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Structure and phase composition of high-speed steels

This work is devoted to the study of the structure and phase composition of high-speed steels R6MS5, R9 and
R18. High service properties of high-speed steel tools are achieved by heat treatment. Therefore, the sample

blanks for the study were cut from cutting tools from R6EMS, R9 and R18steels, which were subjected to
the usual standard heat treatment for these steels. Installed that the structure of high-speed steels R6MS,
R9 and R18 in the initial state, i.e. after standard heat treatment, consists of martensite and special carbides.
The carbide particles are evenly distributed in the matrix and are close to the correct spherical shape. Thus in
the structure of steels R6MS and R9 are carbides of type M4C, MC, and in the structure of steel R18 only car-
bides of the type M6C. EBSD analysis showed that MC carbides are most optimally combined with the
Fe;W;C cubic phase, and the MS type carbide corresponds to the VC phase. Electron microscopic analysis
showed that in addition to MyC and MC carbides, high-speed steel contains small amounts of «cementite»
type M;C carbides.

Keywords: high-speed steel, structure, phase composition, carbide, heat treatment, cementite, martensite,
tungsten.

Introduction

High cutting properties of high-speed steels are achieved by special alloying and complex heat treat-
ment, providing a certain phase composition [1]. In addition, with cutting speed increases, the requirements
for the heat resistance of steel increase [2]. The heat resistance of high-speed steels is due to alloying with
their carbide-forming elements: tungsten, vanadium, molybdenum and chromium [3]. These elements, in
certain temperature and time conditions, form in the steel particles of the carbide phase, which are the
strengthening phase of the material [4,5]. A high heat resistance tool made of high-speed steels acquires after
quenching and repeated tempering [6]« Tempering after quenching within the temperatures set for cutting
tools leads to a decrease in the carbon content of martensite and the formation of ultramicroscopic carbides
[7,8]. These carbides play an important role in the mechanical properties of steel, including in hardness, wear
resistance, and heat resistance [9, 10]. Technological characteristics of high-speed steels are directly deter-
mined by the features of its/microstructure. Therefore, research of the phase composition and fine structure
of steel is a important objective. The main research methods previously used [11-13] were optical microsco-
py at small magnifications (up to 500 fold) and x-ray diffraction analysis. Quite often the main way to reve-
lation and diagnostics the carbide phase was chemical dissolution and subsequent investigation of the sedi-
ment by x-ray diffraction analysis.

In this regard, the purpose of this work is to study and compare the structure and phase composition of
high-speed steels R6MS, R9 and R18 using modern methods for studying the structure of metals and alloys.

Materials and methods of research

In accordance with the set tasks, tool high-speed steels R6MS, R9 and R18 were selected as the research
material. The use of high-speed steels for cutting tools can increase the cutting speed several times, and the
tool resistance-ten times [14]. The main distinguishing feature of high-speed steels is their high heat re-
sistance or hardness (600-700°C) in the presence of high hardness (63—70 HRC) and tool wear resistance.
The unique properties of high-speed steels are achieved by special alloying and complex heat treatment,
providing a certain phase composition [14]. Table 1 shows the chemical composition of high-speed steels
R6MS, R9 and R18.

The choice of research materials is also justified by the fact that high-speed steels R6MS5, R9, R18 are
the most common in Metalworking, typical high-speed steels of moderate heat resistance [14].
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Table 1
Chemical composition of high-speed steels R6MS, R9 and R18 (GOST 19265-73)
Steel . )
C Mn Si Cr W A\ Co Mo Ni Cu S P
grade
RO 0.85- | before | before | 3.80- | 8.50— | 2.30- | before | before | before i before | before
095 | 050 | 0.50 | 4.40 9.50 270 | 0.50 | 1.00 | 0.40 0.03 | 0.03
R6MS5 0.82- | 0,20- | 0,20- | 3.80- | 5.50- | 1.70— | before | 4.80— | before | before | before | before
0.9 0.50 | 0.50 | 4.40 6.50 2.10 | 0.50 | 530 | 0.60 | 0.25 | 0.025 | 0.03
RIS 0.73- | 0,20- | 0,20- | 3.80- | 17.00- | 1.00- | before | before | before | before | before | before
0.83 | 0.50 | 0.50 | 4.40 18.50 140 | 0.50 | 1.00 | 0.60 | 0.25 | .0.03 }:0.03

High service properties of high-speed steel tools are achieved by heat treatment. Therefore, sample
blanks with dimensions of 10x20x20 mm® for research were cut from cutting tools (disk cutter) made of
R6MS, R9, and R18 steels subjected to the usual heat treatment for these steels [15] (Table 2).

