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I 
1. BASIC COHCEPTS or H£AT TRrATHOIT THEORY ANO PRACTJC[ 

In many situations the general aim of the heat treatment operation 

is to increase the hardness of the material. This, as will be 

demonstrated later, involves a quench hardening operation. The steel 

to be hardened is austenised at an appropriate temperature and then 

quenchP.d at a sufficiently rapid rate to ensure the formation of 

martensite. 

Steels are often supplied in a soft form, hardness <250 HV, in 

this condition they are easily machinable. The microstructure consists 

at this stage of ferrite (alpha-iron) and pearlite (alpha-iron and 

ce111entite eutectoid), figure l(a), the relative amounts of these 

constituents may be calculated by the lever rule and the re-C phase 

diagram, figure 2. To harden such materials it is necessary to fully 

austen! tise the mat.erial, in the case of low alloy engineering steels, 

0 0 Table 1, this is n•Jrmally between 800 and 900 C. The material is 

then cooled rapidly to promote the change from austenite to martensite. 

Hartensite is the microstructural constituent that is responsible for 

the strengthening effect within the steel. 

The hardness of the martensite produced is related to the carbon 

content of the material as demonstrated in figure 3. During the 

quenching operation carbon in solution in the austenite does not have 

time to diffuse and, as a consequence, is retained in solid solution 

within the ferrite. The presence of these carbon atoms distorts the 

ferrite lattice, causing a strengthening effect. The greater the 

amount of carbon retained in solution the greater the distortion to the 

b.c.c. ferrite lattices and hence the greater the hardness. 

- 1 -
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Jt is true~ therefore, to say that the hardness of a quenched 

material is directly related to its carbon content. However, under certain 

circumstances the martensitic structure may not be produced. This depends 

on the steel's ability to form martensite which is related to i~s overall 

composition. 

1.1. Hardenabilitv 

The ability of a steel to harden by martensite formation on quenching 

is ~nown as its hardenability. In general, the hardenability of a material 

is a function of its alloying element content. Consider two of the 

steels given in Table 1, i.e., En3 and Hl3, if bars of similar cross 

section are austenitiseo and then quenched in the same medium, the steEl 

containing the highest alloying element content is hardened to a greater 

depth, figure 7(c). The use of more highly alloyed steels will be 

considered later. 

1.2. Time-T empcrature-Tra.~f1Jrmation Diagrams 

TTT diagrams are very useful as an aid in predicting the ~icro

structures that will be produced in particular steels when different 

cooling rates are employed. 

TTT diagrams are produced by isothermally transforming samples of 

the material at a series of different temperature~. The change in 

microstructure as a function of time is measured producing curves 

similar to those in figure 4(a). By producing a large number of curves 

the complete TTT diagram may be formed, figure 4(b). 

These diagrams are used in the followlOQ manner: consider 

figure S for al~ steel (Wl) Table 1. The shortest transformation 
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time for this steel is <I/
8
th second. With this material pearlite 

and bainite form simultaneously at about 550°C so there is only one 

continuous C-curve. In figur~ 5 the microstructures obtained are 

the result of austenitising the steel at 780°C for 10 mins and quenching 

into ~ salt bath at various temperatures. After holding for pre-

d~termined times at various temperatures they are finally quenched into 

water. 

1. Quenching in a liquid bath at 700°C; holding time 4 mins. 

During this interval the C has separated out, partly as 

pearlite lamellae and partly as spheroidised cementite. 

Hardness 225 HV. 

2. Quenching to 575°C; holding time 4 secs. A very fine, closely 

spaced pearlite as well as some bainite has formed. Hote that 

the amount of spheroidised cementite is much less than in the 

preceding case. Hardness 380 HV. 

3. Quenching to 450°C; hoJding time 60 secs. The structure 

consists mainly of hair.I te. Hardness 410 HV. 

4. Quenching to 20°c (room temperature). T~e matrix consists of 

roughly 931 martensite i.nd 71 retained austenite. There is 

some 51 cementite as -well w~ich has not been included in the 

matrix figure. Hardness 850 HV. 

With the exception of cobalt, all alloying elements delay the 

formation of ferrite and cementite, that is, they effectively displace 

the C-curves on the TTT diagram to the left. This means that the 

reduced cooling rates cdn be employed during a quench hardening 
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operation. ~ furthrr influence of th~ alJoying elements is to split 

the C-curves into t~Cl re~ions. 

I.3. Co·itinuous Coo1inq Transformation Diagrams 

[xcept in certain special quenching operations, such as 

austempering and martemperinQ, coolin9 from the austenitising temperatvre 

occurs in a continuous manner. It is, therefore, more appropriate in 

many circumstances to use a CCT diagram instead of a TTT diagram. The 

C-curves in a fCT dia~ram are displaced down and to the ~ight when 

com~ared with those on the TTT diagram. 

These differences may be illustrated by considering the TTT and 

CCT diagrams for a eutectoid steel, figure 6. For a cooling curve, X, 

it takes 6 seconds to nucleate pearlite at 650°C. However, at h.igher 

temperatures the time to the start of pearlite nucle~tion is longer, 

hence pearlite formation starts at point b on the curve, i.e., at longer 

times and at lower temperatures, similarly the pearlite finish is 

depressed and retarded to d. 

In order to form a iooi martensitic structure it is clear that 

the cooling rate chosen must be such that the C-curves are not crossed. 

The slowest cooling rate that fulfils this condition is known as the 

critical cooling rate. If cooling is carried out at a rate faster 

than the critical cooling rate, diffusional transformation products are 

not formed, only martensite is produced. 

1.4. End Quench Test/Jcminy Test 

Various tests may be performed to assess the hardenability of a 

steel, the Joo:lfny test is the one most commonly used. In this test a 
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round section bar 2') nm diameter and JOO nm in len!'th is heated to the 

t.ardenino temperature of tht> steel, figure 7(a) and held for 20 mins. 

One end of the specimen is then quenched by a jet of water (figure 7(b)). 

The rate of cooling thus oroaressively decreases up the length of the 

bar. When the har has cooled two diametrically opposite flats are 

ground on the bar and hardness measurements are taken. A typical plot 

of the hardness versus the Jominy distance is shown in figure 7(c). 

The two curves in the fig~re correspond to a typical deep hardening steel 

and a typical shallow hardening steel. 

As the coolin~ rates along the bar are well known the test provides 

data that enables the construction of CCT diagrams as indicated in 

figure 8. The microstructural constitl•ents will change according to the 

distance from the quenched end of the bar. 

The Jominy test data can be used in selecting the correct steel for 

a particular application. If a tool of large section size requires a 

certain through hardness to perform satisfactorily, consultation of 

Jominy test data can give an indication of the combination of steel and 

quenching rate required to achieve these properties. In the situation 

where the tool is lar~e, it is generally better to use a high 

hardenability material and a less severe quench as this combination will 

reduce the susceptibility o~ the tool to crack. Selection of a steel with 

lower hardenability may also mean that on quenchin~, through ha1dening 

is not achieved. 
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z. CLASStrJC'ATJOtl or Hf AT TR[ATI£NT QP[PATIOtlS 

lt is possible to divide all heat treatment operations into three 

broad categories: 

Thermal Treatments 

Jn this instance use is made of a suitable heating and cooli~g 

cycle to modify the properties of the material. 

Thermochemical Treatments 

These involve the addition of an alJoying element such as carbon 

or nitrooen durino a heatin9/coolin9 cycle, tc alter the surface 

properties. 

Thermomechanical ·Treatments 

In this case a mechanical working operation is performed during 

the heat treatment cycle. 

All these types of processes are capable of modifying the 

properties of the steel components under treatment. The selection of the 

correct treatment is influenced not only by the required final mechanical 

properties, but the overaJl economics of the manufacturinq operation. 

In this paper the emphasis has been placed on the thermaJ heat treat

ment operations as applied to tooling materials. However, mention of 

other treatment techniques has been made when consictere.t appropriate. 

-,l 
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2.1. Thermal Treatments 

Heat treat~ent operations of this type may be sub-divided into: 

(l) Annealinq, 

(2) Stress relievin~, 

(3) Normalising, 

(4) Hardening, 

(5) Temperin9. 

At this sta9e it is worth spending some time considerin~ the characteristics 

of these treatments and the ~eneral reasons for their use. 

2.1.l. Annealin~ treatments 

An annealin~ treatment is used to reduce the hardness of the steel 

being processed or to produce a structure that facilitates the progress 

of subsequent manufacturing operations. The term annealin9, when used 

by itself, normally implies full annealing, which involves a solution 

treatment in the austenite phase followed by slow cooling to produce a 

microstructure containing ferrite and carbide. 

out in situ in the furnace. 

