The mechanism of tool wear involves chemical action and diffusion. The diffusion brings about 

modification of the tool and work piece chemical composition.  There are many ways in which 

the wear may be reliant on the diffusion mechanism. 

1.4.3.3.1 Gross softening of the tool 
Diffusion of carbon in the subsurface layer of the tool can cause softening of the tool. The tool 

becomes so soft that it flows plastically at very low stresses and actually geometry of the tool 

gets changed. This can result in extremely high forces and an abrupt failure of the tool as tool 

geometry changes. 

1.4.3.3.2 Diffusion of major tool constituents into the work  
There can be a case where a major strengthening constituent (tool matrix) of the tool might be 

dissolved into the work material. In cast alloy, carbide or ceramic tools this may be the principal 

wear phenomenon. In diamond tools used for cutting iron and steel carbon diffusion into the 

work (iron/steel) is common. In HSS tools the diffusion of iron is quite possible but still it cannot 

be considered the most likely wear phenomena. 

1.4.3.3.3 Diffusion of a work material component into the tool 

The physical features of the tool surface layer might get changed owing to a constituent of the 

work material diffusing into the tool. For instance if lead diffuses into the tool, it produces a thin 

brittle surface layer which can be removed by chipping. 
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1.4.3.4 Chemical wear 
This type of wear can occur due to corrosion resulting from a chemical attack on a surface. 

1.4.3.5 Fracture wear 
Fracture can lead to the ultimate failure of the tool as the cutting edge gets ruined. 

1.4.4 Consequences of tool wear 

1.4.4.1 Influence on cutting forces 
In most cases the wear of a tool results in increase in the cutting forces. However, in certain 

cases crater wear actually reduces the cutting forces by increasing the rake angle of the tool. On 

the other hand flank wear and chipping almost always increase the cutting forces owing to 

increased rubbing forces. 

1.4.4.2 Surface finish (roughness) 
As the tool wears the surface finish normally gets worse, especially in the case of a tool worn by 

chipping or a tool with flank wear. In few cases the flank wear may polish the work piece and 

actually produce a good finish. 

1.4.4.3 Dimensional accuracy 
Flank wear alters the tool geometry to the extent that dimensions of the work piece are affected. 

In case of cylindrical turning, if the tool is wearing down rapidly the work piece might end up 

being tapered rather than being cylindrical [27]. 

1.4.4.4 Vibration or chatter  
With continued machining the tool wear increases and so the cutting forces also increase and the 

limit for dynamic stability of the system (tool holder+ cutting tool+ insert) is reached and the 

cutting operation is subjected to chatter mode. 

1.4.5 Effect of grain size on wear  
In most materials flank wear correlates with hardness strongly, the influence of grain size is 

restricted. However notch wear is linked to the amount of burr formed in the coarse grain sized 

material. Adherence and welding of the material onto the rake face of the insert also causes 

severe notching. High hardness and coarse grain structure normally increases wear. In a material 

tool wear can also be related to the quantity of carbide forming elements e.g Ti,Cr,V,Mo,Ti,W 
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Burr formation on the work material with large grain is more widespread and is almost 

nonexistent in materials with fine grains. Burr forms at the corner where the chip and the free 

surface of the work piece material separate; this is also the point where notch develops. Burr 

formation in the large grain material indicates a strong lateral deformation of the material. 

 

 
 

Fig.17. The Schematic geometric relations between grain sizes and actual deformation geometry 
at the chip formation [32]. 

 
If the average grain size of the coarse material is of the same order as that of the feed rate there is 

at each moment of time approximately one grain or less being deformed. On the other hand, in 

the fine grain material a number of grains are being deformed at each instant of time resulting in 

more homogeneous deformation behavior. The main reason for the non uniform deformation in 

coarse grained material is that one grain, essentially a single metallic crystal offers a highly 

anisotropic resistance to plastic deformation. The effect of anisotropy evens out in the 

deformation of a polycrystalline material which demeanors in a more isotropic manner. The 

marked raggedness of the chips is due to different degrees of deformation which depends upon 

the actual orientation of a single large grain which enters the shear zone. 

The grain size also has an effect on the depth of the deformed zone in the machined material. 

The deformation gradually reduces with the distance from the surface, so it is difficult to gauge 

the depth of the deformed layer and the amount of strain involved. However careful examination 

of the deformed microstructure features of the etched cross sections leads to the conclusion that 

thickness of the deformed layers in coarse grain machined materials is greater than in the fine 
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grain machined materials. In hindsight it can be said that depth of deformed zone depends as 

much on tool geometry as it depends on the grain size and depth of cut [32]. 

1.4.6 Work hardening on the machining surface and effect of grain size 
Work hardening has been identified as one of the factors accountable for poor machinability of 

austenitic stainless steels. Work hardened work piece is believed to cause abrasive wear on the 

rake and flank face of the cutting tool. In general it is accepted that work hardening of austenitic 

stainless steel is linked with strain induced martensite formation. Work hardening mechanisms 

depend on the dislocations and their interaction. Dislocation structure is affected by stacking 

fault energy which varies for face centered cubic structure materials (fcc) such as austenitic 

steels(low SFE) and body centered tetragonal structure in case of martensite (high SFE).In low 

SFE materials work hardening occurs in processes involving high strain rates, due to an increase 

in densities of twin faults. Likewise in high SFE materials it occurs due to a reduction in 

dislocation cell size. The grain size of austenite is known to have a very big effect on strain-

induced martensite formation and subsequent work hardening. As the austenization temperature 

increases, grain size also increases and greater work hardening of the work piece occurs, causing 

more abrasive wear and a higher cutting temperature which results in more diffusion wear. 

Therefore increase in grain size results in a degradation of machining of austenitic stainless 

steels. The work hardening severity can be estimated from micro hardness measurements [33, 

34]. 

∆ HV/HVmax = (HVmax-HVinitial)/HVmax   (10) 

1.4.7 Effect of Hardness on machinability 
For a particular tool and cutting operation such as turning, milling, drilling etc, machinability in 

terms of tool life can be related to hardness of the work piece material. Fundamentally the lower 

the hardness of the work piece material, the easier it is to machine it. However this relationship is 

better when analyzing steel alloys having similar microstructure. With strong microstructural 

differences even for same hardness the machinability may vary as there is a possibility that the 

tool wear mechanism may be different [35]. 
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2 Materials and methods 
The work was experimental and involved extensive literature study as well. Standard 

metallographic methods were employed for specimen preparation during the first phase of the 

work which required measuring the prior austenite grain size. During the machining phase, 

cutting speeds considerably higher than required in usual industrial current practice were used to 

accelerate tool wear as the main intent was to see the variation in tool life for different grain 

sized samples. However no coolants were used during the machining phase of the work. 

