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Abstract. Although heat treatment of high-speed steels has been covered in numerous treatises, their 
microstructure before treatment still receives insufficient attention. This article therefore explores the 
relationship between the initial microstructure and resultant properties in heat treated steels for cutting 
tools and sonotrodes (special tools for ultrasonic welding). As shown in experiments, the size of 
fragments of primary carbides affects the properties of the matrix after heat treatment and the 
precipitation of secondary carbides. Hence, the decisive factor is the method by which the initial stock 
is mechanically worked, as it may produce primary carbides with more uniform distribution and size. 
In contrast, the article lists some cases where clusters of carbides caused cracking after heat treatment. 
The article also covers multidirectional forging by which the desired initial microstructure is obtained. 

1. Historical Evolution of Tool Steels 
Although tool steels are ordinarily used in industrial applications, their users are rarely aware 

of the fact that these are peculiar materials with a long history of development. The production of 
modern high-speed steels started as late as the second half of the 19th century. However, there is 
evidence that steels of similar nature had been made even earlier [1, 2]. In China, hardened steels 
were already manufactured in 13th century BCE. In India, wootz steel was made around 350 BCE. It 
contained up to 2% carbon and was a predecessor of Damascus steel and Japanese layered steel. 
Those date back to 540 and 900 BCE, respectively, and therefore predate wootz steel. Yet, wootz 
steel is reported in literature to be the basis for these earlier steels. The properties of these types of 
steels, which resembled those of high-speed steels, were mostly unintended and arose from local ore 
characteristics. The ores contained tungsten and other special carbide formers. Although steel has 
been used for several millennia, the relationship between its chemical composition and properties has 
not been explored. The role of carbon in steel remained unknown for a long time. This changed as 
late as 1774 when Tobern Bergman, a Swedish chemist, began to study the composition and 
properties of wootz steel. He discovered differences among the structures and properties of cast iron, 
steel and wrought iron, and explored their relationship to the amount and form of carbon, i.e. graphite 
or cementite (although the term “cementite” was not known yet). Based on these findings, Smith 
proposed a method of etching Damascus steels. By this means, their black-and-white patterns were 
revealed, which were produced by forge welding of higher-alloy and lower-alloy steel parts. Thanks 
to this understanding, replicating Damascus steel became possible. In 1868, English metallurgist 
Robert Forester Mushet developed what became to be known as Mushet steel, a predecessor of 
modern high-speed steels. It contained 2% carbon, 2.5% manganese and 7% tungsten. Its key 
advantage was its capacity for air-hardening. Over the next 30 years, manganese was substituted with 
chromium as its alloying addition. In 1889 and 1900, F. W. Taylor and M. White carried out a series 
of heat treating experiments on tool steels of that time (they used Mushet steel) in Pennsylvania. They 
brought those steels to higher temperatures than usual in the field. As a result, these alloys transformed 
into a new type of steel which retained its hardness at elevated temperatures and enabled machining 
to be performed at higher speeds. A patent was awarded for this process which revolutionized the 
entire machinery industry and even demanded new, more rugged designs of machines to fully use the 
potential of the new steel. The first steel in which higher alloy levels were used intentionally and 
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which was formally classified as high-speed steel was T1 steel. It was introduced in 1910. The patent 
for this steel was awarded at the beginning of the 20th century to Crucible Steel company. After 1930, 
high-molybdenum high-speed steels prevailed (e.g. AISI M2), but economies sought during World 
War II led to development of more affordable steels, in which molybdenum was replaced with 
tungsten. [3] M1 steel contains 0.8–0.9% C; 0.15–0.4% Mn; 0.2–0.5% Si; 3.5–4% Cr; 0.3% Ni; 8.2–
9.2% Mo; 1.4–2.1% W; and 1–1.35% V. [4] 