Cooling is often carried 

The exact nat·ure of thP concfitions required are, of course, 

dependPnt on the type of steel under consideration and the properties 

required. Typical austenitisin9 temperature ran9es for a number of steels 

are listed Jn Ta~le 1. 

2.1.2. Spheroidising an •• eal 

The spheroidising annealing temperatures are shown in figure Z 

for a series of carbon steels where, for hypo-eutectoid steels 

(f .e., <0.8%C) annealing just below A1 is sugqested. However, in some 
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cases annealing above A
1 

followed by transformation belo~ A1 is to be 

recoll'lllerdrd. l)urino thf treaunent the pear Ii tic structure and the 

cementite lamellae form ~Johules at their en~s and split up into 

spheroi<ls. Increasing the austenit:'.;ing temperature speeds up the 

process: a typical spheroidise~ microstructure is shown in fi9ure 9. 

However, if the annealing temperature exceeds A1 temperature by more 

than ~5o0r carbide will dissolve in the austenite and on cooling will 

separate out as lamellae cementite. 

The softer structures are produced by processing as close to the 

A
1 

temperature as possible. This may be summarised for plain carbon 

and low a1 1 oy steels as follows: 

Austentis~ at a temperature not more than 50°C above A1 and 

0 
transform at a temp~rature not more than 50 C below A1• 

Although possessing the lowest hardness the structure may not he 

ideal for certain machining operations such as dri~ling, milling, planing 

or reaming. In these situations a slightly harder struct~re is better, 

this may be formed by increasing the annealing temperature to produce a 

lamellar carbide. 

Hyper-eutectoid steels (>0.6%.C) mu~t be annealed above A1 in 

order to spher.oidise the grain boundary cementite. Steels with 

extensive grain boundary cementite networks can be problematic, in this 

instance a prior normalising treatment may be used to break up the networks. 

for the majority of steels the annealing time is between 2 and 

6 hours. 

1 
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2.J.3. RPcrystallisation annealing 

Ourin~ cold working processes, steel increases in hardness o••d 

hence becomes mor~ difficult to work. Annealing steel above 600°c for 

times up to l hour causes recrystallisation to occur, this produces n~ 

stress free grains in place of the original deformed ones. This type of 

treatment is most commonly a~plied to 18/8 stainless steels, 13t. manganese 

steels and to cold rolled lo~ carbon shee~ or strip steel. 

2.1.4. Stress relieving annealinQ/stress relieving 

Machining ano workino operations induce stresses within the surface 

of the components during manufacture. These can lead to increased 

hardnesses which make working the material more difficult. The presence 

of these stresses can induce distortion and, in extreme cases, even 

cracking on subsequent heat treatment. Stress relief may be achieved 

by heatinq the material for l to 2 hours. The temperature employed 

depends on the type of material, for low alloy and plain C-steels 550 to 
- 0 

65L C is required, while for hot work a~d high speed steels 600 to 700 C 

is necessary. Such treatments do not cause phase changes although in 

some circumstances grain growth may occur. Parts need to b~ slowly 

cooled, otherwise thermal stresses may be induced in the component. 

When stress relieving hardened and tempered components a 

0 temperature some 20-30 C below the temperJng temperature is normally 

used. Forgings should also be stress relieved if internal stresses 

are induce~ in the steel on account of rapid or uneven cooling, or if 

the forging has beer ;ubjected to severe straightening. 
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2. l. ~. t-lormal i sinn 

This treatment involves austenitisin~ the ste£1 at its hardeninQ 

temperature, holding it for up to 30 mins, then allowing it to cool in 

air. Normalisino treatments are used to refine the grain size of a 

steel after it has become coarse grained during a forging or welding 

operation, c.f., figure l(a) and l(b). 

These treatments are mainly applied to plain carbon and low alloy 

steels. The actual hardnesses prod~ced depend on the steel Jimensions 

and also the composition of the material. In even a larger diameter 

workpiece the cooling rates at the surface and the centre are similar 

therefore there will be similar structures produced over the whole 

cross-section. 

2.1.6. Quench.hardening treatments 

The hardening operation consists of two stages; firstly heating 

to and holding at a suitable austenitisir1g temperature for an adequate 

period of time; this is then followed by a quenching stage. Both the 

temperature and holding time selected, influence the amount of alloying 

elements present in solution in the steel. At higher temperatures and 

longer times more alloying elements go into solution, consequently, 

the hardenability is increased. Correct choice of these parameters is 

therefore essential if optimum hardening responses are to be achieved on 

quenching. 

The choice of temperature also exerts an effect on the grain 

size within the 11aterial: if the structure becomes coarse grained 

during austenitising, the resultinq loss in ductility may make it prone 

to cracking on quenching. 
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Hardening is then carried out by quenching in either brine 

solution, water. oil or by air coolinq. The medium sPlected of course 

depend~ on the hardenabi1ity of th~ .aaterials under treatment. 

The volume chanqes occurring within the material throlJ9h both the 

transformation sequence and th~nnal gradient affects give rise to 

distortion; this aspect will be covered in more detail later. 

2.1.7. Te,mpering 

After quench hardening and before the component reaches room 

temperature the tO<.'l is normally transferred to a temperin~ furnace. 

If the quenching stresses are not relievtd immediately then cracking may 

well result. The tempering temperature selected is determined ~''T the 

final hardness required on the component. 

rare must also be taken in temoerature selection in order to 

avoid temper emhrittJement phenomena. In a number of situations the 

tempering operation may be carried out more than once, for instanr.e 

high speed steels are often double or triple tempered to er ~ 

there is no untempered martensite remaining in the structu. 

2.2. Special Treatments 

In certain situations where excessive distortion and cracking are 

problems special treatments are employed to overcome the problems, 

figure 10. 

2.2.l. Martemperino 

' 

Ir1 this treatment steels are quenched ,with sufficient rapidity to 
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ensur~ that transformation to pearlite or hainfte does not occur. This 

is achieved by quenching into a salt bath at an appro?riate temperature. 

The temperature is then held at a level above the martensite start 

temperature, Hs, to allow temperature equalisation between the surface 

and the core to occur. After a suitable time period the component is 

allowed to cool, tempering is then carried out as required once room 

temperature has been reached. This type of treatment reduces the 

effects of thennal stresses induced during quenching and hence reduces 

the danger of cracking. figures lO(b) and ll(a). 

2.2.2. Austempering 

Austempering treatments or bainite hardening treatments, use the 

isothermal transformation of austenite to bainite as the mechanism of 

hardening. Components are cooled from the austenitising temperature by 

quenching into a salt hath at a temperature below that at which the 

reaction to pearlite will occur and above the Hs temperature. The TTT 

and CCT diagrams provide useful information on these temperatures, 

figure lO(c). 

The component is held at temperature in the furnace until the 

austenite has completely tra .. sformed to bainite, after which it is cooled 

to room temperature in still air. Such treatments are used to provide 

good impact properties and have found application on high speed steel 

tools which are used for interrupted cutting operations. 

2.3. r.eneral Heat Treatment Information 

In all of th~se treatmc:nts it is necessary to avoid surface 

decarburisation during the heat treatment. If this occurs then the 

l 
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properties of the tool zre significantly altered and indeed it is 

likely that surface cracking will occur. To achieve this control 

over the surface carbon level it is neces~ary to carefully select the 

type of furnace to be used and also, if a gas furnace is chosen, the 

type of furnace atmosphere. 

Although pre.heating, in IRDst cases, is not essential before 

hardening treatments, it is good practise to pre-heat the part. A slow 

anrl uniform increase in temperature ls preferable to ensure that the 

surface and the core both attain the correct austenitislng temperature. 

The supporting of parts in the furnace and also the manner in 

which the quenching is achieved are important, as both will influence 

the degree of distortion on ~~e finished product. During the quench 

hardening operation care must be taken to ensure good circulation of 

the cooling medium. 

3. HEAT TREATtENT FURNACES 

As already mentioned, during heat treatment it ls necessary to 

avoid carburising/decarburislng of the surface layers as this may give 

misleading hardness results on subsequent q~ench hardening. In 

extreme cases, this can lead to cracking and can also lead to the choice 

of the wrong tempering temperature. It is also necessary to prevent 

severe oxidation as Its removal represents another finishing oper~tion 

which may well result in the piece being under-sized. 

3.1. Salt ~ath fucnaces 

Salt bath furnaces, figure ll(b), contain a mixture of salts which 
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are molten at the treatment temperature. Typical mixtures used at 

various temperature levels are given below: 

451 NaCl + 55~ KCl 

zo~ NaCl + 80ti RaCl 

675-900°C 

675-1060°C 

1025-1325°C 

These compositions are only approximate as manufacturers of heat 

treatment salts do not specify precise compositions. Provided the 

salt bath is maintained in good condition tf>e salt mixtures above 

provide a neutral medium for austenitising treatments. Cood 

protection of the material is thus maintained during the time components 

are within the bath. Owing to the excellent heat transfer properties 

offered by the salt bath, heat up times are short and temperature 

uniformity is good. 