2.1 Uddeholm Nimax 

Uddeholm Nimax is a low carbon steel used for making molds for plastics. At the time of 

delivery to the customer its hardness is ~40HRC. It has all the usual characteristics which are 

critical for a mold and die steel; exceptional machinability, easy weldability, good polishability, 

good resistance against indentations, high impact and fracture toughness. Moreover the 

properties are quite consistent through large sections. Also it does not require post treatment, 

which reduces the manufacturing time. High hardness and toughness along with good resistance 

to indentations ensures prolonged too life, as risks of unanticipated failures is mitigated.  

Uddeholm Nimax is suitable for various different types of applications: 

• Molds for plastic injection 

• Packaging industry 

• Automotive industry 

• Appliances 

• Holder material for forging and die casting dies 

• Holder material for cutting tools 

• Hot runner manifolds 

• Structural components 

Uddeholm Nimax at the time of delivery to the customer is a finished article and does not require 

heat treatment. The hardness does not increase by tempering. Tempering not only reduces 

toughness, but it also reduces hardness. 
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Fig.18. Reduction in hardness with increasing tempering temperatures for Uddeholm Nimax [6]. 
 

If the steel has been heated to elevated temperature and the toughness and hardness have been 

reduced, it can be brought back to its original state by heating to 850°C (1560°F), holding time 

30 min and finally cooling in circulating air [6]. 

2.2 Measurement of prior austenite grain size 

2.2.1 Method and Equipment 
Material (Uddeholm Nimax) from same batch was taken for heat treatment. Eight samples 

having dimensions; 200mm x 100mm x 20mm were cut from bulk material. Length (200mm) of 

each sample was decided keeping in view the space constraint in the available heating furnace 

and also to provide reasonable machining length for a single pass of machining at subsequent 

stages of the project. Height of the sample was decided bearing in mind microstructural 

homogeneity throughout the sample after hardening. 

 

Fig.19. Schematic of a sample. 
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2.2.2 Heat treatment 
In order to get different grain sizes in each of the samples, it was decided to austenitze each 

sample at different temperatures and for varying times. Initially four samples were heat treated.  

Table 2.Heat treatment plan  

  Austenitizing 
Temperature,°C 

Austenitzing 
time, mins 

Oil Quenching 
time,mins 

Tempering 
temperature,°C 

Tempering 
time,mins   

Sample-A 900 30 40-50 170 40 
Sample-B 900 60 40-50 170 40 
Sample-C 1000 30 40-50 170 40 
Sample-D 1000 60 40-50 170 40 

            
The austenitizing temperatures were selected keeping in view the upper temperature limits of the 

furnace. Since vacuum or controlled-atmosphere furnaces were not available for the tests, all the 

samples were wrapped in stainless steel foil to protect the surface of mold steel against the 

addition or depletion of carbon during heat treatment. The furnace was started and set to the 

lowest temperature (900°C) required in the test. No preheating was required since the samples 

had a simple geometry (fig.19) and therefore minimum stress concentrations due to section 

changes were expected [4]. Once the set temperature was reached the furnace was given 

minimum ten minutes to maintain that temperature, after which the sample was placed inside the 

furnace. Owing to the space constraint one sample at a time was placed in the furnace. Each 

sample was heated five minutes more than the allotted time for that particular sample, to account 

for the slight drop in temperature when the sample was being placed inside the furnace. Each 

sample immediately after being austenitized at a specified temperature and for a specified time 

was quenched in oil for martensite formation. The sample was kept immersed in the oil bath till 

the very last bubbles died down which was taken as an indication that the material had cooled 

down. Each sample was placed in the oil bath for approximately 40-50minutes.After the sample 

had cooled down it was taken out of the oil bath and the stainless steel foil was removed from it. 

Next oil was wiped off from the sample and each sample was marked. The samples were next 

placed in another furnace for tempering. All the samples were tempered at 170°C for about forty 

minutes. Tempering temperature and duration was decided keeping in view the fact that too 

much of it would have resulted in a reduction in hardness and too little would not have been 



37 

 

enough to convert majority of the retained austenite into as-quenched martensite. Once tempered 

all the samples were placed out of the furnace to cool down to room temperature. 

2.3 Measurement of prior austenite grain size-experimental method 

2.3.1 Metallographic specimen preparation 
All the heat treated samples were sectioned using a softly bonded abrasive cutting disc. 

 

Fig .20.Cutting disc used for sectioning samples. 

Each sample was sectioned from the middle. Standard techniques for tool steels were adapted 

during metallographic specimen preparation. The specimens were small sized and were therefore 

mounted in epoxy resin.  

 

Fig.21. Equipment used for mounting samples in epoxy resin. 

Grinding was done using water cooled silicon carbide paper and the grit sequence used was 

120,240,320,400 and 600.This was followed by polishing on automated device. Diamond 

abrasive (3 µm) in stick form was applied in combination with a lubricant. 
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Fig.22. Automated grinding and polishing apparatus. 

 Finally the samples were washed in alcohol in an ultrasonic cleaner for about 15 minutes, after 

which they were dried on a drying box. 

 

Fig.23. Ultrasonic cleaner. 

2.3.2 Chemical Etching 
To measure the average prior austenite grain size, they had to be delineated first. The initial 

focus was to reveal the grain boundaries only. Therefore, only one sample, which had the 

potential of having the largest grains, was chosen initially; because it would have been 

comparatively easier to spot larger grains. The sample chosen was sample-D, austenitized at 

1000°C for 60 minutes, was etched. As per the theoretical knowledge, an increased austenitizing 

temperature results in an increased grain size in steels, as at high temperature carbides which 

otherwise pin down grain growth get dissolved.  

Picric acid was used in combination of a suitable solvent (water or alcohol) and a wetting agent 

(Teepol or cleaning soap) for etching [36].Several etching trials were conducted as the 
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stoichiometry of the etchants were varied to get optimized the results. Likewise the temperature 

was also increased in some cases and the etching time was also progressively increased in a bid 

to get the best results. Some of the etchants used were as follows [8,10,11,12,13,14,16,17,18,36]: 

Table 3.Chemical composition of the etchants used 

  Etchants 
1 4g picric acid+100ml distilled water + drops of wetting agent  

2 1g picric acid+5ml HCL + 100ml ethyl alcohol (Villela's 
reagent) 

3 100ml 4% picral+2ml Teepol 

4 100ml ethyl alchol+4g picric acid + Teepol 

5 100 ml saturated aqueous picric acid+2ml Teepol 

6 100ml saturated aqueous picric acid+2ml Teepol + few drops 
of concentrated HCL 

7 2g picric acid + distilled water 

8 20-25g picric acid+500ml distilled water+25ml sodium 
tridecylbenzene sulfonate(Teepol)+ five drops of HCL 

9 10ml HNO3+100ml distilled water +100ml HCL   

10 10ml HNO3+100ml distilled water +100ml HCL+0.33ml 
sparbeize (V-2A)  

    

2.4 Measurement of prior austenite grain size-empirical models 
The empirical equation used to predict the grain size for low alloy steels was used for Uddeholm 

Nimax. The input parameters of the proposed equation included weight percentage of carbon and 

other alloying elements (Ni, Cr and Mo).The values were adjusted as per the weight percent of 

the Uddeholm Nimax, since there was a provision in the equation for that.  