This paper concerns M2 and M35 steels. The older one was the M2 tool steel, which was first 
used in the U.S. in 1937 [5]. It owes its origin to W. Breelor who modified the composition of M1 
steel by increasing the tungsten content and reducing the level of molybdenum. However, the tungsten 
content was only increased to 6.3% W. The original T1 steel had up to 18% W. The M2 steel relies 
on an addition of molybdenum and belongs to tungsten-molybdenum steels. It exhibits high wear 
resistance. Its hardness upon quenching and tempering is the same as that of T1 but its bending 
strength is up to 4700 MPa. Its stiffness and toughness are up to 50% higher than those of T1 steel. 
The other steel explored here is M35. It is almost identical to M2, except for an additional 5% of 
cobalt. Effects of cobalt are outlined in the sections below. 

2. Production of High-Speed Steels 
As mentioned in the first section of this paper, high-speed steels form a special group within 

high-alloy tool steels. They differ from the other tool steels in their alloy levels and heat treating 
procedures. Their characteristic features include: 

− High resistance to tempering – the tools can sustain temperatures up to 550°C over long times 
without any significant softening [6]; 

− High hardness as well as hot hardness – for high-performing cutting tools, the recommended 
hardness after heat treatment is above 62 HRC; 

− High wear resistance – it is closely tied to hardness and to the presence of very hard and stable 
special carbides. 

 An important property of high-speed steels is an appropriate toughness, which is provided by 
their heat-treated homogeneous fine-grained microstructure with minimized residual stresses.  
The above properties are conditional on achieving a very fine structure. After quenching and 
tempering, a structure of this kind contains a ferritic matrix and minute secondary carbides of alloying 
elements. Several important conditions must be met to obtain this structure. 
 
2.1 Metallurgical production 
 

An ingot must be forged into a consumable electrode and refined by remelting. This removes 
impurities – inclusions. The process reduces the amount of sulphides which initiate fatigue failure 
under cyclic loading. The steel should meet the prescribed concentrations for all desirable (alloying) 
elements. At the same time, the amount of deleterious elements should be minimized. Segregation 
during crystallization should not be severe and the solidified steel should be free of major 
heterogeneities. Carbide segregation is unacceptable (Fig. 1).  
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Fig. 1 – Carbide segregation – consequence of an inadequate metallurgical process 

 
2.2 Forming of semi-finished products 
 

When dealing with high-speed steels, engineers should consider their primary carbides as a 
typical occurrence, even in those castings which have been manufactured correctly. As the binary 
diagram in Fig. 2 shows, the structure of cast HS6-5-2 steel (Wr. N. 1.3343) will be similar to that of 
hypereutectoid steels, as it consists of austenite and carbides. In their primary form, these carbides 
are found on austenite grain boundaries. The manufacturing process which is decisive with regard to 
the properties of tool steels is forming. Heavy mechanical working breaks up carbides, re-distributes 
them uniformly within the material and refines the austenitic grain. Mechanical working is the core 
of the experiments described in this paper. For the next operation (quenching) and order to obtain the 
desired properties described above in this section, the grain size should be G 11–13 (as defined in 
ČSN EN ISO 643). Fine grain will provide fine martensitic structure and higher hardness at the same 
level of toughness as in a coarse-grained material. Forming breaks up primary carbides. If reduction 
(deformation) is too large or the hot working temperature is inadequate (too low), the cohesive 
strength of carbides will be exceeded without their fragments bonding to the matrix. Fig. 3 shows an 
example of this occurrence.  

 
Fig. 2 – Equilibrium diagram of HS6-5-2 steel (19830 designation according to ČSN) [6] 
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Fig. 3 – Inappropriate hot forming conditions may cause fragmentation of primary carbides 

without their bonding to the matrix, resulting in defects which eventually initiate fracture of a tool 
made of this material 

 

2.3 Heat treatment of tool steels 
 

Besides the initial heat treatment of a semi-finished product of high-speed steel – which is 
indispensable for its good machinability – the single most important process is quenching and 
tempering. Quenching is performed from the austenite region where high solubility of carbon in iron 
enables an interstitial solid solution to form. Ordinary quenching temperatures would be too low 
because stable carbides would fail to dissolve. The temperature range used for high-speed steels is 
therefore 1150–1220°C. When the limit temperature for quenching is exceeded, carbides dissolve 
more quickly but grain coarsening occurs (owing to carbide dissolution).  