Monitoring the composition of the bath at regular intervals is 

necessary to ensure the neutral conditions are maintained. During 

use, iron is removed from the components being treated, this is eventually 

oxidised, as the bath is in contact with the air, once formed the 

iron oxide can act as a decarburising agent. At this stage the salt 

bath must be r.egenerated. Regeneration is achieved by adding a few 

lumps of silicon brick; this combines with the iron forming a sludge 

which can be removed. 

The presence of iron in the bath can be determined by immersing 

a graphite rod in it, this reduces any iron oxide present; with small 

beads of iron being formed on the graphite. A steel foil may be used 

to test the carburising/decarburislng of the bath. If, after 
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austenitlslng in the salt bath it ls soft on quenching, the bath ls 

decarburislng, if it is 110re brittle then the bath is carburlslng. 

A suitable carbOn concentration ls necessary in the foll selected, 

i.£., it needs to be representative of the steel to be treated. 

Preheating the c0111pOnents ls essential to remove 110isture prior to placing 

in the bath. If this ls not carried out the risk of an explosion ls 

present. 

3.2. Muffle Furnaces 

Cas or oil fired ... ffle furnaces allow adjustlnent of the 

atmosphere to be carried out by controlling the air ingress and degree 

of COlllbustlon. By such control it is possible to largely maintain the 

carbon level of t~e material under treatllent. 

Electrically heated 11Uffle furnaces, of a llOdern design, can 

also be generated with at110spheres; however, if these are not available 

packing in some neutral material ls essential. Choice of this packing 

111aterial depends on the carbon content of the steel under treat11ent. 

There ls no universal material suitable for all types of steels. 

Typical materials used for thi~ purpose include paper, cast iron 

chips and stainless foll. 

3.3. Quenching 

With both of the types of furnaces above, quench facilities are 

not an integral part of the unit. Transfer frOlll the furnace to the 

quench tank or quenchinq jig is necessary; this 11Ust be accomplished 
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as quickly as possible, in order for full hardness to be achieved. 

litta annealing. stress relieving and normalising treatments, quench 

facilities are obviously not required. 

3.4. Sealed Quench furnaces 

These furnaces are more complex than those described; they are 

sealed against air penetration and contain an integral quench facility, 

figure 12. An atmosphere for the furnace is produced in an external 

gas generator; its composition can be adjusted to a suitable level for 

the material under treatment. 

3.4.1.1. Exothermic gas 

This is pro6uced by the exothermic combustion (i.e., without the 

addition of heat) of gas and air; the combustion not going tn 

completion. The gas produced contains significant amounts of co2 and 

H
2
0, much of which must be removed, as these gases would cause 

significant decarhurlsatlon if left. The gas left consists ma!nly of 

N
2

, H2, CO with traces of co2 and H20. 

3.4.1.Z. Endothermic gas 

This ls produced hy endothermic combustion (i.e., heat !s 

required). Propane is mixed with air in controlled amounts and 

passed throuqh a catalyst, and a carrier gas is produced. The gas 

produced has a low carbon potential '\{).351C. In order to increase the 

carbon potential, controlleo additions of hydrocarbon are added to it 

within the furnace. Control of the carbon potential is achieved by 

employing dew point, infra red gas analysis or oxygen probe control 
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systems. A carbor• ,,otential exactly equivalent to the carbon c .).:tent 

of the material ca11 ti.us h(' established. The gas generated consists 

ty!iically of 30-40'1. t:?, 30-':0\. H2, 18-20\ CO, 0.5-J .St; CO, and O.Sf CH4• 

3.4.1.3. Inert oas 

This is a gas that is unreactive to the steel, i.e., it contains 

no decarflurising/ca1·horising constituents. Gases such as nitrogen and 

argon fulfil this ci·Hc·rion. The cost of using this type of protection 

is greater than with the other two atmospheres. With the integral 

quench facility, cooling may l>e carried out under the protective 

atmosphere, thus reducing the- risk of oxidation/decarburisation on 

exposure to air. 

3.5. Vacuum Furnac('s 

A more sophisticated technique uses a vacuum furnace, figure 

The components to be trcatrd are placed in a cold furnace, which is 

h t d · 10-2 
t en evacua e to a 1n.1x1mum pressure '\. torr. This may be 

achieved using rotary pumps, higher vacuums require the use of diffusion 

pumps. As air is r<·111;:1vcd from the furnace t~e risk of oxidation/ 

decarburisation is eHminated. After the charge has been heated up it 

is cooled in an inert atmosphere such as argon or nitrogen under reduced 

pressure. However, more recent developments have introduced an integral 

oil quench facility and also the ability to fast gas quench under 

several bars of pressure. This allows vacuum furnaces to be used to 

harden materials of lower hardenability not previously considered 

suitable for vacuum hardening. A comparison of the advantages of vacuum heat 

treatment relative to atmosphere and salt bath furnaces is presented in 

Table 2. 
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3.6. General Comients 

Furnaces should be able to provi~e protective atmospheres to 

prevent surface reactions occurring. They should be capable of 

providinq slow uniform heat-ups and allow accurate control of the 

ter:iperature. 

4. MANUFACTURE OF TOOLS 

4.1. Design Aspects 

In the manufacture of toolin~, designers need to be aware of 

the effects of the heat treatment operation required to produce the 

necessary mechanical properties in the finished article. ConsP.quently, 

when designing the tool he must pay particular attention to material 

selection and the subsequent heat treatment operation. 

No n.atter how good the material selection/heat treatment 

operation, problei11S can arise through bad design features. In general, 

it is necessary for the tool designer to avoid sharp corners and drastic 

changes in selection. On large dies and in complex tooling set ups, 

it is far better ~o use a number of segments rather than make the whole 

article out of one piece. 

In figure 13 a complex segmented mould to make an auto-body 

panel is shown. The mar< dCture of such tooling can only be achieved 

in this manner. As an illustration of the design features that may 

cause problems a number of situations are considered in figure 14. 

When these rules are not observed the results can be as shown in 

figure 26. 
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The importance of these design aspects can be emphasised by 

considerin~ fatigue failure in general engineering components. 

Fully 9<>1 of all the fatigue failures that occur are attributable to 

design and production defects; only the remaining IOI occur through 

material defects, material specification or heat treatment. 

4.2. Material Selection 

The selection of the appropriate material will, of course, be 

dependent on the processes to be carri~d out. This may be dictated 

in a mould or die casting operation by the bursting pressure, by the 

effects of the material being processed, i.e., wearing of the die, 

or by high tc.mperature str~n11th requirements etc. 

As an example, there would be little point in selecting a cold 

work tool steel for the manufacture of an aluminium extrusion die, as 

the tensile s~rength of these materials drops considerably at the 

temperatures employed during the operation. Of course, when 

considering material selection the additional cost of a more 

sophisticated material must be weighed against the expected lifetime 

of the component and the manufacturing costs. It is economic sense 

to produce ~ tool out of a more expensive material if this leads to 

increased lifetime, as the material costs are generally much less than 

the cost of producing a new tool. 

An important point is to make sure the material is what you 

think it is before comm~ncing the manufacturing operation. 
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Most of the work on the tool is carried out bPf ore the heat 

treatment operation is carried out. Tools at this stage may be worth 

thousands of dollars, therefore t~e choice and effectiveness of the 

heat treatment is critical. 

In the following sections typical heat treatment conditions will 

be outlined for the various materials. The types of problems that may 

be encountered will be explained along with their s~lution. Typical 

case histories will be used to illustrate the effects that can be 

obtained. 

Before considering these examples it is appropriate to look in 

more detail at the types of steels available and more specifically 

their heat treatment. 

5. CLASSIFICATION OF TOOL STEEL~ 

The existence of large numbers of tool steel types makes a 

classification difficult. However, by considering the type of heat 

treatment required and the subsequent working operation to be performed, 

it is possible to define a number of specific categories: 

(1) Water hardening tool steels, 

(2) Shock resisting tool ateels, 

(3) Oil hardening tool steels, 

(4) Cold work tool steels, . 

(5) Hot work tool steels, 

(6) High speed steels. 

Typical examples of steels falling into these categories are given in 

Tables 3, 4, 5, 6 and 7. 
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5.1. later Hardening Tool Steels 

This typP of tool steel is essentially a plain carbon steel wi tt. 

only small amounts of other alloying r.lements b~ing present. A typical 

example is given in Tahle 1. , the AJSI 1· series. The relatively low 

harder.ab:lity of these materials means that they can be used in situations 

where a tough core is required in additicn to a hardened surface. 