Table 2
Modes of pre-heat treatment of high-speed steels
Types of heat treatment
Steel grade Hardening = Tempering
R9 with 1240 °C in 0il | 560 °C (triple: the duration of each tempering is 1 h, cooling in the air)
R6MS with 1230 °Cin 0il | 560 °C (triple: the duration of each tempering is 1 h, cooling in the air)
R18 with 1270 °Cin oil | 560 °C (triple: the duration of each tempering is 1 h, cooling in the air)

Optical metallography was used to reveals the structure of the materials under study. An optical light
microscope «KALTAMI-MET-1M» was used for metallographic analysis. For etching, a 4 % alcohol solution
of nitric acid was used. X-ray diffraction studies samples of steel were performed using known methods of x-
ray diffraction analysis using the D8 ADVANCE diffractometer. Diffractograms were taken using CuK,-
radiation (A=2,2897 A®) at a voltage of kV. Decrypting of diffractograms was carried out manually using
standard techniques and the PDF-4 database, and the quantitative analysis was performed using the Powder
Cell program. The morphology and elemental composition of the samples were studied a raster electron mi-
croscope JSM-6390LV. Studies of the phase composition of carbide phases and their sizes were performed
EBSD analysis (diffraction analysis of backscattered electrons) on a system with electronic and focused ion
beams Quanta 200 3D. Before the study, the samples were sanded and polished. For revealing the boundaries
of the grains and particles of the carbide phases, chemical etching of the grinds in a 4 % alcohol solution of
nitric acid was used (the etching time is 5—7 s). The structure and phase composition of R6MS5 steel samples
were investigated by the method transmission electron microscopy on thin foils with the help an EM-125
electron microscope at an accelerating voltage of 125 kV. Working magnification in the column of the mi-
croscope was chesen to be-from 25000 to 50000 times To conduct research from the surface of the sample
the sample was cut into plates (foil) with a thickness of 0.2—0.3 mm using electric spark cutting samples.
The resulting-foil was first thinned chemically in an electrolyte of 90 % hydrofluoric acid and 10 %
perhydrol, and then electrolytically in a supersaturated solution of orthophosphoric acid with chromium an-
hydride at room temperature, an operating voltage of 20 V and a current density of 2—4 A/cm”. The phase
type was determined using images confirmed by microdiffraction patterns and dark-field images obtained in
the reflexes of the corresponding phases.

Research results and Discussion

Figure 1 shows the microstructures of R6MS5, R9 and R18 steels in their initial state, i.e. after standard
heat treatment. The figure shows that the microstructures of R6MS5, R9 and R18 steels are very similar to
each other and consist of martensite tempering and special carbides (Figure 1).

84 BecTHuk KaparaHgmHckoro yHusepcurteTa



Structure and phase composition of high-speed steels

Figure 1. Microstructure of R6MS5 (a), R9 (b) and R18 (c) steels

Figure 2 shows the SEM images of the surface of the steel R6MS5, R9 and R18. The structure steel con-
sists of martensite and carbides. The carbide particles are evenly distributed in the matrix and are close to'the
correct spherical shape. Two types of carbides are observed in the structure of high-speed steels R6MS5 and
R9: light and gray carbides (Figure 2 a, b, d). And only bright carbides are present in the structure
of R18 steel (Figure 2c). Figure 2g shows the microstructure of R6MS5 steel obtained using a semiconductor
detector with backscattered electrons, giving surface pictures with chemical contrast'with high spatial resolu-
tion. Grey carbides are clearly visible from this image. Thus, it can be established/that after standard heat
treatment, two types of carbides are present in the structure of R6MS5 and R9 steels: very bright colors of
carbides (bright carbides) are containing elements above the atomic number-and gray carbides containing
elements below the atomic number, and only bright carbides are present in the structure of R18 steel.
The volume fraction of each fraction was evaluated. The sizes of carbide particles in the studied steels are
also determined. The results of quantitative parameters of the steel structure are shown in Table 3.

Figure 2. Microstructure of the surface of high-speed steels R6MS5 (a, d), R9 (b), R18 (¢)

Table 3
Quantitative parameters of structure of steel R6MS5, R9 and R18
No | Sample Carbides Volume fraction Average particle size

bright carbides 10.4+0.6 % 2.1 um

I | R6MS dark carbides 2.3+0.4 % 0.8 um
> I Ro bright carbides 3.1+£0.6 % 1.6 pm
dark carbides 1.740.4 % 1.8 um