 

Using typical weight percentage analysis of Uddeholm Nimax from table 1, following 

parameters were incorporated in empirical model 7. 
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Table 4.Parameters of empirical equation used in prediction of average grain size 

C Ni Cr Mo R Temp, T Time, t 
% % % % j/mol/K Kelvin Seconds 

0.1 1 3 0.3 8.314 Variable Variable 

              
 

2.5 Measurement of prior austenite grain size-inter granular fracture 
Another method adapted for evaluating the grain size was using an intergranular fracture surface 

[4].A sample which had already been austenitized at 1000°C for 60 minutes, quenched in oil and 

tempered at 170°C for about 40 minutes was used for the purpose. The sample was re-

austenitized at 1000°C, quenched in oil but tempered at 550°C for around 5 hours. Next two 

small charpy samples with a “V” notch in them were prepared using an HSS disc mill with 30° 

notch angle and 50 mm diameter. These were deep cooled in liquid nitrogen to a temperature of 

around -200°C and fractured using the charpy toughness apparatus. These broken samples with 

intergranular fracture were examined in the scanning electron microscope.  

2.6 Measurement of prior austenite grain size-ferrite formation 
The concept was to control the cooling condition post austenization to support the formation of 

pro-eutectoid ferrite evenly precipitated at grain boundaries which would have been easier to 

reveal by chemical etching. Therefore it was planned to first heat a sample to a temperature of 

1000°C and then cool it down to 700°C to get into the ferrite region. However there was no 

experimentally made TTT diagram for Uddeholm Nimax available. Fig.24 is a TTT diagram 

made by JMat Pro modeling software, which shows that ferrite transformation starts after close 

to 27hours and even bainitic transformation, takes very long. 
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Fig.24.TTT diagram of Uddeholm Nimax made by JMat Pro modeling software. 

2.7 Machining 
Table 5.Machining recommendations for end milling in Uddeholm Nimax 

Type of milling Cutting speed, Vc Feed, fz Carbide designation 
m/min mm/tooth ISO 

Solid Carbide 70-110 0.03-0.20 - 
Carbide index-able insert 80-120 0.08-0.20 P20-P30 
HSS 10-15 0.05-0.35 - 
        

2.7.1 Heat Treatment 
Machining tests were carried out on three samples of Uddeholm Nimax which had been heat 

treated at different temperatures.  

Table 6.Heat treatment plan 

  
Austenizing 

Temperature,°C 
Austenization 

time, mins 

Oil 
Quenching 
time, mins 

Tempering 
temperature,°C 

Tempering 
time, mins   

Sample-1 900 30 40-50 170 40 
Sample-2 1000 30 40-50 170 40 
Sample-3 1100 30 40-50 170 40 
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Table 7.Vickers and Rockwell hardness measurements post heat treatment 

  HV30 HRC150 
Sample-1 413 38.4 
Sample-2 391 38 
Sample-3 384 37.4 

      
As evident from table 6, post austenization all the samples were subjected to the same heat 

treatment. All the samples were taken from the same batch, from which earlier samples used for 

prior austenite grain boundaries delineation were also taken. This was done to ensure consistency 

as the aim of the project was to assess the effect of prior austenite grain size on machinability. It 

was established from the literature studies, empirical models and to a certain extent by chemical 

etching that there was a definite variation in grain size for the samples. It was also established 

from some of the results (fig.30) that temperature affected the grain size more than the time and 

therefore only one time for samples (30minutes) was selected for the machining phase of the 

project. Additionally another heat treatment, involving a higher austenitizing temperature 

(1100°C) was added to the scheme of things. All the samples were of the same dimension as 

earlier samples; (200mmx100mmx20mm). 

2.7.2 Equipment and Test method 
The milling tests were carried out at the machining laboratory of Karlstad University, using a 

CNC milling machine (Cincinnati Milacron Sabre 750) with a maximum spindle speed of 8000 

rpm and power of 11.2kw. Single tooth, end milling was carried out along the length (200mm) of 

the work piece in all cases. The inserts used were PVD coated cemented carbide inserts, 

manufactured by Sandvik Coromant. 

Table 8.Information about the milling machine and the insert 

Milling Machine CNC milling machine 
Cutting tool 90° shoulder milling cutter, Ø=16mm,z=2 
Insert grade 1030 
Insert geometry  R390-11 T308M-PL 
Insert edge radius 25-35µm 
Insert corner radius 0.8mm 
    

Two different kinds of milling operations were conducted; one equivalent to the rough 

machining and the other equivalent to the finishing machining. Only axial depth of cut and width 
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of cut were varied for the two series of tests, whereas all the other cutting parameters (cutting 

speed and tooth feed) were kept the same for both series of tests. 

The surface of each sample prior to the commencement of the test was prepared by milling with 

a low feed and small depth of cut (0.5mm) using sharp and new inserts. The tool paths used in 

the investigation had a constant Z-level, beginning from one end of the work piece to the other 

end. The machine was programmed to make three machining passes (machining length of 

200*3=600mm) after which either the tool could be taken out for wear inspection or the 

machining operation could be continued for the next three passes. It was a down milling 

operation; the direction of cutter motion was same as the feed direction when the insert cut the 

work piece. Burr measurement was done after the first pass for every sample. Likewise chips 

were collected after first pass of every sample. In the tests carried out to avoid transient effects 

associated with variation in the width of cut at one end of the work piece, this region (Width of 

leftover material less than or greater than designated WOC) was machined by a separate tool. 

Compressed air was used to evacuate the chips. Parameters for the two sets of milling are as 

follows: 

Test series A-Rough milling 

Axial depth of cut, ap:  1mm 

Width of cut, ap:  14mm 

Tooth feed, fz:   0.1mm/tooth 

Cutting Speed:   240m/min 

Coolant:   None 

Test series B- Finish milling 

Axial depth of cut, ap:  4mm 

Width of cut, ae:  0.8mm 

Tooth feed, fz:   0.1mm/tooth 

Cutting Speed:   240m/min 

Coolant:   None 
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2.7.2.1Theoretical average chip thickness  

The average chip thickness is used to quantify the two series of tests as rough machining or 

finishing machining. Theoretical average chip thickness is basically the thickness of the 

undeformed chip at right angles to cutting edge and is not constant in milling; therefore average 

chip thickness (hm) is used [37].  

 

Figure 25. Schematic diagram to explain theoretical average chip thickness [37]. 

In the test series A, the depth of cut (ap =1mm) used is almost of the same order as the insert 

corner radius (0.8mm); therefore formula for round inserts given below, is used [38]: 

     (11) 

fz= 0.1 mm/tooth 

ap =1mm 

d =1.6mm (Insert corner radius=0.8mm) 

Dc (diameter of the cutter) =16mm (Table 10) 

ae= 14mm 
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Substituting the values in equation (11); hm ≈ 0.074mm. 