Because of the lo• alloy content these materials are relatively 

cheap. This type of material is generally supplied in the annealed 

condition, and is frequently used for punches, figure 15. 

5.1.1. Stress relieving 

After fabrication of the tool, it may be ber.eficial to perform 

a stress relieving treatment prior to hardening. This is especially 

true for tools with complex geometry or after severe cold wcrking. A 

0 0 temperature between 650 C and 720 C would be required for this treatment. 

5.1.2. Ouench hardening 

The steel should be austenitised in the range 760°r to "40°C and 

held for between 10 and 30 mins, depending on the size of the tool. 

Quenching is then carried out in water or a brine solution consisting of 

lOi NaCl. With very small tools an oil quench could suffice. 

5.1.3. Te!'?Pering 

Tools should be tempered directly after hardening, preferably 

before they reach the ambient temperature, if this is not done cracking 

may occur. Tempering may be carried out in the range t50°c to 300°c 
I 

in a salt ba~h for up to an hour. 
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The data sheet in figure 16 shows typical properties for the 

\\'J materials listed in Table 

5.2. Shock Resistino Tool Steels 

Steels in the AlSI S series are known as shock resisting tool steels. 

Typical composition~ are given in Tablel. This type of material has been 

designed for ope~·ations in situations where high impact loading occurs. 

Its principal uses lie in the manufacture of chisels, hammers, punches, etc., 

where impact loading is prominent. 

5.2.1. Annealinq 

Owing to their relatively hi9h silicon contents these steels are 

susceptible to graphitisation. It is therefore imperative that 

annealing temperatures are not exceeded, while soak time should be kept 

short. Protective atmospheres or vacuum furnace techniques should be 

used in order to prevent decarburisation. 

5.2.2. Stress relievino 

It is not normal practise to stress relieve this grade of 

material. If stress is induced in the component through machining it can 

0 be relieved by taking the tool up to 650 C and then allowing it to cool 

to 500°c in the furnace followed by oil quenching down to room temperature 

In air. 

5. Z • 3. Ouench h, .:deni ng 

Austenltising is carried out at temperatures between 815°C and 

950°c. Preheating may be advantageous in situations where the tool is 

--1 
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large in order to reduce distort.ion. Protective atmospheres are 

required with this type of material, a reducing atmosphere is best at 

temperatu1es >870°c while an oxidising atmosphere is preferred at 

lower temperatures. Soak time should be kept to a minimum, especially 

with the high silicon grades, 52, 54 and S5; to prevent graphitisation 

these should he quenched as soon as the austenitlsing temperature 

is reached. The lower hardenabllity grades 52 and 54 require water 

quenching although on small sections oil quenching may be sufficient. 

Host of the other steels in the group are hardened by oil quenching 

with the exception of 56 which, in small section sizes, will harden 

in air. Tempering is unde1·taken in the range 150-250°c as can be seen 

from the data in Table 1. 

5.3. Oil Hardening Steels 

Steels in the AISI 0 series fall into this category. They 

contain greater quantities of alloying elements than the W series steels 

while maintaining essential , the same carbon level. !his, of course, 

increases thr. hardenability of the material and permit~ hardening on 

oil quenching. The material ls inexpensive and among the most 

popular used in tool manufacture; typical applications include blanking 

and forming dles, gauges and punches in cold wor:-:ing operations. 

In selecting the particular grade of material to be used it is 

essential to control the amount of alloy additions as these can have a 

significant effect on the performance of this .. :aterial. 

l 
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5.3.1. tlormalisinq 

This type of treatment is sometimes employed on these materials 

if they have been subjected to treatments at temperatures greatly in 

excess of the austentising temperdture. Prolonged soaking at the 

treatment temperature is undesirable; this can be minimised by 

prehating. 

5.3.2. Annealing 

If severe cold working has been necessary in the production of the 

tool it is advisable to carry out an annealing operation. Annealing 

temperatures will be specified by the material manufacturer for each 

speci fie steel. Annealing treatments are also employed before 

rehardening a previously hardened tool, as these minimise the risk of 

cracking. 

5.3.3. Stress relievino _____ ,;____ 

When precision components such as gauges are being manufactured 

and the tolerances are small, stress rclievin~ operations are required. 

Thorough soaking at temperatures in the range 550°r to 650°c is advisable. 

Dimensions should be checked and corrected after this operation. 

5.3.4. Quench hardening 

0 
Tool steels of this type are austenitised in the range 790 C to 

880°c. Preheatin~, although not essential, can reduce distortion to a 

minimum on hardening. Slow and uniform heating is required if 

distortion is to be minimised. The low hardening temperatures <S00°c 

aid in this respect. 

1 
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Steels are hardened by QUenchin~ in oil at 50°C. long articles 

st.ould be quenched vertically to avoid •arpaqe. After quenchin~ 

tempering should be carried out imaediately. Temperatures in the 

rar.ge 180°C to l.00°c being optimum. Sub-zero quenchin9 at "--75°C 

to transform the retained austenite found in the •icrostructure can be 

used to i11prove dimensional stability; a further tempering oper~tion 

should then be performed (see fi(lllre 17). 

Materials in this series are also suitable for martesnpering 
0 

treatlllents, components can be quenched into a salt bath about 50 C 

above the Ms temperature, before air cooling to room temperature. 

Sufficient t!nie of course is allowed in the salt bath to produce a 

uniform temperature. 

In heavy sections the 0 series nf steels do not through harden, 

as can be seen from figure 18. This has the advantage of having a 

hard case on a tough core, which improves shock resistance. 

5.4. Cold Work Tool Steels 

These steels are used in toolin~ applications that require 

high wear resistance. The high hardenability of these materials means 

that low hardening temperatures can be employed, while quenching in air 

is often suffici~nt for hardeninq. As mentioned earlier, the strength 

of these steels falls off at high temperatures! "-350° to 400°c. 

Both the AISI A series and the AISI D series steels fall into 

this category. The A series steels are used in situations where 

toughness in addition to wear resistance ls required, while O series 
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steels have higher wear resistance with lower toughness. A typical 

application of AJSI A2 steel for a plastic mould tool is illustrated 

in figure 19. 

5.4.1. Annealing 

These treatments are used prio1 to rehardening tools to prevent 

cracking. Slow uniform heating, up to the manufacturer's reconnended 

annealing temperature, in a protective at110sphere is required. 

5.4.2. Stress relieving 

After rough machini~g and prior to finish machinfn~, tool~ should 

be stress relieved to minimise subsequent distortion on hardening. 

5.4.3. Quench hardenino 

Tools of these types should be preheated prior to austenitising, 

again this helps to minimise distortion on hardeninq. The time at the 

austenitising temperature , A series aoo0 c to 900°c, D series 925°c to 

1025°c, is important as it controls the dissolution of th~ carbJd~ 

particles and, consequentl), the hardenability of the material. 

Quenching is carried out in either oil, air or under vacullll, the 

choice of quenching medium Is, of course, dictated by the steel type ar,d 

the specific property requirements. The hi~ hardenability of the 

material means that retained austenite will be present in the structure 

after quenching. This should be removed by a sub-zero quenching 

treatment. This may be carried out as a continuous operation after 

austenltising, or after a stress relieving treatment at 150 to 160°c 

performed once the component has attained room temperature. Double or 

triple tempering at an appropriate temperature is required to ensure 
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that no untempered inartensite is present in the structure. full heat 

treat."lellt data for these steels is presented in Table 6 and 7. 

5.5. Hot Work Tool Steels 

This type of steel is used in the fonning of metals at elevated 

temperatures. These steels, therefore, require high temperature 

strength, toughness and wear resistance. They find applications in 

forging, extrusion and sta1111>ing operations where the tools may he at 

elevated temperatures for considerable periods of time. Steels for this 

type of service are of three types: chromium, tungsten and molybdenum 

hot work steels. Chromiun grades are the most widely used, while the 

tungsten and molybdenum types have advantages in greater resistance to 

thermal shock and heat checking. Heat checking of the surface is 

discussed later. 

These steels may be satisfactorily used at telllj>eratures up to 

540°c. Full heat treatment data are presented in Tables 3 and 4. 

5.5.1. ~nnealing 

Once again, slow uniform heating is required to prevent cracking. 

Annealing is carried out generally in the temperature range 815°c to 

0 900 C under a protective atmosphere. Cooling should be slow, ~20°C/hr 

0 to 400 C, then fairly fast to room temperature. 