The general rule reported in literature says that tools quenched from temperatures near the 
lower limit of the recommended interval possess higher wear resistance because their matrix retains 
a higher concentration of undissolved carbides. However, they also exhibit lower resistance to 
tempering. When quenching from higher temperatures, a larger amount of alloying elements dissolve 
in austenite and improve resistance to tempering but the materials wear resistance somewhat 
decreases. [6] On the other hand, the tempering diagrams below and authors’ experience suggest 
otherwise. As shown below, it is secondary carbides which control the resulting properties.  

To attain the required properties in high-speed steels, quenching must be followed by 
tempering. The presence of cobalt constitutes the substantial difference between the two steels studied 
in this paper. HS6-5-2 steel (Wr. N. 1.3343) contains no cobalt, whereas HS6-5-2-5 (Wr. N. 1.3243) 
contains 5% Co. Its presence has an appreciable influence on resulting properties, particularly on the 
wear resistance of cutting tool edge under heavy-duty machining conditions (high speeds or feed 
rates). Under normal conditions, cobalt does not form carbides (although there have been studies of 
cemented carbides in which cobalt formed special carbides on deep freezing). Cobalt forms 
substitutional solid solution in steels. Its presence inhibits dissolution of carbides. Cobalt atoms 
occupy vacant spaces in the crystallographic lattice, which therefore cannot accept alloying elements 
from dissolved carbides. This mechanism is beneficial in materials for cutting tools. It makes carbides 
stable under intensive thermal loads and contributes to wear resistance. It also leads to dislocation 
pinning and prevents plastic deformation. As this mechanism remains operative during quenching, 
cobalt steels must be quenched from higher temperatures (up to 1230°C or even 1250°C). However, 
once carbides dissolve completely during quenching (austenitizing), severe grain coarsening may set 
in. HS6-5-2 is therefore better suited for quenching than HS6-5-2-5. The purpose of tempering, which 
is carried out after quenching, is to alter the structure of martensite. Tempering at 550–580°C (Fig. 
4) leads to maximum hardness. At still higher tempering temperatures, hardness declines again, Fig. 
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4. Changes in hardness are caused by processes which take place in martensite and retained austenite. 
Around 250°C, tungsten carbides begin to precipitate. As temperature increases, other alloying 
elements begin to dissolve in them. Tempering above 500°C produces fine vanadium carbide 
precipitates which have been demonstrated to help slower softening beyond the secondary hardness 
peak. The second reason for the hardness increase following tempering in the secondary hardness 
region is the transformation of retained austenite into martensite. Therefore, high-speed steels are 
tempered three times at an optimal temperature (cobalt steels are tempered four times), where the last 
tempering temperature is usually slightly lower than in the preceding step. 
 

 
Fig. 4 – Tempering diagrams of HS6-5-2 and HS6-5-2-5 steels. The diagrams illustrate the effects 

of quenching temperature 
 

More carbides remain in both steels at lower quenching temperatures. This is why both steels 
exhibit slightly higher hardness in the early stages of tempering, when quenched from lower 
temperatures, than upon quenching from higher temperatures, at which more primary carbides 
dissolve. Different outcomes are obtained at higher tempering temperatures in the secondary hardness 
region where secondary carbides begin to play a role – and higher final hardness is obtained after 
quenching from higher temperatures. 