In test series B, the depth of cut is four times and the width of cut of is also very small(finish 

milling); therefore formula for 90°straight edge cutting given below is rearranged and used [37]: 

      (12) 

fz= 0.1 mm/tooth 

Dc (diameter of the cutter)=16mm (Table 10) 

ae= 0.8mm 

Substituting the values in equation (12); hm ≈ 0.022mm. 

From the results it is clear that the average chip thickness of test series A is ~3.3 times larger 

than that of test series B and therefore the initial assumption of categorizing test series A and B 

as rough machining and finishing machining respectively is correct. 

2.7.2.2 Cutting tool wear measurement 
The flank wear of the insert was measured at regular intervals for both sets of tests. Cutting tool 

wear was measured using a stereo microscope having a calibrated lens. The scale was adjusted so 

that one division on the scale was equivalent to 0.02mm.Since the wear pattern was non-uniform 

therefore maximum flank wear was used as the parameter.  

For test series-A, a flank wear criterion of VB=0.2mm (maximum flank wear depth) or tool 

breakage (whichever happened first) was used to define tool life and the flank wear of the insert 

was examined after every 3 passes (milling length of 600 mm). On the other hand for test series-

B, since the wear rate was very gradual, therefore a criterion of 216 passes which corresponded 

to a milling length of 43200mm and almost two complete layers of the work piece, or tool 

breakage or VB=0.2mm(whichever happened first), were taken as the criterion. 
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3. Results 

3.1Results-Chemical Etching 

   

a)                                              b) 

   

c)                                                d) 

   

   e)                                                f) 

Fig.26. OM micrographs of sample-D, austenitized at 1000°C and etched in a solution containing 
4g picric acid+100ml distilled water + drops of wetting agent heated at 50°C,etching time (a)5 

minutes,(b) 10 minutes,(c)15 minutes,(d) 20 minutes,(e) 25 minutes and (f) 30 minutes. 
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a)                                                       b) 

 

               c) 

Fig.27.OM Photomicrographs of sample-D, austenitized at 1000°C and etched in a solution 
containing 1g picric acid+5ml HCL + 100ml ethyl alcohol, etching time (a) 2 minutes,(b) 

4minutes and (c) 6 minutes. 
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a)                                              b) 

   

c)                                              d)        

   

   e)       f) 

Fig.28.OM micrographs of sample-D, austenitized at 1000°C and etched in a solution containing 
10ml HNO3+100ml distilled water +100ml HCL at 50°C,etching time (a) 5 minutes,(b)10 

minutes,(c)15 minutes,(d)20 minutes,(e)25 minutes and (f)30 minutes. 
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a)                                               b) 

    

c)                                              d) 

Fig.29.OM micrographs, etching solution 1g picric acid+100ml ethyl alcohol+5ml 
HCL;(a)sample-A, austenitization temperature 900 °C and holding time 30minutes,(b)sample-B, 

austenitization temperature 900 °C and holding time 60minutes,(c)sample-C, austenitization 
temperature 1000°C and holding time 30 minutes and (d)sample-D, austenitization temperature 

1000 °C and holding time 60minutes. 

All the etchants were tried at room temperature as well as elevated temperatures (50°C-85°C). 

The etching time was also increased gradually in all etchant combinations. In some cases after 

mixing the solution, excess crystals of picric acid were removed to avoid staining of the polished 

surface. Specimens were completely dried and free from alcohol before immersion in the 

etchant. Once the specimen was removed it was always cleaned in alcohol and dried before 

examination under the microscope. After investigation under microscope sometimes the 

specimen was re-polished for a brief period to remove staining and banding effects of the matrix 

and then cleaned in alcohol again, dried and re-examined in microscope. Minor variations could 
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be observed with etching time. However as evident from the fig.26, 27, 28 and 29 the results 

were far from satisfactory as grains’ structure as well as grain boundaries were etched making it 

impossible to differentiate the grain boundaries.  

For etchants (1, 3, 4, 5 and 7 in table 3) which included picric acid, wetting agent and solvent 

(water or alcohol) the duration of etching was longer and quite often heating was also required to 

reveal traces of the prior austenite grains as can be seen from fig.26.15-20 minutes of etching 

does show some grain boundaries but it is not good enough to measure the prior austenite grain 

size as significant amount of matrix is also etched. 

Etchants (2, 6 and 8 in table 3) involving the addition of a few drops of HCl, generally had faster 

reaction time and therefore required little or no heating. Also the etching time was also quite 

short (2 -3 minutes) due to the faster reaction time of the etchant. When the etching time was 

increased the prior austenite grain boundaries could be hardly distinguished from the etched 

matrix as can be seen from the fig.27. 

V-2A (etchant 10 in table 3) showed reasonable results but the other combination involving 

Nitric acid (etchant 9 in table 3) did not show good results at all as is evident from fig.28. 

Mostly in etchants which had picric acid as the main constituent, yellow deposits were formed on 

the surface and the matrix was attacked. Essentially none of the etchants showed grain 

boundaries consistently with clarity. The results obtained in shape of the micrographs were far 

from good for carrying prior-austenite measurements; nevertheless prior austenite grain size was 

measured. 

For prior austenite measurements results obtained from etchant 2 given in table 3 were used. 

Prior austenite grain size was measured in accordance with ASTM E 112 using the mean lineal 

intercept method. In compliance with the standards a grid with three concentric circles having a 

total length of 500mm was used for this method and grain boundaries intercepted were 

demarcated. Once the demarcation of boundaries was completed the software LAICA calculated 

the total number of grain boundaries intercepted per mm, PL and also the ASTM grain size 

number was calculated as per the ASTM E 112.This exercise was done on 20 fields per specimen 

and at the lowest possible magnification, X200.The results are as under: 
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Table 9.ASTM grain size measurements 

  ASTM Grain size ASTM grain size 
number, G   µm 

Sample-A 11.2 9.7 
Sample-B 14.67 8.9 
Sample-C 31 6.8 
Sample-D 37.59 6.2 

    

3.2 Results-Computation of grain size using empirical models 
Table 10.Average grain size results using empirical model 

Temp Temp AGS, µm  AGS, µm 

°C Kelvin t=1800 seconds t=3600 seconds 

850 1123 12.45 14.45 
900 1173 19.37 22.42 
950 1223 28.99 33.56 

1000 1273 42.04 48.66 
1050 1323 59.28 68.61 
1100 1373 81.51 94.34 
1150 1423 109.60 126.86 
1200 1473 144.43 167.18 
1250 1523 186.93 216.36 

    
 

 

Fig.30. Variation in average grain size with increase in austenitizing temperature. 



52 

 

3.3 Results-Measurement of grain size using intergranular fracture 

   

a)                                              b) 

Fig.31. SEM micrographs showing fracture surface after deep cooling in nitrogen. 