5.5.2. Stress relievinn 

This should be carried out after rough machining prior to finish 

machining. Treatments are carried out in the range 650°c to 730°C under 

a protective atmosphere. 
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Preheatinq is essential •ith th~se 9rades of material as this 

minimises the soaking time at the austenitising temperature. A preheating 

temperature of 875°r is generally reconmended, slow uniform heating up 

to this temperature is required, soakinq for l hour per inch of cross 

section is adequate once 815°C is attained. 

Austenitising temperatures lie in the range 10l0°r to 1070°c at 

these temperatures dissolution of carbides occurs rapidly. Crain gro• th 

occurs on prolonged soaking, reducing ductility and hence increasing the 

risk of cracking on hardening. Protective atmospheres should be used as 

this will produce a soft surface on quenching and increase the likelihood 

of fatigue failure. 

Coolino in air is adequate for these materials as they possess 

extremely high hardenability, large cross sections may he through 

hardened. To reduce scaling an interrupted quench may be used, 

0 i.e., quenching into a salt bath at 600 C to allow temperat~re 

equalisation prior to air cooling down to room temperature; sub-zero 

quenching can then be carried out to remove any residual austenite. 

After quenching, the tool should be tempered immediately in order 

to avoid any risk of cracking. The tempering temperature should be 

selected to give the appropriate hardness. Multiple tempedng ensures 

that no brittle martensite rfflllains in the structure. Hartempering 

treatments are often carried out on these steels, see figure ll(a). 

A useful effect occurs in these materials when temp~red at 

0 ~500 C, precipitation of carbides H6C and MC occurs which produce a 
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a secondary hardening mechaniSl'l, as is shown in figure 20. 

~.6. High Speed Steels 

T•o type$ of high speed steels are in general use today, (Table 5); 

these are the tungsten .tlloyed AISI l series, and the IK>lybdenua alloyed 

AISI H series. The latter series were developed from the T series by 

replacing tungsten with molybdenum. High speed steels are used where 

hi9h temperature strength and wear resistance are of extre1me i111POrtance. 

Typical uses include drills, •illers, and other cutting tool 

applications where operating te11peratures 11ay reach >6rlJ°C. 

5.6.1. Anneali!!.9_ 

The lowest hardness of a high speed steel can only be achieved 

after a full annealing treatment. Annealing is carried out at 

0 temperatures "'875 C. It is essential that high speed steels are 

annealed prior to rehardening, if not, the resultant increase in grain 

size decreases ductility and can lead to cracking on quenching. 

5.6.2. Stress relieving 

High speed steels are difficult materials to machine, 

fabricating tools can, therefore, be expected to induce a lot of stre~s 

into the component. To relieve this stress,an anneal at a temperature 

in the range 680°C to 700°c should be carried out. 

5.6.3. Quench hardening 

As with other groups of tool steels, slow heat.Ing is necessary; 
0 

a typical heating cycle involves preheating to a temperature ~soo C. 

This should be followed by slow heatinq through the a/y phase transition 
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0 around 830 C. The austenitising temperatures required for these 

IRilterials are high being very close to the region of meltin9 for t~ese 

steels. These temperatures, 1170-1230°c M series, 1250-1290°C T series, 

are required to ensure sufficient solution of carbides, and hence a high 

carbon content within the austenite. Time at temperature should be 

minillli.sed to avoid grain coarsening. Over-heating can cause 'burning', 

i.e., grain boundary melting and the foni.ation of a brittle grain 

boundary eutectic carbide phase. Quenching is then carried out at a 

rate sufficient to allow martensite fonnation. The retained martensite 

in the structure is transformed to martensite by sub-zero quenching and 

multiple tempering treatments. As in the case of hot work tool steels; 

high speed steels exhibit a secondary hardening characteristic on 

tempering bet~een 540°c and 650°c through precipitation of carbides. 

A typical h~rdening cycle is shown in figure 21. 

High speed steels can be hardened by both martempering and 

austempering techniques. 

5.7. General Comments on Tool Steel Heat Treatment 

When hardening tool steels, the main requirements are: 

(a) preheating to help minimise distortion, 

(b) slowly heating to the correct hardening temperature, 

(c) protective atmospheres must be used to avoid surface 

decarburisation, 

(d) short soak times at the hardening temperature to avoid grain 

coarsening and burning, 

(e) choice of the correct quench medium/cycle, 
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(f) inWPediate tempering after quenching in order to avoid cracking, 

(g) sub-zero t&eatment and/or multiple t~ering treatments to 

temper any brittle martensite, 

(h) care 1DUst also be taken with jigging and supporting the tools 

in the furnace and during quenching. 

6. TYPICAL APPLICATIONS FOR SOH£ COHHONLY USED TOOL STEELS 

In this section attention will be focussed on some typical uses 

for some of the types of steels already mentioned. 

6.1. Punching Tool 

The tool sho•n in figure 22 is made from AISI 01 .steel, for 

blanking out parts for an office machine. The material is suitable 

for use in the manufacture of forming tools, cutting tools and plastic 

moulding tools. It posse~ses good dimensional stability after 

hardening, high surface hardness and good machinability. In the 

above instance, the material has been hardened and tempered to a 

hardness in the region 54-56 Re. The size of the tool, some 15 mm, 

allows a considerable number of regrinds, thus ensuring a long tool 

lifetime. 

6.2. Extrusion Die 

The high temperatures involved with aluminium extrusion place 

very severe conditions on extrusion dies. In this application the 

requirements are for resistance to thermal shock, high temperature 

strength, toughness and ductility. Hot work tool steels, such as 

AJSJ Hl3, possess these characteristics. Additionally, these steels 
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are easily machinable, can be hi9hly polish and through hardened. 

figure 23 shows an aluminium extrusion die capable of producing 

complex shapes. A typical heat treatment involves hardening and 

tempering the material to 44-52 Rockwell C. The ability of this 

material to maintain its strength at high temperaturesisillustrated 

in figure 24. 

6.3. Cutting Blades 

Cutting substances, such as paper, which are particularly 

abrasive can cause severe wear on tools. Figure 25 shows a cutting 

blade from a cash dispensing machin~; the blade is used to cut the 

statement produced by the machine as cash is dispensed. The operation 

clearly can be classed as a cold working operation. Materials in the 

D series possess extremely good abrasive wear characteristics and are, 

therefore, most suitable for this application. The tools are 

hardened and tempered to give a hardness of 60 Re. 

a light grind to produce a keen cutting edge. 

6.4. Cutting Tools 

They are then given 

In this application, high material removal rates produce high 

temperatures within the tool. An additional feature will be the impact 

loading on the drill, especially at the start of cutting. High speed 

steels, such as HZ, are generally used in these applications. They 

possess good hot strength and high toughness. 

l 
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It is possible, using a suitable hardening and tempering 

treatment, to produce hardnesses of 66 Re; these hardnesses may b~ 

further enhanced by the use of a surface heat treatment or coating 

operation. 

1. PROBLEMS ENCOltlTEREO DURING TOOL PRODUCTION 

To illustrate some of the problems that may be encountered 

during the manufacture ~f a die a series of case histories will be 

discussed. 

7.1. Failures Due to Bad Design 

It is worth emphasising the importance of good tool design at 

this stage. In designing a tool it is necessary to avoid drastic 

changes in section size, sharp corners or fillets, closely spaced 

holes, deep machining marks or identification marks, etc. All these 

features act as localised stress raisers which, on subsequent heat 

treatment, may provide the initiation site for a crack. A typical 

example of a component incorporating a number of these features is 

shown in figure 26. This type of component can be classed as a 

"hardener's" ni9htmare. 

7.2. Fa1lures During Heat Treatment 

7.2.1. Pre-heating 

If heavy working has been carried out on a component during the 

manufacturing sequence, rapid heat-up to the austenitising temperature 

can lead to cracking. The combination of residual stress and 
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thermal stresses can he sufficient to nucleate a crack. To overcome 

this type of failure, very slow heating is required to ensure 

temperature uniformity, with a suitable holding time at some specified 

pre-heat temperature. 

7.2.2. Auste~itising 

This is, of course, determined by the type of steel being used 

as has been shown earlier. The main variables are the temperature, the 

time at temperature' the atmosphere and the metho,c) of supporting the 

components. 

Too high a treatment temperature can lead to increased solution 

of alloying elements in the material. This affects the hardenabiiily 

of the material which may then cause problems on cooling to room 

temperature. In certain cases, such as those involving high speed 

steel, 'burning' can occur; this is a localised melting phenomenon 

that occurs in regions of heavy segregation. If a high speed steel 

is burnt it means that melting has occurred at grain boundaries with 

the formation of a brittle eutectic phase on cooling. 

There is, as a consequence, a loss in toughness of the hardened product, 

and an increased risk of crackinq in service. 