3. The Nature of High-Speed Steels 
Both steels examined here fall into a group of tungsten-molybdenum high-speed steels. These 

generally exhibit good toughness, resistance to tempering and wear properties. The resistance to 
softening on tempering is provided by stable chromium and molybdenum carbides, but mainly by 
vanadium carbides. Vanadium carbides are stable up to 1262°C, i.e. near the solidus. Vanadium is 
chemically bound predominantly as V4C3 carbide, in which small amounts of other carbide formers 
may be dissolved (Fig. 5) [7]. Its cubic lattice has a lattice parameter a=41.55 nm [7]. Other most 
frequently-occurring carbides are of the M6C type (A4B2C or A3B3C, where A atoms are typically Fe, 
and rarely Mn or Cr, whereas B atoms include mainly W and Mo). This complex carbide (Fig. 6) has 
a complex cubic crystal structure with a parameter a=110.4 nm. Chromium mainly tends to be part 
of M23C6 carbides. These carbides often contain dissolved small amounts of tungsten, iron, 
molybdenum and vanadium. The crystal lattice of this carbide resembles that of M6C but its parameter 
is a=106.4 nm.  
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Fig. 5 – Primary vanadium carbide of V4C3 type, containing W, Mo and Cr and Fe (see the 
chemical composition determined by EDX). Another primary carbide (item 2) contains mainly 

tungsten, molybdenum, vanadium, chromium and a large amount of iron. The globular carbide in 
the micrograph contains mainly W, Mo, V, Cr and a large fraction of Fe, which might be due to a 
signal from the matrix (this carbide is small and the X-ray signal for the EDX analysis may come 

from the matrix) 
 

 
Fig. 6 – Crystal lattice of an M6C-type complex carbide [7] 

  

Thanks to the presence of stable carbides, tools made of these steels can sustain long-term 
temperatures up to 600°C without their hardness being compromised.  

 V Cr Fe W Mo 

1 45 4.6 8 24 18 

2 5 3.8 38 34 19 

3 2.4 4.3 69 13 11 

or  W   
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4. Experimental Programme 
4.1 Motivation for the experiments 
 

As described above, fundamental requirements for high-speed steels include high hardness, 
high wear resistance and high resistance to tempering. These are fulfilled by the carbide phase [8]. 
Carbides are abundant in tools. As they govern the above-named properties, they should to be 
analysed thoroughly. The need for detailed examination of the structure of the above-specified high-
speed steels arose from a real-world situation. VANADIS 6 powder steel used to be employed in a 
special machining application involving interrupted cutting. It did not perform as desired because the 
tools became dull early. The manufacturer of the tools found that the only alternative fit for the job is 
tools of HS6-5-2 steel made in the 1970s. Their material had been subjected to a large amount of 
working, which fragmented their primary grains and homogenized their structure. One those tools 
was acquired for analysis. The presence of very fine carbides was confirmed by examination. Fig. 7 
shows scanning electron micrographs of this tool taken with the use of secondary and backscattered 
electron modes. 
 

  
 

Fig. 7 – Micrograph of HS6-5-2 steel. This was the material of the tool which performed well in 
heavy-duty machining applications 

 

The image on the left (Fig. 7) was taken using the backscattered electron mode. It shows three 
types of carbides. The large white carbides are primary M6C carbides that contain tungsten, 
molybdenum and iron. Grey particles are undissolved primary V4C3 carbides. Of most interest are the 
small globular carbides which are suspected to have the strongest influence on cutting edge durability.  
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Fig. 8 – Detail micrograph of a globular carbide. It consisted mostly of W and Mo, according to 

EDX analysis. This micrograph shows other finer carbides whose chemical composition was 
impossible to measure due the their small sizes 

 

 
 

Fig. 9 – The tool whose cutting edge exhibited very good durability, was found to contain carbides 
with a size of around 0.17 µm 