3.4 Results-Machining Test series A 
Cutting tools used for machining the samples in the test series A, followed a similar pattern, an 

initial rise in wear, followed by steady wear and finally the severe wear or the ultimate failure as 

depicted in fig.14. All the inserts were checked prior to the test and had had no damages to the 

cutting edges or elsewhere. 

Sample-1 resulted in initial rapid wear for the first 6 passes (milling length of 1200mm and 

milling time=2.52minutes), from 0 to 0.05mm.This was followed by a steady wear region in 

which there was little or no change in the wear depth. For the same milling length and time the 

increase in wear depth was only 0.01mm.After a milling length of 2400mm and a time of 5.03 

minutes even this little change in the wear depth was not observed as the wear depth value stayed 

at 0.08mm even after 4200 passes and a milling time of 8.81 minutes. Beyond this point there 

was a small change in wear depth observed as the value increased to 0.1mm after a milling 

length of 6000mm and a time of 12.58 minutes. Beyond this point there was a sudden increase in 

the cutting tool wear. The cutting tool wear increased to 0.12mm after 6600 mm and 

13.84minutes of milling. This was followed by ultimate failure after 7200 mm and 15.09 minutes 

of milling. The maximum flank wear depth measured at this point was 0.18mm. 

Sample-2 resulted in a lesser initial wear depth compared to sample-1, 0.02mm after 1200 mm 

and 2.52 minutes of milling. This was followed by an increase in value to 0.04mm after 1800 

mm and 3.77 minutes of milling. Beyond this point there was no change in wear depth observed 

and the wear depth changed from 0.04mm to 0.06mm only after 4200mm and 8.81 minutes of 
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milling. There was less change in wear depth beyond this point, only 0.02mm for the next 

1800mm and 3.77 minutes of milling. After this point there was some change in the wear depth 

as the value increased to 0.12 after 7200 mm and 15.09 minutes of milling. After 7800 mm and 

16.35 minutes of milling there was catastrophic failure as there was a mechanical failure of a 

large segment of the cutting tip. The wear depth measured at this point was 0.18mm. 

Sample-3 resulted in a tool wear profile similar to sample-2, as there was a lesser initial wear; 

0.02mm after 1800mm and 3.77 minutes of milling. This was followed by a steady wear which 

extended till 3600 mm and 7.55 minutes of milling. Thereafter, there was an increase in the wear 

depth value, 0.08mm after 6000 mm and 12.58 minutes of milling. This was followed by a 

region where the wear depth increased abruptly to 0.12 after 7200mm and 15.09 minutes of 

milling, 0.14mm after 7800mm and 16.35 minutes of milling and 0.18mm after 8400mm and 

17.61 minutes of milling. In this case the tool insert does not break upon reaching a wear depth 

value of 0.18mm. 

In all three cases burr measurements were taken after first pass for all three samples. The results 

as evident from table 12 do not have any set pattern. The values are highest (0.14mm) for sample 

2 and lowest for sample 1(0.10mm).Chips were also collected from the first pass for all three 

samples. Chips were long to the extent that they had spiral formation. Chips had a distinctive 

blue coloration for all three samples. It was difficult to spot any variation in the raggedness of the 

chips of all three samples, by mere visual inspection. 
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Table 11.Results for test series A 

Milling length        
mm 

Milling time                     
min 

VB ,mm 
Sample-

1 
Sample-

2 
Sample-

3 
900°C 1000°C 1100°C 

600 1.26 0 0 0 
1200 2.52 0.05 0.02 0.02 
1800 3.77 0.06 0.04 0.02 
2400 5.03 0.07 0.04 0.04 
3000 6.29 0.08 0.04 0.04 
3600 7.55 0.08 0.04 0.04 
4200 8.81 0.08 0.06 0.06 
4800 10.06 0.09 0.06 0.06 
5400 11.32 0.1 0.08 0.08 
6000 12.58 0.1 0.08 0.08 
6600 13.84 0.12 0.1 0.1 
7200 15.09 0.18 0.12 0.12 
7800 16.35 - 0.18 0.14 
8400 17.61 - - 0.18 

          
 

 

 

Fig.32. Tool wear plot as a function of milling time for test series A. 
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Table12.Burr measurements for test series A 

Sample-1 0.10mm 
Sample-2 0.14mm 
Sample-3 0.13mm 

    
 

 

   

a)                                              b) 

   

c)                             d ) 

Fig.33.Test series A-SEM micrographs (a)and(b) showing crater wear profile in sample-
2,austenitizing temperature 1000°C;(c) and(d) showing crater wear profile in sample-

3,austenitizing temperature 1100°C. 
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a)                                              b) 

 

c) 

Fig.34.Chips collected in test series A after first pass with the new insert for (a) sample1, 
austenitizing temperature 900°C, (b) sample 2, austenitizing temperature 1000°C, (c) sample3, 

austenitizing temperature 1100°C. 

 

3.5 Results-Machining Test series B 
Tools used for machining the samples in the test series B, followed a similar pattern, an initial 

rise in wear, followed by steady wear and finally the severe wear. However the variation in wear 

during each stage is more pronounced in test series B compared to test series A. In continuation 

with the standard practice, all the inserts were checked prior to the test and no damage was 

observed on the cutting edge or elsewhere. 
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Sample-1 resulted in an initial wear depth of 0.02 mm after first inspection which was carried out 

after 2400mm and 5.03 minutes of milling. This was followed by a steady wear region as the 

wear depth remained 0.04 mm after 14400 mm and 30.19 minutes of milling. This was followed 

by a slight increase to; 0.05mm after 16800 mm and 35.22 minutes of milling, 0.06 mm after 

19200 mm and 40.25 minutes of milling, and 0.08mm after 21600 mm and 45.28 minutes of 

milling. This was followed by another steady wear region which extended until 33600 mm and 

70.44 minutes of milling. There after wear increased relatively quickly, as it reached a value of 

0.2mm after 43200mm and 90.57 minutes of milling and almost two layers of material being 

removed. 

Samples -2 affected an initial wear depth of 0.02mm after 9600 mm and 20.13 minutes of 

milling. This was followed by the first of three steady wear regimes which saw absolutely no 

change in wear depth. The first one started after 12000 mm and 25.16 minutes of milling and 

lasted for a further 4800 mm and 10.06 minutes of milling. The wear depth changed to 0.06mm 

after 19200 mm and 40.25 minutes of milling as this started the second steady wear region in 

which no observable change could be seen in the wear depth. The wear depth increased to 

0.08mm after 21600mm and 45.28 minutes of milling and increased after 38400mm and 80.50 

minutes of milling time. Thereafter wear depth increased relatively quickly and after 43200mm 

and 90.57 minutes of milling, the wear depth was 0.16mm. 

Sample-3 caused a sluggish initial wear, 0.02mm after 19200 mm and 40.25 minutes of milling. 

This was followed by a steady wear region during which little or no change in the wear depth 

were noticed. After 24000 mm and 50.31 minutes of milling the wear depth was 

0.06mm.However, after 38400 mm and 80.5 minutes of milling the wear depth had increased to 

0.08mm.This essentially also marked the end of the steady wear regime as the value increased to 

0.12 after 43200 mm and 90.57 minutes of milling. 

