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SECONDARY HARDNESS AND HEAT 
RESISTANCE OF HIGH-SPEED STEELS

This paper presents the research results concerning factors affecting the secondary 
hardness and heat resistance of high-speed steels. Processing parameters making 
possible to achieve the necessary levels of heat resistance and hardness are considered. 
The phase and structural transformations accompanying this process are studied. 
The role of the different carbide-forming elements is described. The hardening pha-
ses, which contribute to an increase in hardness and heat resistance during the heat 
treatment, are identified. Morphology and type of crystal lattice of the har dening 
phases are considered. Different approaches to the process of precipitation of streng-
thening phases are studied. The dependences between the secondary har dening of 
heavily alloyed iron alloys and the magnitude of the stresses in the crystal lattice 
are considered.
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1. Introduction

High-speed steels are used for cutting and cold forming operations. The 
requirements to high-speed steels are hardness, heat resistance, wear 
resistance and sufficient toughness. These properties are provided by 
alloying with high amounts of carbide forming elements such as tungsten, 
molybdenum, vanadium and chromium. High-speed steel tools are shaped 
in the annealed condition and subsequently heat treated by hardening 
from about 1500 K and tempering at 820–830 K, usually three times. 
The steels consist of about 6–15 vol.% of micron-size hard carbides of 
MC and M6C (where M is a metal) type that dispersed in a matrix of 
tempered martensite after this treatment [1]. 
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The specific feature of the cutting tool made of high-speed steel is 
the heating of cutting edge at the high cutting speeds. Hard cutting 
conditions lead to greater edge heating. Therefore, the cutting properties 
of high-speed steel depend on heat resistance [2]. All other characteris-
tics, even such significant as wear resistance, have a subordinate (se-
condary) value.

The decrease of heat resistance at 450–750 K of high-speed steels is 
caused by heating softening. This is a reversible process. 

The intensity of loss of strength significantly depends on changes in 
the composition of the solid solution and hardening phases during the 
heat treatment of high-speed steel. Heat resistance (but not to a large 
extent) also depends on the initial hardness, quantity, size, and distri-
bution of carbides.

Heating above 750–900 K of tools made of high-speed steel is accom-
panied by decreasing in hardness to HRC 59–60. Thus, wear out of the 
cutting edge is raised abruptly and almost complete loss of cutting pro-
perties occurs [3]. Hardness reduction is caused by the development of 
irreversible processes that change the structure of steel: solid solution 
decay (martensite of high-speed steels) and coagulation of dispersed 
har dening phases precipitated during the previous tempering [4]. Par-
ticles enlarge during coagulation and heating, as a result, their num -
ber decreases. In addition, the hardness of a tool is reduced [5]. The me- 
tal base significantly loses strength closer to the phase transformation 
temperatures.

The goal of the present work is to review the factors affecting the 
secondary hardness and heat resistance of high-speed steels.

2. Features of Heat Resistance 
and Secondary Hardening of High­Speed Steels

Significant alloying of steel, the formation a sufficient number of har-
dening phases, and a quenching temperatures increase leads to an in-
crease in heat resistance (the result is a more saturated solid solution). 
This reduces strength and toughness.

The quantity of hardening carbides increases with increasing so lu-
bility of carbon and alloying components in austenite. Therefore, the 
quantity of carbides increases in martensite of heat-resistant steels and 
alloys during quenching. The highest solubility is characteristic of 
chromium in austenite than (as it decreases) molybdenum, tungsten and 
vanadium [5].

Thus, the heat resistance of high-speed steels is being formed by the 
special alloying and quenching from high temperatures of 1470–1570 K.

The optimum exposure during the final heating for quenching of the 
high-speed steel is such an exposure, which leads to the most complete 
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dissolution of the carbide phase and obtain maximum microcrack re-
sistance [6]. The heat resistance increase with an exposure time increase 
above the optimum is associated with a decrease in solubility and 
precipitation of carbide particles along grain boundaries. Heat resistance 
increases, microcrack and tool resistance decreases with increasing 
expo sure above the optimal.