 
The above-described case illustrates the fact that carbides are the decisive aspect in attaining 

the desired properties of high-speed steels. Not only their shape (preferably globular) but also their 
locations are of importance (preferably both within grains and on grain boundaries, where they 
prevent grain coarsening during quenching). In this real-world case, the size of carbides proved to be 
the most important aspect. The underperforming cutting tools lacked fine globular carbides. For this 
reason, appropriate attention was paid to a method of detecting carbides of this kind in the 
microstructure. 
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An analysis of these particles (their sizes and volume fraction) can be performed using image 
analysis software. To this end, an appropriate image of the material must be captured. Many factors 
play a role here, the most important ones being the lighting, good specimen preparation and the quality 
of the imaging equipment. The captured image needs to be segmented, i.e. divided into objects of 
interest and the background, using thresholding. Correct thresholding is crucial. It determines the 
pixels which will and those which will not be included in the binary layer for analysis. Where 
automated thresholding is employed, superior quality of specimen preparation is of importance: the 
specimen surface must be free of abrasion scratches, an appropriate etching technique must be used, 
and the right imaging mode in either a light or electron microscope must be chosen.  
4.2 Experimental procedure 

The purpose of the project, under which this paper was prepared, was to assess the impact of 
forging on the size and distribution of the carbide phase in high-speed steels (HSS). In this paper, 
only the procedure for optimal evaluation of the fraction and size of the carbide phase in HSS is 
considered. 

The experimental materials were HS6-5-2 (ČSN 19 830) and HS6-5-2-5 (ČSN 19 852) steels. Test 
cylinders, which were 50 mm in diameter and 75 mm in height, were made from these steels. The 
process sequence was as follows: pre-heating 700°C/holding for 10 minutes; heating to forging 
temperature 1150°C/complete soaking for 15 min; forging to aggregate forging ratios 6.08 and 17.34, 
as defined in ČSN 42 0276. After forging, the specimens were returned to the furnace at 700oC. The 
furnace was then turned off and the specimens were left to cool inside for 40 hours [9]. 

Metallographic sections through these specimens were then prepared. The sections were 
documented using various imaging modes of the ZEISS Observer.Z1m optical metallographic 
microscope and using the PHILIPS 30XL ESEM scanning electron microscope. The carbide phase 
was revealed by etching with Vilella-Bain and Murakami’s reagents. The image analysis software 
was NIS – Elements AR v. 4.40. The evaluation concerned the fraction of the carbide phase in the 
matrix and the distribution of equivalent diameters of particles. 

5. Results and Discussion 
Carbide phase was analysed using optical micrographs taken using a metallographic microscope. 

They were taken with bright-field imaging (BF) because the results obtained with dark-field imaging 
(DF) were unsatisfactory. Observation was performed with an immersion objective with a 100× 
magnification. The overall magnification in the images was 1000×, which appeared sufficient for a 
basic analysis of the carbide phase fraction. For this purpose, 5 micrographs were taken of each 
specimen. In each of them, a measurement frame with an area of 1600 μm2 was used for evaluation. 
The software offers four thresholding modes: the classical RGB mode, the advanced HSI, and 
intensity and channel-based thresholding [10]. However, none of these automatic thresholding modes 
led to successful segmentation. The images were then, for the most part, edited manually, which was 
time-consuming. This was the reason why so few images were analysed with a rather small 
measurement frame. Automatic thresholding in the RGB mode was followed by a series of binary 
operations, such as erosion, dilation, and open, close and “fill holes” operations. Final editing of the 
binary image was performed manually. Finally, the area fraction of the carbide phase in the matrix 
was measured automatically. The equivalent diameter of carbide particles was calculated 
automatically as well.  