The combined effects of too high a temperature and too long a 

holding period can lead to grain growth, this has the effect of reducing 

the ductility of the material and hence makes it more susceptible to 

cracking on cooling. 

7. Z. 3. Atmosphere composi ti Oft 

The requirement is for the atmosphere/processing medium to be 
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neutral/inert to the material bein9 processed. In some instances, 

wt.en control is poor, carburising or decarburising may occur. The 

presence of a carburised case can lead to cracking on quenching, 

problems with retained austenite and heat checking. Similarly, 

decarburisation of the surface can produce extensive cracking as sh°'"1 in 

a high speed steel die, figure 27(a}, after quenching. A cross

section through the die revealed extensive decarburisation, 

figure 27(b). Carbon loss from the surface causes an increase in the 

Hs temperature, hence the material at the surface transforms before the 

region below the surface. This results in a tensile stress in the 

surface which will cause cracking If of a sufficient maoniturle. 

7.2.4. Distortion 

At high temperatures the yield stress of the material is much 

reduced, consequently, the material is much less able to support its own 

weight. It is, therefore, necessary to ensure that the component 

being treated ls well supported. Consider a lono shaft as an example; 

if this is lai~ horizontally within the furnace without proper support it 

may 'sag' in the centre. However, if it is supported vertically, no 

such ~lstortion would occur. Another source of distortion at high 

temperatures arises from stress relieving effects. To minimise this 

effect a stress relieving operation should be employed after rough 

machining prior to finish machining. This reduces the extent of th~ 

residual stress induced in the component. 

The major part of the distortion occurs as a result of the quenching 

operation, but contributions from various sources are possible as ls 

indicated in figure 28. 



- 36 -

7.2.5. Ouenchino 

The quenching operation induces thermal gradients within the 

component which can lead to the generation of high stresses. With air 

cooling grades the stresses are relatively small in comparison with 

those induced by quenching in oil. As the severity of quench is 

increased the stresses formed in the component increase in magnitude. 

Consequently, it can be expected that the water, and oil hardening tool 

steels are more susceptible to cracking than the air hardening grades. 

A further source of internal stress arising from the quenching 

operation is that due to the phase transformations. 

The change from austenite to martensite is accompanied by an 

increase in volume of some 4i. Stress is produced in the component 

by the phase transformation sequence, as there are temperature 

differentials within the material the start of martensitic transformation 

will vary according to the position within the tool. 

Stresses arising from these sources can produce cracking on 

cooling to room temperature. 

7.2.6. Tempering 

The tempering operation serves two purposes; firstly, it acts as 

a stress relieving operation, i.e., it allows relaxation of the 

quenching/transformation stresses and, secondly, the brittle martensitic 

phase starts to decompose, producing a tougher more ductile and hence, a 
I 

less crack sensitive matrix. 
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Before being put into service it may be necessary to correct 

unavoidable distortion by a grinding operaticn. In a 9rinding 

operation, intense localised heating may be developed which can cause 

scorching cracks or heat checks in tools. Careful grinding is 

therefore very important; particular care should be taken to avoid: 

(a) scorching - removing the metal tno rapidly, 

(b) grinding - with a 'dull' wheel, 

(c) grinding - with too fine a grit size, 

(d) ineffective cooling. 

A network of fine cracks can be created in the surf ace of th~ 

tool lf the grinding operation has not been correctly carried out. 

7.3.2. Fatigue 

In many instances tooling is used in situations where cyclic 

stressing ls present. The creation of small cracks at localised 

stress concentrations, or through some deficiency in the heat treatment, 

such as very slight decarburlsation, may significantly affect tool life. 

7.3.3. Heat checking 

This occurs in tooling used for hot work applications, e.g., after 

a period of use an aluminium die casting die may develop a surf ace 

crack network. Again this failure is associated with a fatigue 

mechanism. Thermal stresses are created by the operating conditions, 

i.e., the outer surface may be in contact with the hot metal under 

work,while the interior is relatively cool. As conditions cycle, 
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fatigue cracks are initiated within the surface. Once formed, these 

cracks propagate and individual grains within the material separate 

out, the resulting voids act as stress raisers and hence sites for 

further crack nucleation. This effect cannot be avoided in hot 

work steels, but can be minimised by ensuring optimum hot strength, 

resistance to oxidation,and high fatigue strength. 

In many instances, therefore, hot work tool steels benefit 

from an additional surface hardening treatment, as discussed later. 

7.3.4. Wear 

Two types of wear may occur, abrasive wear and adhe~ive wear. 

The former is associated w!th abrasive particles scoring the oie 

surface causing metal removal,~nd ultimately affectinQ size, shaoe ·and 

surface finish. 

Abrasive wear is often preceded by an adhesive wear mechanism 

which involves the localised welding tog~ther of the two contacting 

surfaces. These minute welds are formed and broken, in some 

instances small particles of metal may be pulled out of the mating 

surfaces; once this occurs abrasive wear can take place. Again a 

further surface treatment such as nitriding may im~rove the wear 

characteristics. 

8. SURFACf HEAT TREATMENTS 

Further improvements in the performance of steel cooling is 

sometimes required in arduous applications. 

hardening/coating techniques are available; 

A number of surf ace 

the use of these 
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treatments can considerably improve the lifetime of tools. 

The following treatments fall into this category: 

(1) Steam treatllents, 

(2) Ferritlc nitrocarburising treatments, 

(3) Ferritlc nitriding treat:IDent~, 

(4) CVO coating techniques. 

Each of these treatments will be discussed in turn, and the advantages 

and improvements demonstrated. 

8.1. Steam Treatments 

This type of treatment, which is also known as blueing, has 

been used for a considerable period of time. It involves carrying ou~ 

the tempering operation in an atmosphere containing steam. At 

0 temperatures around 500 C a thin layer of iron oxide Fe3o4 is producEd. 

This layer can improve the perf orr.tance of high speed cutters such as 

drills, reamers, taps and millers. The improved lifetime ls believed 

to be associated with the ability of the porous layer to retain an 

oil film. Welding of the tool to the workpiece is thus prevented and 

the resultant damage reduced. High speed steel tooling is often 

treated In this manner. 

8.2. Ferritic Nitrocarburlsing Treatments 

Nitrocarburising treatments can be performed in a salt bath 

containing cyanide salts or In an atmosphere containing both nitriding 

and carburising constituents. 

I 
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0 
At a treatment temperature in the range 550 to 570 r nitrogtm 

and carbon are transferred to the surface of the workpiece aith 

which they react. A non-metallic c-earbonitride layer, figure 29, 

is formed on the surface. Treatment times are of the order of a few 

hours duration. Uitrogen has sufficient mobility to diffuse into the 

suhstrate where it is able to combine with n' ide fo1111ing elements 

such as chromium, aluminium, titanium, 110lybdenum, vanadium, etc. 

Nitride formation occurs, this strengthens the surface of the 111aterial. 

figure 30, demonstrates a typical hardness profile after treatment. 

C011pressive residual stresses are formed within the suriace which 

improve the fatigue performance of the component. 

Typical applications are an Hl3 hot work tooling, such as 

crankshafts and cam rod forging dies, and alUP1inium extrusion dies. 

In this latter applicftion the £-carbonitride layer helps prevent 

galling and pick up of aluminium during working. 

8.3. Nitridino 

Plasma nitriding is the latest in a line of surface nitriding 

methods. This vacuum heat tre~tment process can operate in the 

ten~erature range 400°c to 570°c and can, therefore, be applied in a 

greater nunber of instances than thf: r.i trocarburising treatments 

mentioned above. 

The treatment employs a glow discharge, figure 31, to bring 

about the transfer of nitrogen to the workpiece. In order to suppress 

the formation of surface nitride layers, treatment times are limited to a 

maximum of Z hours fer high speed steel. The condit!ons selected depend on 
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Use: matf'ria), th(· application arid also the prior hf'at treatment conditions. 

Pro~essing at temper~tures of the order of 50°r he~o- the tool's 

te111f1:rin9 are essential to avoid softenin~. 

High hardnesses may be produced; these may be in excess of 

1400 H\' on high speed steels. A similar hardening mechanism to that 

mentioned above occurs; consequently, this treatment also enhances 

the fatigue performance. 

8.4. Coating Treatments 

Coating treatments such as those carried out using a chemical 

vapour deposition (CVD) technique, car1 drastically improve the product 

lifetime. I~ this type of treatment paseous constituents are 

reacted in a vessel at hi~h temperatures, '\800-I000°c. 

reaction is illustrated below: 

TiC14 + 2H2 + JN2 + TiN + 4HC1 

the titanium nitride is deposited on to the material. 