In all three cases the tool inserts still were good enough for further machining, unlike in test 

series A. The surface finish was also still reasonable. As can be seen from table 14 burr 

measurement again had a pattern similar to the one seen for test series A, maximum for sample-2 

and minimum for sample-1.In all three cases wear started outside the cutting length of 4mm on 

the major cutting edge, as a tiny spot and continued to grow. In sample-1, major wear was 

outside the cutting length of 4mm and also evenly distributed along the rest of the cutting length. 
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In sample-2 and 3, wear was only seen on the originating spot and near its vicinity. Very little 

wear was seen on rest of the cutting length on the major cutting edge. Chips were again collected 

for the first pass with a new insert. The chips as can be seen from the fig.39 are small and again 

it is very difficult to spot any distinctive variation in the raggedness of the chips collected from 

all three samples.  

Table 13.Result for test series B 

Milling length        
Mm 

Milling time                     
min 

VB, mm 
Sample-

1 
Sample-

2 
Sample-

3 
900°C 1000°C 1100°C 

2400 5.03 0.02 0.02 0 
4800 10.06 0.04 0.02 0.02 
7200 15.09 0.04 0.02 0.02 
9600 20.13 0.04 0.02 0.02 
12000 25.16 0.04 0.04 0.02 
14400 30.19 0.04 0.04 0.02 
16800 35.22 0.05 0.04 0.02 
19200 40.25 0.06 0.06 0.02 
21600 45.28 0.08 0.06 0.04 
24000 50.31 0.08 0.06 0.06 
26400 55.35 0.08 0.06 0.06 
28800 60.38 0.08 0.08 0.06 
31200 65.41 0.08 0.08 0.08 
33600 70.44 0.08 0.08 0.08 
36000 75.47 0.1 0.08 0.08 
38400 80.50 0.14 0.1 0.08 
40800 85.53 0.16 0.12 0.1 
43200 90.57 0.2 0.16 0.12 

         



59 

 

 

 

Fig.35. Tool wear plot as a function of milling time for test series B 

Table14.Burr measurements for test series B 

Sample-1 0.048mm 
Sample-2 0.062mm 
Sample-3 0.041mm 
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a)         b) 

   

   c)                                                d) 

Fig.36.Test series B-SEM micrographs of sample-1, austenitizing temperature 900°C,(a) and (b) 
wear profile along the major cutting edge,(c)wear profile  along the remaining depth of cut 

line(d)Notch wear at the point of intersection of the work surface. 
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a)                                              b) 

   

c)                                              d) 

Fig.37.Test series B-SEM micrographs of sample-2, austenitizing temperature 1000°C, (a) and 
(b) wear profile along the major cutting edge, (c) wear profile along the remaining depth of cut 

line (d) Notch wear at the point of intersection of the work surface. 
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a)                                              b) 

   

c)                                              d) 

Fig.38.Test series B-SEM micrographs of sample-3, austenitizing temperature 1100°C, (a) and 
(b) wear profile along the major cutting edge, (c) wear profile along the remaining depth of cut 

line (d) Notch wear at the point of intersection of the work surface. 
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a)                                              b) 

 

c) 

Fig.39.Chips collected in test series B after first pass with the new insert for (a) sample1, 
austenitizing temperature 900°C, (b) sample 2, austenitizing temperature 1000°C, (c) sample3, 

austenitizing temperature 1100°CTool wear measurement. 

 

4. Discussion 

4.1 Discussion-Chemical Etching 
The results in table 9 cannot be relied upon as measuring the prior-austenite grain size is heavily 

dependent on chemical etching. The results as already mentioned were far from satisfactory as 

no single etchant was able to consistently show prior-austenite grain boundaries. For all etchants, 

the major issue is that the matrix also gets etched and that makes it extremely difficult to 
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differentiate between the grain boundaries and the matrix. Moreover, it is extremely difficult to 

determine optimum time of etching and temperatures which would give best results. Mostly the 

etchants were heated to temperatures mentioned in the literature, however occasional 

improvisations were also done to see if better results could be obtained. Prior austenite grain 

boundaries actually are the traces or vestiges of the parent austenite grains and therefore it is 

extremely difficult to delineate them. The series of experiments however established the fact that 

picric acid based etchants yield relatively better results as can be seen from the fig.26, 27 and 29. 

Uddeholm Nimax is a low carbon mold steel and normally it is difficult to delineate prior 

austenite grain boundaries in low carbon steels. Whilst it is difficult to quantify exactly, the 

results from the fig.29 are indicative of the fact that sample-D austenitized at 1000°C and for the 

longest duration (60 minutes), had the largest grains. Higher temperatures and longer duration 

leads to the dissolution of the carbides which can no longer pin down the grain growth, resulting 

in coarse grains. The effect of temperature is more pronounced as compared to holding time, as 

at high temperature the dissolution of carbides triggers grain coarsening. Very long holding times 

(hours) may have greater impact. 

4.2 Discussion-Computation of grain size using empirical models 
Tool steel technology is in many ways similar to that of low alloy carbon steels as carbon is the 

major alloying element. Tool steels however have higher carbon content than most other steel 

types. Also tool steels, with few exceptions like water hardened tool steels, generally are more 

highly alloyed than low alloy carbon steels. The higher carbon content and alloy content 

contributes to the formation of crystalline phases such as martensite and various carbides. These 

crystalline phases give tool steels high strength and hardness [4].It is difficult to rely on the 

results obtained from the empirical model 7, as this was developed for low alloy carbon steels 

which had different chemical composition. The model focuses on the contribution of Ni, Cr and 

Mo along with carbon, in determining the eventual grain size. All these elements are major 

alloying elements in Uddeholm Nimax as well; however the model does not have provision for 

other alloying elements such as silicon and manganese which are present in substantial amount in 

Uddeholm Nimax. The values obtained from the model might not be precise for Uddeholm 

Nimax but they can be used as reference values. The model takes into account the major alloying 

contents present in the mold steel in consideration. The results, although not exact are in sync 

with the theory; the higher the austenization temperature, the larger the austenite grain size and 
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same with reference to holding time. The effect of holding time however is less pronounced as 

compared to the temperature which is understandable; since higher temperatures aid in the 

dissolution of carbides. 

4.3 Discussion-Measurement of grain size using Intergranular fracture 
Re-hardening leads to discontinuous grain coarsening in high-speed tool steels due to rapid 

dissolution of the very fine carbides which would have been produced in previous heat 

treatment[4].From fig.31 what is more observable on the fracture surface is the fracture facets 

that are about the same size as the martensitic packets. These obviously cannot be taken as prior 

austenite grains. Also evident from the figures is that only some of the grains which fractured 

brittle are revealed more clearly whereas the rest are fractured more ductile. It is not possible to 

take prior austenite grain size measurements using this method as the grains which have been 

fractured ductile are not properly visible and therefore cannot be taken into consideration, 

making the whole procedure erroneous.  