A sufficiently large proportion of carbide (or intermetallic) should 
be transferred into a solution (austenite, martensite) to provide heat 
resistance. This saturates it with tungsten (molybdenum) and va nadium.

The microstructure of hardened and tempered high-speed steels con-
sists of a martensitic matrix with a dispersion of two sets of carbides 
(primary and secondary carbides).

Primary carbides forming during solidification and assuming a more 
spherical morphology during hot forming show an incoherent interface 
to the matrix. The primary carbides in different high-speed steels are 
type M6C and MC carbides [7].

W.E. Henderer and B.F. Turkovich [8] have described the full data 
about volume fraction, average particle size, particle size distribution, 
chemical composition and crystallography.

Primary carbides do not contribute to the strength of the steels [9]. 
The primary carbides and their distribution have a major influence on 
the wear resistance and the toughness of the material. During soft 
annealing in the high-speed steels, additionally annealing carbides 50–
300 nm in size have precipitated in a ferritic matrix.

Secondary carbides are those carbides formed during secondary 
hardening in processing of heat treatment. Secondary hardening carbides 
of high-speed steels are plate-shaped, between 20 nm and 40 nm across 
and about 3 to 5 nm in thickness [10].

After hardening and during tempering, secondary carbides grow, 
re vealing different morphologies. In some regions, they appear as regu-
larly distributed dark spots 3–10 nm in diameter. In others, rods or 
plates occur with 2–3 nm in thickness [11]. 

The properties of carbides depend on their chemical composition. 
They are determined by the ratio of the concentrations of alloying 
components and carbon in martensite, from which they are evolved du-
ring tempering. The properties of hardening carbides are the higher, 
the more tungsten, molybdenum, vanadium and less carbon are dissolved 
in martensite.

As known [3], the maximum hardness of high-speed steel is achieved 
by secondary hardness treatment including several tempering, providing 
the most complete conversion of residual austenite. 

Consequently, tempering of high-speed steels at a temperature of 
820–850 K increases the hardness to maximum values (HRC 62–69) due 
to the release of a large amount (∼1016–1018 cm−3) of dispersed carbides 
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from supersaturated martensite. The size of dispersed carbides is much 
smaller than they were in annealed steel.

An increase of hardness during tempering is associated both with 
the precipitation of finely dispersed carbides at tempering temperatures 
from the matrix, and the transformation of residual austenite into 
martensite upon cooling [12]. 

The scheme of the phase transformations occurring during tempering 
is shown in Fig. 1.

As shown schematically in the graph (Fig. 2), high-temperature hard-
ness is possible only by a very important straightening mechanism: 
secondary hardening, promoted by the precipitation of fine alloy car-
bides. The stronger the secondary hardening (meaning more intense 
carbide precipitation), the higher the tempering resistance of hot-work 
tool steels. Such precipitation intensity depends on the amount of alloy 

Fig. 1. The scheme of the phase transformations during tempering
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elements in solid solution, which is 
related to the alloy composition and 
heat-treating practice obtained by 
molybdenum, vanadium, or tungsten 
alloying [13]. The graph shows a 

sche  matic of hardness after tempe ring and the effect of secondary 
hardening in high-alloy steels. As ob served, the high-temperature hard-
ness is only possible through pre ci pi tation hardening caused by alloy 
carbides (secondary hardening). At low tem peratures, hardness is less 
than martensite due to the presen ce of re tai ned austenite, which is eli-
minated after high-temperature tempering.

The hardness and heat resistance of high-speed steels is the higher, 
the more hardening carbides are in them and they are more resistant to 
the coagulation. It is also obvious that the heat resistance of high-speed 
steels is greater, the higher the tempering temperature, which provides 
maximum secondary hardness.

In the case of high-speed steels, the finely dispersed hardening pha-
ses released during tempering have a great influence. These phases 
distort greatly the crystal lattice of the metal base according to x-ray 
analysis [14]. 