Fig. 10 shows a bainitic-pearlitic microstructure of HS6-5-2 steel specimen which had been forged 
to an aggregate forging ratio of 6.08, as defined in ČSN 42 0276. Images before and after thresholding 
are shown on the left and right, respectively. In this material, the fraction of the carbide phase was 
found to be 16%. Fig. 11 shows a martensitic-bainitic microstructure of HS6-5-2 steel specimen 
which had been forged to an aggregate forging ratio of 17.34. Images before and after thresholding 
are shown on the left and right, respectively. In this material, the amount of the carbide phase was 
found to be 7.86 %.  
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Fig. 10 – HS6-5-2 steel, Pk = 6.08 (aggregate forging ratio, as defined in ČSN 42 0276 standard), 
etched with Vilella–Bain reagent 

 
Fig. 11 – HS6-5-2 steel, Pk = 17.34, etched with Vilella–Bain reagent 

Fig. 12 shows a bainitic-pearlitic microstructure of HS6-5-2-5 steel specimen which had been 
forged to an aggregate forging ratio of 6.08. Images before and after thresholding are shown on the 
left and right, respectively. In this material, the amount of the carbide phase was found to be 12.3%. 
Fig. 13 shows a martensitic-bainitic microstructure of the HS6-5-2-5 steel specimen which had been 
forged to an aggregate forging ratio of 17.34. Images before and after thresholding are shown on the 
left and right, respectively. In this material, the amount of the carbide phase was found to be 6.4%.  

 
Fig. 12 – HS6-5-2-5 steel, Pk = 6.08, etched with Vilella–Bain reagent 
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Fig. 13 – HS6-5-2-5 steel, Pk = 17.34, etched with Vilella–Bain reagent 

As the above micrographs show, specimens forged to higher aggregate forging ratios 
developed hardening microstructures. This might have been due to their faster cooling, as they might 
have been placed near the furnace door and the furnace may not have been tight. In the more heavily-
worked specimen, the carbide phase distribution was more uniform than in others but its carbide 
phase fraction appeared much lower than that dictated by chemical composition of the steel (the levels 
of carbon and carbide formers). Possible reasons include random selection of locations with less 
carbide phase, higher proportion of small carbides in heavily-worked specimens, which were difficult 
to detect at that magnification, and poor contrast between the carbide phase and the matrix. To 
improve the contrast between the carbide phase and the matrix, Murakami’s etchant and DIC imaging 
were tried. Although the resulting photographs were visually appealing, they failed to remove the 
problem. Since they were very difficult to segment, this route was abandoned.  

 

Fig. 14 – HS6-5-2 steel, left: Pk = 6.08; right: Pk =17.34, Murakami’s reagent 
 

In order to bring out the contrast between the carbide phase and the matrix, and to detect small 
carbide particles, scanning electron microscopy with secondary electron (SE) and backscattered 
electron (BSE) imaging was employed. The BSE mode provided the best contrast, with the carbide 
phase appearing white and the matrix dark. Then an optimal magnification was sought. At large 
magnifications, minute carbides can be detected but the field of view (the area measured) becomes 
much smaller. The larger was the magnification, the easier was the thresholding process. A 
compromise between these aspects had to be found. Magnifications of 500×, 1000×, 2000× and 
3500× were tested. The last two proved best in terms of the size of the area analysed, the size of 
carbides and, above all, the ease of thresholding: 2000× and 3500×. The ISO 16 232-7 standard deals 
with particle sizes which can be analysed. Depending on current image calibration, it defines objects 
five-fold larger than the image calibration factor as acceptable for analysis [4]. With images captured 
at 2000× magnification, the image calibration factor was 0.04 µm/pixel. The smallest particles to be 
considered were therefore 200 nm in size. At 3500×, the smallest acceptable particles were 100 nm 
in size, which proved sufficient. With optical micrographs, the image calibration factor was 
0.09 µm/pixel, which made the acceptable particle size 450 nm. Due to time constraints, 15 images 

Defect and Diffusion Forum Vol. 395 11



were taken at 2000× magnification and 10 images at 3500× magnification. In each of them, an ROI 
(Region of Interest) was created for evaluation. This region’s sizes were 2320 μm2 and 734 μm2 at 
2000× and 3500× magnifications, respectively. The aggregate area analysed in all specimens was 
42140 μm2. Fig. 15 shows micrographs of HS6-5-2 forged to 6.08 ratio, before and after thresholding 
with the indicated ROI. 