4.4 Discussion-Machining (Test series A and Test series B) 
The results for test series A do not show a significant difference in the tool life of all three heat 

treatments (samples).Sample-1 lasted 15.09 minutes of milling time,sample-2 lasted 16.35 

minutes of milling time and sample-3 lasted 17.61 minutes of milling time. The results seem to 

follow hardness closely as hardness of sample-1 is the highest, followed by sample-2 and 

sample-3 respectively as can be seen in table 7. 

4.4.1Hardness variation in samples 
The vickers hardness values in table 7 are in conformation with the hall petch effect which is 

based on the concept that grain boundaries obstruct dislocation movement which will hinder the 

onset of plasticity and hence increase the yield strength of the material. Adjacent grains have a 

different lattice orientation and therefore energy is required by dislocation to change direction. 

Since these dislocations do not have enough energy they start piling up at the grain boundary. 

Decreased grain size decreases the amount of pile ups at the boundary, increasing the amount of 

applied stress necessary to move a dislocation across a grain boundary. Higher applied stress 

needed to move the dislocation results in higher yield strength. Hardness and yield strength are 

correlated as both are indicators of a material’s resistance to indentation. Therefore smaller the 

grains size harder the material. The hall petch relation is as under [39]: 
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σ y=σo+kd-1/2      (13) 

σ y= yield stress 

σo= stress for initiating dislocation movement 

k= a material constant 

d= average grain diameter 

There is less variation in hardness in the samples when using the Rockwell hardness as compared 

to the Vickers’s hardness. The biggest disadvantage of Vicker’s hardness is that the indentation 

is measured optically with the aid of a projector, making the whole procedure very subjective 

and prone to error. On the other hand Rockwell hardness measuring apparatus allowed direct 

reading of the hardness value without optical measuring. Also Rockwell hardness measurements 

involved deeper penetration into the material. Consequently, Rockwell hardness measurements 

are considered more reliable in this case and hardness of the samples is considered to be same. 

Materials having a lower hardness normally are easier to machine but since the variation in 

hardness (Rockwell) between the highest value, measured for sample-1 and the lowest one, 

measured for sample-3 is only ~3%; hardness of the samples is considered the same.Sample-3 

austenitized at 1100°C resulted in longest tool life (fig.35 and table 13) in test series A. The 

cutting parameters used in test series A could be responsible for little difference in tool life 

between the three samples. It might be a case of too high cutting speed (240/min) in combination 

with a very wide cut (14mm), almost grooving. Crater wear turns out to be the dominant wear 

mechanism as can be seen from the fig.33. There is some material removed and a slight 

depression is clearly visible on the rake face in fig 33 (b). The transfer of material from the 

cutting tool to the chip results in this crater on the rake face, which is facilitated by the high 

temperatures. The heat build-up in the cutting tool owing to a high cutting speed and a very large 

depth of cut also results in crater wear being dominant wear mechanism. The extremely high 

temperatures at the cutting tool tip blocked wear by any other mechanism as the effect of work 

material and in effect grain size reduced. Tools used for sample-1 and sample-2 (fig33.a, b) had 

complete removal of their cutting points which resulted in ultimate failure of these tools. This 

could have been due to the massive heat buildup in the cutting tool owing to a high cutting speed 
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and a very wide cut. Extremely high temperatures at the cutting tool tip tend to soften it, which 

then tends to flow plastically even at extremely low shear stress. Softening of the tip could have 

lead to blunting of the cutting edge and further continuation with cutting tool could have lead to 

the removal of large pieces from the cutting tool. The other possibility could be brittle fracture of 

a portion of the cutting tip due to weakening of the cutting tool by crater formation. In hindsight, 

probably maximum flank wear depth=0.2mm was not a suitable criterion for such a high cutting 

speed and width of cut. A lower criteria (for instance maximum wear depth=0.15) might have 

been better for test series A. 

Test series B was conducted to be absolutely sure about the results and, therefore a smaller width 

of cut (0.8mm) was used. It was expected that heat build-up in the cutting tool would be 

drastically reduced and the effect of material and in essence the grain size would become more 

pronounced. As can be seen from table 13, the results with a smaller width of cut give a visible 

difference in cutting tool life of the three samples. Again cutting tool used for sample-3 has the 

highest wear depth after 43200 mm and 90.57 minutes of milling time, followed by sample-2 and 

sample-3 respectively. However with a smaller width of cut the wear mechanisms are 

different.SEM examination reveals that sample-1 affected notch wear along the point where the 

major cutting edge intersects the work surface. Flank wear typified by the formation of wear land 

could also be seen on remaining length of depth of cut line (fig.36). The mode of wear caused by 

sample-2 is also notch wear along the point where the major cutting edge intersects the work 

surface and flank wear on the remaining length of depth of cut line. However the degree of wear 

as seen from the measured values (maximum wear depth) in table 13 and fig.37, was lesser in 

sample-2.Sample-3 also affected similar wear mechanism; notch wear at the point of intersection 

of the work surface and flank wear on the remaining length of depth of cut line.Sample-3 

affected least wear as can be seen from the SEM micrographs (fig.38) and also by results from 

table 13. 

There is a more significant difference in the cutting tool life for the cutting tools used for the 

three samples but overall the results follow a pattern which is similar to that of test series A. It is 

very difficult to predict whether the results can be attributed to a variation in grain size in the 

three work pieces (samples) used or to any other parameter. 
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4.4.2Effect of retained austenite 
The amount of certain phases like retained austenite or as-quenched martensite could have been 

different in all three samples, as only a single step tempering was performed on the samples. 

High levels of retained austenite result in degradation of machining operations. Normally if the 

martensite stage is passed too slowly and the material is not able to cool down far enough, 

retained austenite stabilizes itself. In this case the samples were immediately dumped in the oil 

bath. Moreover, the samples were given sufficient time to cool down to room temperature to 

achieve the maximum possible martensitic transformation. Once the samples had reached the 

room temperature only then were they placed in the furnace for tempering. May be the large 

dimensions of the samples meant that retained austenite was able to stabilize itself because 

through hardening quench rates were not achieved during oil quenching[40].Consequently 

retained austenite content was measured, for samples using X-Ray Diffraction and the results are 

as under: 

Table 15.Retained Austenite % 

Sample-1 7+2% 
Sample-2 3+1% 
Sample-3 <2% 

    
As austenitizing temperature is increased, the austenite composition is enriched with carbon and 

other alloying elements as carbides dissolve, greater content of retained austenite is able to 

stabilize at room temperature [4]. However, table 15 shows results contrary to theory; sample-1 

had the highest retained austenite content, followed by sample-2 and sample-3.To be absolutely 

sure about the retained austenite results, measurements were taken using two samples of each 

austenitizing temperature; but the results were same.  