The strength of the martensite is a result of the degree of tetragonality 
of the martensitic lattice. Such tetragonality is a direct result of the 
dissolution of the interstitial atoms [15]. Carbon is the interstitial atom 
of high-speed steels. The strength of the martensitic matrix of high-
speed steels is depended on the carbon content in the matrix.

The solid solution is depleted by about 1/3 chromium, 1/2 tungsten 
and 2/3 vanadium during triple tempering at 830 K. The proportion of 
the alloying element (transferred from solid solution to carbides upon 
tempering) does not depend on the initial concentration of this element 
in the solid solution and is directly proportional to its carbide-forming 
ability [16]. 

Low tempering temperature does not provide a sufficiently intensive 
development of carbide formation processes, austenite is insufficiently 
depleted in carbon and alloying elements, the process of destabilization 
of austenite is incomplete. As a result, when cooling not only to room 
temperature, but also to a negative temperature, the martensitic trans-
formation is not sufficiently realized. Contrariwise, a significant in-
crease in tempering temperature not only accelerates the coagulation of 
the carbide phase precipitated both from martensite and residual aus te-
nite, but can also lead to diffusion decomposition of austenite.

Fig. 2. The tempering-temperature-depen-
dent hardness for high-speed steels [13]
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In this case, the secondary hardening phenomenon may not be fully 
appeared in the case of a significant development of the diffusion 
decomposition of austenite [17].

3. Hardening Phases of High­Speed Steels

The hardening phases of high-speed steels (carbides) according to the 
level of properties (resistance to coagulation, hardness, shear modulus, 
specific weight, mismatch of crystal lattices and martensite lattices 
while maintaining a coherent or semi-coherent boundary between them, 
etc.) are arranged in the order of its increase: Ì23Ñ6, Ì2Ñ and ÌÑ. In-

termetallic compounds based on tungsten, molybdenum and cobalt pos-

sess particularly high properties [5].

Almost all alloying components and carbon are concentrated in 

carbides of high-speed steels. Some of these carbides dissolve in austenite 

while heating to a quenching temperature. In this case, austenite is 

saturated with carbon and alloying components. Another part of carbides 

(not soluble in austenite) inhibits the growth of its grains. Thus, soluble 

carbides serve to obtain high hardness and heat resistance in high-speed 

steels and insoluble carbides are used to obtain high tensile strength in 

bending and toughness [18].

The first group of properties provides a sufficiently high cutting 

speed and the second group of properties increases the feed and depth 

of cut, i.e., parameters on which the productivity of the cutting process 

depends.

Hardening phases are carbides of the M2C type (in particular, W2C 

and Mo2C [19]) and MC type (vanadium carbide VC), as well as iron and 

chromium carbides M23C6 and, in addition, MI
7 M6

II intermetallic com-

pounds based on iron and cobalt (MI), tungsten and molybdenum (MII) 

in tool steels [20].

Hexagonal M2C carbide [19], M23C6 carbide [21], MC carbide [22] 

have been claimed to be responsible for the secondary hardening of 

high-speed steels. These carbides are highly resistant to coagulation and 

give high heat resistance to high-speed steels. M2C carbides turn into 

stable M6C carbides of the composition (Fe, Cr)4(W, Mo, Cr)2C with an 

increase in tempering temperature and the steel structure approaches to 

the equilibrium thermodynamic state [19].

Two kinds of precipitate morphology were found: platelets and rods. 

The platelets are of the MC type, whereas the rod-shaped precipitates 

are of the M2C structure. However, an increase in the vanadium content 

mainly leads to higher amounts of primary MC carbides without affecting 

the secondary carbide composition. The small size of the precipitates in 

the cobalt containing steels leads to a higher chromium and a slightly 

lower vanadium content [1].
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Experimental researches [23, 24] have proved that secondary 
hardening carbides are not hexagonal Mo2C, nor MC, nor M6C carbides. 
The secondary hardening carbide is the cubic M2C carbide rich in 
molybdenum and containing vanadium and chromium. 