  

Fig. 15 – HS6-5-2 steel, Pk = 6.08, etched with Vilella–Bain reagent 
Images prepared in this manner were used for carbide phase analysis, i.e. for determining its 

fraction and equivalent diameters of particles. In HS6-5-2 steel forged to 6.08 ratio, the carbide phase 
fraction was 18±3.8%. At the forging ratio of 17.34, it was 17 ± 4.0%. Graph 1 shows the histogram 
of carbide particle equivalent diameters. The results on the left and right were obtained from images 
taken at 2000× magnification and 3500×, respectively. Graph 1 relates to HS6-5-2 steel with the 
aggregate forging ratio of 6.08. Clearly, the most frequent equivalent diameter of carbide particles is 
1–2 µm. Graph 2 relates to the same steel but an aggregate forging ratio of 17.34. Here, too, the 
equivalent diameter of 1–2 µm dominates.  

Graph 1 – Histograms of equivalent diameters of carbide particles in HS6-5-2 steel, Pk = 6.08 
(aggregate forging ratio, as defined in ČSN 42 0276 standard). Left: data from images taken at 

2000× magnification; right: data from images taken at 3500× 
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Graph 2 – Histograms of equivalent diameters of carbide particles in HS6-5-2 steel, Pk = 17.34. 
Left: data from images taken at 2000× magnification; right: data from images taken at 3500× 

In HS6-5-2-5 steel with aggregate forging ratios of 6.08 and 17.34, the measured fractions of 
carbide phase were 20.0 ± 2.9% and 16 ± 3.8%, respectively. The fraction of the carbide phase 
decreased in this case. The reason may be an increase in a fine carbide phase below the limits of 200 
and 100 nm. Graph 3 shows the distribution of equivalent diameters of carbide phase particles in 
HS6-5-2-5 steel forged to a ratio of 6.08. The results on the left and right were obtained from images 
taken at 2000× magnification and 3500×, respectively. The data in Graph 4 relates to the same steel 
with the aggregate forging ratio of 17.34 as defined in ČSN 42 0276. In this steel, too, the most 
common carbide particles had an equivalent diameter in the range of 1–2 µm. 

Graph 3 – Histograms of equivalent diameters of carbide particles in HS6-5-2-5 steel, Pk = 6.08. 
Left: data from images taken at 2000×; right: data from images taken at 3500× 
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Graph 4 – Histograms of equivalent diameters of carbide particles in HS6-5-2-5 steel, Pk = 17.34. 
Left: data from images taken at 2000× magnification; right: data from images taken at 3500× 

6. Conclusion 
A test method was refined for evaluating the size of carbide particles and the amount of the carbide 

phase in the matrix of high-speed steels. Two steels were chosen for this purpose: HS6-5-2 and HS6-
5-2-5. Each was forged to two aggregate forging ratios, as defined in ČSN 42 0276 standard: 6.08 
and 17.34. The first stage of evaluation was performed on 5 images from different regions taken using 
a metallographic optical microscope at a magnification of 1000×. These images were captured using 
dark field illumination (DF) and bright field illumination (BF) after the microstructure had been 
revealed by etching with the Vilella-Bain reagent, and using DIC, with microstructures revealed by 
etching with Murakami’s reagent. Of these, the Vilella-Bain etchant and BF illumination proved the 
best choice. An appreciable loss of the carbide phase was found in the more heavily-worked 
specimens. There might be multiple reasons for this occurrence. One is the formation of the hardening 
microstructure in the matrix of more heavily-worked specimens, whose contrast was similar to the 
carbide phase. Another involves a possibly insufficient resolution for which the minimum object size 
was 450 nm. This proved inadequate for microstructures as fine as these. The next round of evaluation 
therefore focused on micrographs taken using scanning electron microscope. Several magnifications 
and secondary electron (SE) and backscattered electron (BSE) imaging modes were employed. 
Microstructures were revealed by etching with Vilella-Bain reagent. The BSE imaging mode proved 
best. In an attempt to strike a compromise between the ease of thresholding and the size of the 
evaluated area, magnifications of 2000× and 3500× were used. Using the first magnification, 
15 micrographs of various location were taken. Using the latter magnification, which was sufficient 
for objects as small as 100 nm, 10 micrographs were taken. These were evaluated using the NIS 
Elements AR software v. 4.40. 