A higher retained austenite content could have also lead to shorter cutting tool life or higher tool 

wear for sample-1, followed by sample-2 and longest cutting tool life for sample-3,which has the 

least retained austenite content. Also since all the samples were subjected to a single step 

tempering cycle, the samples may have in varying amounts, some as-quenched martensite which 

is a hard and brittle phase. From the retained austenite results it can be ascertained that sample-1 

probably also has the highest content of as-quenched martensite. Thus it can be considered that 
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elevated levels of austenite and as-quenched martensite in the microstructure of sample-1 

resulted in poor machinability. 

4.4.3 Effect of work hardening 
The predominant wear mechanism in test series B is notch wear which normally occurs due to 

work hardening caused by earlier passes. Work hardening is undesirable for machining 

operations. Higher work hardening is expected for sample with large prior austenite grain size 

(sample-3) or with higher retained austenite content(sample-1).To investigate the severity of 

work hardening, micro hardness (HV0.005 and HV0.010) was measured for the samples used in 

test series B. First the samples were prepared by milling with a low feed and small depth of cut 

(0.5mm).Thereafter 10 passes (2000mm) were made on each sample with a sharp and new insert 

using the parameters used for test series B. Next very small pieces were cut from the machined 

part and the non-machined part using a hack saw with a low feed and a coolant. Two small 

pieces were cut from each sample; one from the machined region and the other from non-

machined region. All the small pieces were mounted in the epoxy resin, ground and polished in 

the normal way. Thereafter micro-hardness measurements were taken from surface to below 

surface. The first measurement had a distance of 0.025mm from the surface and the subsequent 

measurements had the same distance between them. A total of eight measurements were taken 

for each small piece drawn from the samples. The results can be seen in table 16,17and fig.40, 

41. From the fig. 40, it is difficult to predict whether hardness is higher closer to the surface for 

sample-3 or sample-1. HV0.01 measurements are more sporadic and inconsistent, as can be seen 

from the fig.41. The hardness values, HV0.005 and HV 0.01 in all samples are lesser in 

machined region than for un-machined region (table 16, 17). Human error cannot be ruled out as 

well, as the whole procedure is quite subjective and depends largely on the quality of focus 

obtained for the indentations. Also may be the weights (5g and 10g) used for the measurements 

were too low and the effect of surroundings also modified these readings.  

From these results it can only be inferred that in Nimax work hardening does not occur. The 

multiphase microstructure of Nimax could also be responsible for less work hardening, as work 

hardening is more pronounced in single phase materials [35]. 
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Table 16.HV0.005 measurements for test series B samples 

Distance 
from 

surface                     
mm 

sample 1-900°C sample 2-1000°C sample 3-1100°C 

Machined 
region 

Un-machined 
region 

Machined 
region 

Un-machined 
region 

Machined 
region 

Un-machined 
region 

Hardness ,HV Hardness, HV Hardness, HV Hardness, HV Hardness, HV Hardness, HV 
0.025 472 547 470 547 494 546 
0.05 546 520 495 519 495 519 
0.075 547 546 471 547 428 547 

0.1 547 546 470 547 450 547 
0.125 546 520 494 547 471 519 
0.15 519 547 471 547 470 520 
0.175 494 546 471 519 470 520 

0.2 520 519 450 547 471 520 
              

 

 

Fig. 40. HV 0.005 profile of the machined region for test series-B samples. 
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Table 17.HV0.010 measurements for test series B samples 

Distance 
from 

surface                     
mm 

sample 1-900°C sample 2-1000°C sample 3-1100°C 

Machined 
region 

Un-machined 
region 

Machined 
region 

Un-machined 
region 

Machined 
region 

Un-machined 
region 

Hardness, HV Hardness, HV Hardness, HV Hardness, HV Hardness, HV Hardness, HV 
0.025 381 494 446 548 390 494 
0.05 370 478 432 529 382 494 
0.075 432 548 432 550 406 462 

0.1 419 530 433 570 393 462 
0.125 419 550 432 569 406 462 
0.15 447 530 433 512 393 478 
0.175 433 549 450 530 432 461 

0.2 431 549 406 530 408 462 
              

 

 

Fig. 41.HV0.010 profile of the un-machined region for test series B samples. 
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4.5 Recommendation and future Work 
It is difficult to recommend anything based on these results. From these results it is apparent that 

the effect of work hardening in large grain sized sample is less than work hardening due to 

higher retained austenite content in small grained sample. Therefore large grained sample in 

Uddeholm Nimax, would result in less tool wear and longer tool life. However to make this 

recommendation credible and to add value to this work, following could be done: 

 Explore options other than chemical etching for result oriented prior austenite grain 

boundaries results. 

 Measure lath martensite packet size, as it is directly related to the prior austenite grain 

size. 

 Machining tests should be carried out at lower speeds. More samples should be used to 

make tests at lower speeds practically possible. 

 Chips obtained during the two series of tests can be analyzed in detail to better 

understand the material behaviour during the machining process. 

 Finishing milling tests should be done with solid carbide cutters and the surface should be 

investigated (a) after machining and (b) after polishing. 

5 Conclusions 
 It is extremely difficult to reveal prior-austenite grains in Uddeholm Nimax as the matrix 

also gets etched with the grain boundaries making it extremely difficult to distinguish the 

grain boundaries. 

 Chemical etchants comprising picric acid, a suitable solvent (water or alcohol) and 

wetting agent gives relatively better results compared to other etchants. 

 Prior austenite grain size is affected by the quantity of alloying elements and the 

austenitizing temperature. 

 Prior austenite grain size increases with an increase in austenitizing temperature and 

holding time. High temperature leads to the dissolution of carbides which otherwise 

impinge grain growth. 
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 Hardness (Rockwell) variation in the samples is negligible and therefore is not considered 

to be affecting the machining results. 

  Variation in retained austenite content in samples influences machining results. Small 

grained samples(austenitizing temperature 900°C)  have the highest content of retained 

austenite(7+2%) and consequently results in highest tool wear and least milling 

times;0.18mm after 15.09 minutes of milling in test series A and 0.2mm after 90.57 

minutes of milling in test series B. The tool actually broke in the test series A, where the 

width of cut was very big. 

 Large grained samples (austenitizing temperature 1100°C) have the least content of 

retained austenite (less than 2%) and consequently results in least tool wear and 

maximum milling times;0.18mm after 17.61 minutes of milling in test series A and 

0.12mm after 90.57 minutes of milling in test series B. The tool did not break in the first 

test series (A) where the width of cut was very big. 

 Work hardening degrades the machining operations and is maximum for large grained 

samples. However the effect of work hardening due to grain size is not observed in 

Uddeholm Nimax. 

 Modes and rate of wear vary with different width of cut and depth of cut even for the 

same cutting speed and feed. Larger width of cut and smaller depth of cut leads to 

increased wear rate and the main wear mechanism is crater wear. Smaller width of cut 

and larger depth of cut results in decreased wear rate and the main wear mechanism is 

notch wear. 
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