According to W. Rong and G.L. Dunlop [25], the secondary carbides 
are usually MC and/or M2C. In some alloys, the M3C may also precipitate 
during heat treatment.

A part of retained austenite transforms already during heating for 
tempering in quenched high-speed steels, but its significant part trans-
forms only during cooling process after tempering. Change of heating 
rate during tempering has strong influence on the temperatures of be-
ginnings and the ends of individual transitions as well as on the accom-
panying dilatation effects [26].

In the paper [10], authors have established the volume fraction of 
secondary hardening carbides in high-speed steels as 20%.

The high-resolution electron microscopy (HREM) investigations 
revealed a coherent transition to the matrix. Elemental maps on a nano-
meter scale were achieved by the energy-filtered transmission electron 
microscopy (EFTEM), showing an enrichment with vanadium and carbon 
and a depletion of iron in the namometer-size MC-type carbides [11].

The finely dispersed precipitates having only a very small misfit to 
the matrix contribute to the secondary hardening at elevated temperatu-
res [27].

Dispersed precipitates block sliding planes that preventing plastic 
deformation.

A.M. El-Rakayby [23] has provided analytical studies of the streng-
thening of high-speed steels based on dislocation theory. He de voted his 
PhD thesis to this study.

Plastic deformation of steels develops due to cutting or bending 
around by particles of reinforcing phases during tool operation. The 
dimensions of the hardening phases are of (2–6) ⋅ 10−6 cm after the final 
heat treatment of the cutting tool. Therefore, the resistance to plastic 
deformation during heating (heat resistance) is determined by the 
volume fraction of the hardening particles and their properties [28].

4. Mechanism of Precipitation for Hardening Phase 

The forming of the special carbides is considered as a process consisting 
of two stages: (i) formation of clusters — zones consisting of carbide 
forming elements and carbon; (ii) the reconstruction of these areas into 
special carbide. The first step is spinodal decomposition, and this mecha-
nism underlies the observed structural phenomena [29].

According to Ref. [2], the precipitation of the excess phase from the 
supersaturated solid solution can be divided into three consecutive sta-
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ges. The first stage consists in the atoms’ migration of the solute to 
certain sections (or sites) of the lattice. At the second stage, the smallest 
crystalline particles of a new phase are precipitated in areas of accu-
mulation of excess atoms. Finally, at the third stage, these dispersed 
precipitates grow. The small and thermodynamically least stable crystals 
dissolve. The dissolved atoms diffuse and attach to larger crystals.

All three processes are diffusion, occur in time and accelerate with 
increasing temperature. Therefore, it is necessary to complicate the 
passage of these processes and transfer them to the region of higher 
temperatures for increasing the heat resistance.

The work [30] revealed that a high value of the type II stress pa-

rameter is observed during tempering at a temperature of 670 K due to 
the preservation of a large quantity of defects in the crystal structure 
obtained during the previous hardening. The lattice tension decreases 
with an increase in tempering temperature to 770 K due to a structure 
defect decreasing. However, an increase in microstresses in the composite 
surface layer causes tempering at a temperature of 820 K. This effect is 
explained by the formation of the zones similar to the Guinier–Preston 
ones at tempering temperature of 820 K. That contributes to the dis-
tortion of the crystal lattice of the solid solution. An increase in the 
tempering temperature from 820 to 860 K and higher leads to a sig ni-
ficant decrease (of ≅30%) in microstresses due to their relaxation during 
the precipitation of special carbides.

Analysis of electron diffraction patterns of carbide precipitates sho-
wed that the only carbide phase, which is determined electronically, is 
cementite M3C [30]. Dispersion particles of cementite are formed in 
places of dislocations accumulation. Then, the dispersion particles sta-
bilize the dislocation substructure; specifically they inhibit the movement 
and redistribution of dislocations. It is noteworthy that no traces of the 
release of special carbides were found in the analysis of microdiffrac -
tion images. It should be noted that the formation of cementite M3C 
does not cause secondary hardening of high-speed steels, because the 
precipitation of M3C carbide during tempering occurs in the temperature 
range 520–600 K.