In HS6-5-2 (ČSN 19830) steel forged to 6.08 ratio, the carbide phase fraction was 18±3.8%. 
At the forging ratio of 17.34, it was 17 ± 4.0%. In HS6-5-2, the most frequent equivalent diameter of 
the carbide phase was 1–2 µm. In HS6-5-2-5 steel forged to 6.08 ratio, the carbide phase fraction was 
20±2.9%. At the forging ratio of 17.34, it was 16 ± 3.8 %. The fraction of the carbide phase decreased 
notably in this case. The reason may be an increase in a fine carbide phase below the limits of 200 
and 100 nm. In this steel, too, the most common carbide particles had an equivalent diameter in the 
range of 1–2 µm. 

 
 
 
 

14 Vacuum Heat Treatment



Acknowledgement  
This paper is one of the results of a project under the EPSILON programme sponsored by the 
Technology Agency of the Czech Republic in support of applied research and experimental 
development: TH02020161: Development of high-purity high-alloy steel with ultrafine 
microstructure and an extreme amount of mechanical working for special applications. 

References 
[1] Robert Forester Mushet BRITISH STEELMAKER [online] The Editors of Encyclopaedia 
Britannica [accessed on 09/09/2018]. Available from: https://www.britannica.com/ 
biography/Robert-Forester- Mushet 
[2] Recenze a srovnání nářadí pro kutily i profíky (Reviews and comparisons of tools for DIY and 
professionals), HSS – historie a vývoj rychlořezné oceli [online] Svět dílny [accessed on 09/09/2018]. 
Available from: http://www.svetdilny.cz/co-je-to-hss/  
[3] SRINIVASAN, S., RANGANATHA, S. WOOTZ STEEL: AN ADVANCED MATERIAL OF   
THE ANCIENT WORLD [online] [accessed on 09/09/2018]. Available from: 
http://materials.iisc.ernet.in/~wootz/heritage/WOOTZ.htm 
[4] M1 Molybdenum High Speed Tool Steel [online] AZO Materials [accessed on 09/09/2018]. 
Available from: https://www.azom.com/article.aspx?ArticleID=6155 
[5] WENG, Y., DONG, H., GAN, Y.: Advanced Steels: The Recent Scenario in Steel Science and   
Technology. Springer; 2011 edition (April 14, 2011) ISBN-13: 978-3642176647 
[6] PŘIBIL, E.: POLDI tool steels and their use. Kladno, 1985. 
[7] GOLDSCHMIDT, H. J.: Interstitial Alloys. London 1967. 
[8] FREMUNT, P.: KREJČÍK, J., PODRÁBSKÝ, T., Tool steels. Dům techniky Brno, 1994. 
[9] TOCHYLIN, M.: Preparation of heavily-worked stock for making a cutting tool. Plzeň, 2017. 
Bachelor thesis. University of West Bohemia.  
[10] NIS-Elements AR manual. Laboratory Imaging, spol. s.r.o. Praha, 2015.  
[11] ISO 16232-7:2007. Road vehicles — Cleanliness of components of fluid circuits: Part 7: Particle 
sizing and counting by microscopic analysis. Technical Committee ISO/TC 22, 2007. 

 
 

Defect and Diffusion Forum Vol. 395 15