A typical 

This coating 

is very thin, 5 to 10 ~m, but has very high hardness, "12500 to 3000 HV, 

and possesses good lubricity characteristics. However, the 

disadvant~ge of the treatment is that it softens the tool, therefore 

a rehardeninQ operation is required. In order to maintain the wear 

resistant layer this treatment must be carried out under vacuum. 

Rehardenin~ does, however, induce distortion, therefore this treatment 

can only be applied if the tolerances are greater than +0.025 mm. 
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6.4.l. Case History 

The effectiveness of these treatments has been illustrated ~ith 

cold forming tooling, made from H2 (ASP 23) high speed steel. The 

punch tool shown in figure 32 is used to manufacture drive axle 

coupling for a number of automobiles. In this severe application the 

dies are subject to adhesive wear and stress cycling. 

In the hardened and tempered condition these die~ produce 

hundreds of components, before failure occurs. Table 8. shows the 

effects of surface treatments. It can be seen that a titanium nitride 

coating improves the performance of the forming tool by a factor of 100. 

The expense of the additional surfacP. heat treatment is more 

than justified by the improvements obtained. 

-
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Table z Comparison of reported advantages of vacuum heat-treatment furucea with prot90tlv• pa ........ 
......... furnaces and ult bath• 

Vacuum furnaces (all types) Protective gas atmosphere furnaces 

Very pure environment easily maintained Lower capital cost than vacuum 
Consistent pertormance Reducing atmosphere used for oxide removal 
F ailuro to maintain required environment seen 

Sall ba1h1 

Lower capital co11 
Simplicity 
EaH of operation 

immediataly 
Ease ot operation 
Speed of maintenance 

V•rv rapid a!"\d uniform hta&ing 

Automatic purging of trapped volumes 
Removal of volatiles and lldaorbed gas 
Possible improwments in surface finish 
Uniform heating of charge end reduced distortion 
Rapid heating 
No explosion haz•ds 
No standby power required tor cold retort types 
of turnace 
Suitable for operating temperatures up to 3 OOO"'C 
Fleaibility of operation 
Minimal puree period 

Teble3 Hardening and tempering parameters for H series chromium-baaed tool stHI• 

AISI Composition. % Preheat Hardening Vac;uum,• 
designation c w Mo Cr v Others temp .• °C temp .. °C torr Quench 

H10 0·4 .. 2·5 3·25 0·4 .. 820 1000-1040 10-1-10-• lnertgH 
H11 0·35 .. 1·5 5·0 0·4 . . 820 990-1030 10-'-10-• Inert gas 
H12 0·35 1 ·5 1 ·5 5·0 0·4 .. 820 9&0-1050 10-1-10-• Inert gas 
H13 0·35 .. 1·5 5·0 1 ·0 .. 820 990-1050 10-•-10-• Inert gas 
H.4 0·4 5·0 .. 5·0 . . .. 820 , 010-1060 10-1-10-• Inert gas 
H1& 0·55 7·0 . . 7;0 .. .. 820 1120-1180 2•10-'to 1 •10-• Inert g11/oll 
H19 0·4 4·25 .. 4·25 2·0 4·25 Co 820 , 090-1200 2•10-1to1 x10-1 ln•rt ga1/oll 

•vecuum required to give • bright clean finish 

Tempering 
temp., •c 
630-860 
630-840 
630-840 
630-840 
530-840 
1530-840 
530-840 

Final 
HAC 

40-68 
40-62 
40-52 
40-62 
40-52 
40-154 
40-94 

5:> 

_J 



T ..... 4 H•rclenlng •nd tempering 1N1r•m•t•r• for H ••rl•• tung•t•n- •nd molybclenum-IMlaed tool atMla 

AISI Composition. % Preheat Hardening Vacuum,• Te.mpering rinal 
dMiaMtion c w Mo Cr v Others temp .. 'C temp., °C torr Quench temp., ·c "IRC 
r,,,.,,_,,.l»Hfl stHls 
H20 0·35 9·0 .. 2·0 .. .. 820 1100-1200 2ic 10-1to10-1 Inert Sl"/oil 1530-8150 42-52 
H21 0·35 9·0 .. 3·5 .. .. 820 1100-1200 2ic10-1to10-1 ln•trt gaa/oil 1530-850 42-152 
H22 0·35 11·0 .. 2·0 .. 820 1100-1200 2ic10-1to10-1 Inert gH/oll 530-8:50 42-152 
H23 0·3 12·0 .. 12·0 ; . .. 820 1200-1260 2IC10 ·I tO 10-1 Oil Temper to precipitation 

harden 
H24 0·45 15·0 .. 3·0 .. .. 820 1100-1230 2ic10-1to10-I Inert gaa/oil 1530-8150 42-154 
H25 0·25 15·0 .. 4·0 .. .. 820 1150-1260 2 IC 10-1 tO 10 ·I Inert 911/ oil 1530-6150 42-154 
H26 0·5 18.0 .. 4·0 1 ·0 .. 820 1180-1260 2ic 10-1to10-1 Inert gaa/oil 1530-8150 150-80 
Molybdenum-l»Hd steels 
H41 0·65 1 ·50 8·0 4·0 1·0 .. 820 1080-1190 :Zic 10-1to10-1 Inert gaa/oil 1530-8150 150-82 
H42 0·6 6·0 5·0 4·0 2·0 .. 820 1120-1220 2ic10-1to10-1 Inert g11/oil 1530-8150 150-60 
H43 0·5 .. 8·0 4·0 2·0 .. 820 1090-1190 21110-1to10-1 Inert 911/oil 1530-8150 48-158 

•vacuum required to give a bright clean finish 
.::-

T ..... 5 Hardening and tempering parameters for T and M aeries high-speed atHI• "' 
AISI Composition. " Preheat Hardeoing Vacuum,• Tempering Final 
dMigMtion c w Mo Cr v Others teme. 0 c teme .• •c torr Quench temp .. ~c HRC 
r,,,.,,_,,.bNff HSS 
T1 0·7 18·0 .. 4·0 1·0 .. 860 1260-1300 2ic10-1to10-1 Inert g11/oil HM30 151-18 
TZ 0·8 18·0 .. 4·0 2·0 .. 8150 1280-1300 21110-1to10-1 Inert gaa/oil 15150-830 158-18 
T4 0·75 18·0 .. 4·0 1·0 6·0Co 860 1260-1300 21110-1to10-1 Inert g11/oil 15&o-e30 158-88 
T5 0-8 18·0 .. 4·0 2·0 8·0Co 850 1260-1300 2ic10-1to10-1 Inert CIH/Oil 550-830 is-ee 
T8 0·80 20·0 .. 4·15 1·6 12·0Co 860 1280-1290 2ic10-lto10-• Inert g11/oll 5&o-e30 5M8 
T7 0·715 14·0 .. 4·0 2·0 .. 8150 1280-1300 21110-• to 10-1 Inert 911/oll ;J80-f30 18-11 
T8 0·715 14·0 .. 4·0 2·0 6·0Co 8150 1250-1280 2ic10-1to10-1 Inert g11/oll 1550-830 aa-ee 
T9 1·2 18·0 .. 4·0 4·0 .. 850 12150-1280 21110-1to10-1 Inert g11/.,11 Ho-130 18-18 
T115 1 ·15 12·0 .. 4·0 15·0 15·0 Co 860 1000-1200 2ic10-1tn10-1 Inert g11/oll 5&o-e30 ae-ee 
Mot/6dMulft-bNM HSS 
M1 0·8 1'15 8·0 4·0 1•0 .. 820-860 1160-1210 2ic10-1to10-1 Inert g11/oll 1550-840 69-18 
M2 0·815 8·0 15·0 4·0 2·0 820-860 1190-1230 2ic10-1to10-1 Inert 911/oll 1550-840 ISM8 
M3 1·0& 1·0 15·0 4·0 2·40 .. 82o-8l50 1200-1230 21110-1to10-1 Inert g11/oll 155o-G40 N-10 
M4 1·3 l·I 4·1 4·0 4·0 820-860 1200-1230 2ic10-1to10-1 Inert g11/oll 1550-840 H-87 
Ml 0·8 4·0 1·0 4·0 1·1 12·0Co 820-860 1180-1220 2ic10-1to10-1 ln1rtg11/oil 1550-840 159-17 
M10 0-9 .. 8·0 4·0 2·0 820-850 1180-1220 2ic10-1to10-1 Inert g11/oll 1550-840 ISM7 
MH 1·1 l·I 8·1 4·0 1·0 l·OCo 820-llQ 1190-1230 21110-1to10-1 Inert g11/oil 1550-840 N-17 
M33 0-9 1·1 l·I 4·0 1·11 9·0C? 820-860 1200-1230 2ic10-1to10-1 Inert gn/oll 1550-840 ISMS 
M42 1·1 1·1 9·1 3·71 1 ·11 8·0 ( 0 820-860 1190-1210 2ic10-1to10-1 Inert 911/oll 560-840 18-88 