5. Conclusions

The heat resistance of high-speed steels is being formed by special 
alloying and quenching from high temperatures 1470–1570 K.

The optimum exposure during the final heating for quenching of 
high-speed steel is such exposure, which leads to the most complete dis-
so lution of the carbide phase and obtain maximum microcrack resistan-
ce. Heat resistance increases, microcrack and tool resistance decreases 
with increasing exposure above optimal.
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An increase of hardness during tempering is associated both with 
the precipitation of finely dispersed carbides at tempering temperatures 
from the matrix, and the transformation of residual austenite into 
martensite upon cooling.

High-temperature hardness is only possible through precipitation 
hardening caused by alloy carbides (secondary hardening). At low tempe-
ratures, hardness is less than martensite due to the presence of retained 
austenite, which is eliminated after high-temperature tempering.

The hardness and heat resistance of high-speed steels is the higher, 
the more hardening carbides are in them and they are more resistant to 
coagulation.

Soluble carbides serve to obtain high hardness and heat resistance 
in high-speed steels and insoluble carbides are used to obtain high tensile 
strength in bending and toughness.

The properties of carbides depend on their chemical composition. 
The properties of hardening carbides are the higher, the more tungsten, 
molybdenum, vanadium and less carbon are dissolved in martensite.

Hardening phases are carbides of the M2C type (particularly, W2C 
and Mo2C) and MC type (vanadium carbide VC), as well as iron and 
chromium carbides M23C6 and, in addition, MI

7 M6
II intermetallic com-

pounds based on iron and cobalt (MI), tungsten and molybdenum (MII) 
in tool steels.

The resistance to plastic deformation during heating (heat resistance) 
is determined by the volume fraction of the hardening particles and 
their properties.

The precipitation of the excess phase from the supersaturated solid 
solution can be divided into two or three consecutive stages.

The formation of the Guinier–Preston-type zones by tempering on 
secondary hardness, which promote distortion of solid-solution crystal 
lattice, was shown.
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Î.Â. Ìîâ÷àí, Ê.Î. ×îðíî³âàíåíêî

Íàö³îíàëüíà ìåòàëóðã³éíà àêàäåì³ÿ Óêðà¿íè, 
ïðîñï. Ãàãàð³íà, 4, 49600 Äí³ïðî, Óêðà¿íà

ÂÒÎÐÈÍÍÀ ÒÂÅÐÄ²ÑÒÜ ² ÒÅÏËÎÑÒ²ÉÊ²ÑÒÜ 
ØÂÈÄÊÎÐ²ÇÀËÜÍÈÕ ÑÒÀËÅÉ

Íàâåäåíî ðåçóëüòàòè äîñë³äæåííÿ ÷èííèê³â, ÿê³ âïëèâàþòü íà âòîðèííó òâåðä³ñòü 
³ òåïëîñò³éê³ñòü øâèäêîð³çàëüíèõ ñòàëåé. Ðîçãëÿíóòî ïàðàìåòðè îáðîáëåííÿ, ùî 
óìîæëèâëþº äîñÿãíåííÿ íåîáõ³äíèõ ð³âí³â òåïëîñò³éêîñòè òà òâåðäîñòè. Âèâ÷å-
íî ôàçîâ³ òà ñòðóêòóðí³ ïåðåòâîðåííÿ, ÿê³ ñóïðîâîäæóþòü öåé ïðîöåñ. Îïèñàíî 
ðîëü ð³çíèõ êàðá³äîóòâîðþâàëüíèõ åëåìåíò³â. Âèçíà÷åíî çì³öíþâàëüí³ ôàçè, ùî 
ñïðèÿþòü ï³äâèùåííþ òâåðäîñòè òà òåïëîñò³éêîñòè â ïðîöåñ³ òåðì³÷íîãî îáðîá-
ëåííÿ. Ðîçãëÿíóòî ìîðôîëîã³þ òà òèï êðèñòàë³÷íî¿ ´ðàòíèö³ çì³öíþâàëüíèõ 
ôàç. Âèâ÷åíî ð³çí³ ï³äõîäè äî ïðîöåñó âèä³ëåííÿ çì³öíþâàëüíèõ ôàç. Ðîçãëÿíó-
òî çàëåæíîñò³ ì³æ âòîðèííèì òâåðä³ííÿì âèñîêîëå´îâàíèõ çàë³çíèõ ñòîï³â ³ âå-
ëè÷èíîþ íàïðóæåíü ó êðèñòàë³÷í³é ´ðàòíèö³.

Êëþ÷îâ³ ñëîâà: âòîðèííà òâåðä³ñòü, òåïëîñò³éê³ñòü, øâèäêîð³çàëüíà ñòàëü, çì³ö-
íþâàëüí³ ôàçè, êàðá³äè.

À.Â. Ìîâ÷àí, Å.À. ×åðíîèâàíåíêî

Íàöèîíàëüíàÿ ìåòàëëóðãè÷åñêàÿ àêàäåìèÿ Óêðàèíû, 
ïðîñï. Ãàãàðèíà, 4, 49600 Äíåïð, Óêðàèíà

ÂÒÎÐÈ×ÍÀß ÒÂ¨ÐÄÎÑÒÜ È ÒÅÏËÎÑÒÎÉÊÎÑÒÜ 
ÁÛÑÒÐÎÐÅÆÓÙÈÕ ÑÒÀËÅÉ

Èçëîæåíû ðåçóëüòàòû èññëåäîâàíèÿ ôàêòîðîâ, êîòîðûå îêàçûâàþò âëèÿíèå íà 
âòîðè÷íóþ òâ¸ðäîñòü è òåïëîñòîéêîñòü áûñòðîðåæóùèõ ñòàëåé. Ðàññìîòðåíû ïà-
ðà ìåòðû îáðàáîòêè, ïîçâîëÿþùåé äîñòè÷ü íåîáõîäèìûõ óðîâíåé òåïëîñòîéêîñòè 
è òâ¸ðäîñòè. Èçó÷åíû ôàçîâûå è ñòðóêòóðíûå ïðåâðàùåíèÿ, ñîïðîâîæäàþùèå 
ýòîò ïðîöåññ. Îïèñàíà ðîëü ðàçëè÷íûõ êàðáèäîîáðàçóþùèõ ýëåìåíòîâ. Îïðåäå-
ëåíû óïðî÷íÿþùèå ôàçû, ñïîñîáñòâóþùèå ïîâûøåíèþ òâ¸ðäîñòè è òåïëîñòîé-
êîñòè â ïðîöåññå òåðìè÷åñêîé îáðàáîòêè. Ðàññìîòðåíà ìîðôîëîãèÿ è òèï êðè-
ñòàëëè÷åñêîé ðåø¸òêè óïðî÷íÿþùèõ ôàç. Èçó÷åíû ðàçëè÷íûå ïîäõîäû ê ïðî-
öåññó âûäåëåíèÿ óïðî÷íÿþùèõ ôàç. Ðàññìîòðåíû çàâèñèìîñòè ìåæäó âòîðè÷íûì 
òâåðäåíèåì âûñîêîëåãèðîâàííûõ æåëåçíûõ ñïëàâîâ è âåëè÷èíîé íàïðÿæåíèé â 
êðèñòàëëè÷åñêîé ðåø¸òêå.

Êëþ÷åâûå ñëîâà: âòîðè÷íàÿ òâ¸ðäîñòü, òåïëîñòîéêîñòü, áûñòðîðåæóùàÿ ñòàëü, 
óïðî÷íÿþùèå ôàçû, êàðáèäû.
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