•vecuum19C1Uifecito give• bright clean finish 
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Table& Hardening 11nd tempering parameters for A aeries tool steels 

AISI CompClsition, % Preheat Hardening Vacuum,• Temperln; Final 
designation c w Mo Cr v Otners temp., °C temp., °C torr Quench temp., °C HRC 

A2 1 ·O . . 1·0 5·0 . . .. 750-800 910-980 10-1-10-• Inert gas 150-800 50-84 
A4 1·0 . . 1·0 1·0 .. 2·0Mn 670 820-870 10-1-10-3 lnertg111 150-500 50-84 
A5 1 ·O . . 1·0 1·0 .. 3·0Mn 600 790-840 10-1-10-3 Inert gas 150-500 5044 
A6 0·7 . . ~·O 1·0 .. 2·0Mn 650 830-870 10-1-10-3 Inert gas 150-500 50-84 
A7 2·25 1 ·O 5·25 4·75 .. 800-830 950-980 10-1-10-2 Inert gas 150-500 50-84 "n .. 0 
AS 0·5 1 ·25 1 ·25 5·0 . . .. 800 980-1010 10-1-10-3 Inert gas 150-560 50-82 
A10 1·35 .. 1 ·fi .. . . 1·8Mn 650 790-820 10-1-10-3 Inert gas 150-500 50-82 

1·8 Ni 

·vacuum required to give e bright clean finish 

Tablel Hardening and tempering parameters for D series tool steels 

AISI Composition, % Preheat Har~enlng Vacuum,• Tempering Fina 
designation c w Mo Cr v Others temp., °C temp., °C torr Quench temp., °C HRC 

-·-
01 1·0 . . 1·0 12·0 .. .. 815 970-1010 10-1-10-1 Inert gas 150-690 62-84 
02 1·5 . . 1 ·0 12·0 .. .. 815 980-1020 10-1-10-1 Inert gas 160-590 62-84 
03 2·25 .. . . 12·0 .. .. 815 930-980 10-1-10-1 011 205-450 62-81 
04 2·25 . . 1·0 12·0 .. .. 815 930-980 10-1-10-• Inert gas 160-600 62-84 
05 1·5 .. 1·0 12·0 .. 3·0Co 815 980-1020 10-1-10-1 Inert gas 160-590 52-84 
07 2·35 .. 1·0 12·0 4·0 .. 815 1000-1 060 10-1-10- 2 Inert gas 150-690 62-84 

•vacuum required to give a bright clean finish 
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TAIJLf 6. 

Influence of Surface Treatment on Tool Performance 

Untreated H & T 
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CVD Coated and Rehardened 
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Figure 15 Punches made from steel W 1 ( Bof ors B 20 V) 



I 
- 65 -

:W.; .. . -. : ; ..... ~·-· 

900 

800 
> e 700 

I 600 c 
'2 .. --• 500 :::c 

400 

300 
100 As quenched 

eom-nu 
T1mperi119 grlJ)h shows approximate upper and 
lower limits of hardneu to be expected aft11r 
hat treatment. Snlded portion gives optimum 
tempering r211g11. Hardness may var; with bulk 
of tool, analysis, hardening time ar.ct temper• 
tu re. 

Source of data 
Tempering 

T orsion11 imp1c:t 

lsotherm1I di191"1m 

british Steel Corp., 
Special Steels IJivn., 
England 

C,rpenur Steel Co., 
USA. 

Atl11 lsothet'm1I Oi1gs., 
Iron 1nd Steel I""·· 
Engtlnd. 

FIG 16 

1000 

800 

200 

0 

Heat-treatment data. 

600 ·100 

Temperature (0 C) 

Isothermal diagram 

I 

'" p 

~ --
./ 

,...i- _ .... 
~9 " ~ I/ 

\ ~ I 
""""" 

,...., 
~, 

'~ 
....... 

...... 

' '"" ~ •• ...... 
'"" ~~ 

-

10 .:i 10 "' 10 ,4 10 

Time (1) (log IC81e) 



I 
- 66 -

900 ·--1---4-----li------+---+----t of 0-20 l 
800~---4.,;~,.--l.--+----+--__,l---+---t +0-15 f 
~~ -- ~~ 
I eoo~--~· +oos 1 
1! ---..... "ii :! 500 (A ) 0 i 

E 
400L----J---+-~---+--....:......+--~f-'3~~-----1-o-osa 

300L----L---'----"----'--5~00~-~600~-=--~100 
As quenched 100 200 300 400 

eomn-u 
This 11111 is one of die most commonly uMd 
low 1Uoy cold work 1001 SUlls. I 1 is nant· 
illly a Clf'ban-,,,.,,.,,.. 11111 wilh r1111ively 
h9'1 dill'llflsionll stlbilily during hell lrllt· 

1000 

800 ll'llfll. Used for 111 IYPll of 1m1ti, precision 
tooling. As lflown by it01herm1I diltlrem it is 
r1l1tively lfllllow herdening. T tmp1ring l'IPh u 
..._ epproxim111 upper llld lowtr limits of o 
herdnnl 10 be 1xpec:ud lf1lr tlmptring. - 600 
Shldld portion gives optimum 11mpering ~ 
r1n11. .. 
Source of dlll I 
Uddlholm S1111s. Sweden c. 

• Note stlbilize ~ 400 

For meximum stlbility on 91Ut1f, etc., 1190 
recommend w .. ,.,_, 11150'C prior to 
1r1111TWnt. 

200 

0 

FIG 17 

Temperature (°C) 

IM>ihermal diagram 

I I 

I 

1%P 
99%f 

i..-i.-
i..• 

......... . 

' ( 
Q 

"' I ~ 
I 

['.,. ~ ~~ ~B 
,...... 

~ll% B Ms 230• c ... ~ 

~JJ~~. e5"' I ~ 
100° .. 

111 i 
10 .2 10 •3 10 ... 10 

Time (1) (Log scale) 

-· 1 



- 67 -

Figure 11 Transoerse section tlrr""llh a Pilger roll maJe from SIS 2092 (Bo/ors SR 1855). 
Size 50 x 120 mm 

Fig. 1 9 Mulfl-cavlfy pla1tlc mould tool In AISI A2 ••••I (Court .. ., of Stora Steel Lid, 
Sweden.} 

I 
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Heat-treatl""lent data. 
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Fig22 
In this tool UHB Arne is used to blank out a part for a 
Swedish-m~de office machine. The deep punch enables up 
to 15 mm (19/32 in.) to be re-ground, ensuring an excep
tionally long tool-life. 

Flg23 Extrusion die for aluminium profiles. 

I 
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Fig. 21 "Hardener's Nightmare" - design highly susceptible to 
distortion and cracking. 
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Fig.21• Decarburised high-speed steel tool after quenching, showing 
gross quench cracking2 

Fig.21bA decarburi111d tool after vacuum hardening, if'dicating the vBry 
marked structural change. X1fXJ. Etchant: 4% NitaP. 

I 



Siu Chan9• 

~ .. '° 
tteae StreaMI 

Hot Strength Volume Factor 

Compu11hon 

Cool•ng Rote 

s.a. & Shope 

Heat hpon100ft ! I Retained Austenite 

I 
Heat CondurtivilJ 

Defor111ation 

Voh1me Chong• due to 
Jron"ormohon of 
Structure 

Chill Penetrallon 

Compo11h1>n 

Quenching Temp. 

Cooling Rote 

r I Size & Shope 

FIG 28 

I 

Deformation due to 

Relief of Streues 

Oi,tribulion of 
lnlttrnol S1reue1 

Cu111no Method 

Dl1tortlon 

1 en1ill Strlnsith 
& Yield Point 

Temperature and 
Time of Influence 

Heol Distribution 

S11e & Shope 

Trans formation 
Behaviour 

I 

Deformation due to 

new Stre1111 

Heating& Cooling 
Roles 

Heat bponsion 

I I Heat Conductivity 

--t External Influences 

-j_ 

_J 



- 75 -

Fl9 29 

MATERIAL AISl 03 TREATl\oENT PLASMA NTRllE>. (2.36)tnn o.ISfc. b.5111c .c.550°c 

.... 
>o 
J: 

~ 

i 

1100 

1000 

900 

800 

700 

GOO 

~ ~ 00 ~ ~ ~ ~ ~ M 

DISTNCE Ff04 n£ Slffl(E .MILUtoETRES 

~f: REFEREN:E NO CCM'()ENf COMPO..N> LAYER· 

Fig 30 

l 
I 

HTRG 

10 



l 
- 76 -

Fig 31 
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