3 | RIS bright carbides 13.4+0.6 % 1.9 um
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To identify the composition of carbides and their distribution, a map of the distribution of alloying ele-
ments in the steel structure was obtained. The General distribution of alloying elements in the structure of
R6MS, R9, and R18 steels is shown in Figures 3, 4, and 5, respectively. The drawings show that the bright
spherical carbides are enriched with tungsten and molybdenum, while the gray ones are enriched with vana-
dium. The obtained maps of the distribution of alloying elements confirmed that there present two types
of carbides in the structure of R6MS5 and R9 steels — bright and dark and only bright ones in the structure
of R18 steel. The absence of gray carbides that are enriched with vanadium in the structure of R18 steel may
be due to the fact that the content of vanadium in the composition of R18 steel is low compared to R6MS5 and
R9 steels. In addition, Figure 5 shows that the main mass of vanadium is located in bright carbides in the
structure of R18 steel. It should be borne in mind that V, W, Mo, and Cr are carbide-forming elements.
In other words, carbides of these metals have high binding energy and stability [15,16]. This is why most of
the alloying elements are found in carbides, rather than in solid solution.

W Kal

Wial Mo La1

Figure 3. Surface microstructure and map distribution of R6MS steel alloying elements

bright carbides

gray carhides

Figure 4. Surface microstructure and distribution map distribution of R9 steel alloying elements
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tright carbides

Fe Ka1 WLat

Figure 5. Surface microstructure and map distribution of R18 steel alloying elements

To determine the elemental composition of the particles. of the released carbides and matrix (marten-
site), a microprobe analysis was performed (Figure 6). Table 4 shows the content of alloying elements in
carbides and matrix for R6M5, R9 and R18 steels. Tungsten, molybdenum, vanadium, and chromium form
special carbides in steel: M¢C based on tungsten and/molybdenum, MC based on vanadium, and M»;Cy based
on chromium. The results of mapping and microprobe analysis show that MgC and MC carbides are present
in the structure of R6MS steel after standard heat treatment, and M,;C; carbides are absent, which is in good
agreement with the literature data [16—18]. However, in some papers [19,20], it is stated that after standard
heat treatment, only M¢C-type carbide patticles arepresent in the structure of R6MS5 steel. Apparently, this is
due to the small volume fraction of MC-type carbide particles and the similarity of these particles to the ma-
trix, which does not allow them to be detected. In addition, the methods used in these studies have limitations
when detecting carbide particles‘with a small concentration. Therefore, in this work, along with X-ray phase
analysis, special methods of raster electron microscopy are used.

Table 4
Content of alloying elements in the structural constituent of high-speed steels
structural constituent Content of elements, % (mass.)
v | cr | Fe | Mo | W
R6MS5
Bright carbides 3.42 3.31 30.85 26.05 36.37
Dark carbides 26.47 4.45 30.82 16.62 21.64
Martensite 1.33 4.62 84.50 4.25 5.30
R9
Bright carbides 3.15 3.52 28.83 3.1 61.4
Dark carbides 28.64 4.55 40.99 - 25.82
Martensite 3.11 4.95 80.78 - 11.16
R18
Bright carbides 3.50 3.80 34.77 2.7 55.23
Martensite 1.07 4.64 84.39 - 9.90
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The assumed configuration of M6C carbide is between the formulas Fe;(W, Mo);C — Fey(W, Mo),C [21].
In other words, along with tungsten and molybdenum atoms, M6C carbide can located to 2/3 of the total
number of metal atoms. Besides it, chromium and vanadium atoms can be dissolved, which replace iron at-
oms. Based on the results of the microprobe analysis, it can be assumed that the gray carbide particles are
MC carbides based on vanadium.

Figure 6 shows diffractograms of R6MS5, R9, and R18 steels. X-ray diffraction analysis showed that in
the initial state, i.e., after heat treatment, the structure of R6MS5 and RO steels present the a-phase and M¢C,
MC carbides, and only M4C carbides in the structure of R18 steel. The results of X-ray diffraction analysis
are shown in Table 5. Thus, X-ray diffraction analysis confirmed that the main carbides in the studied steel
are MgC and MC carbides. It was determined that M¢C type carbides that have a complex HCC crystal lattice
and a spatial group Fd3m correspond to the composition of Fe;W;C, and MS type carbides that havera cubic
crystal lattice and a spatial group Fm3m correspond to the composition of VC. It should be borne in mind
that the My4C type carbide can have the form of both Fe;W;C and FesMosC. As you know, one of the
advantages of x-ray diffraction analysis (XRD) is that the peak position and lattice parameters can be
determined fairly accurately. Nevertheless, in this case, when studying individual carbides, it is advisable to
apply EBSD analysis. Therefore, to confirm the results of X-ray diffraction analysis was studied the crystal
structure of M6C and MS carbides by EBSD analysis with help a reflected electron detector on a scanning
microscope (system) with electronic and focused ion beams.
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Figure 6. Diffractograms of high-speed steels in the initial state (after heat treatment)
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Table 5
Results of x-ray diffraction analysis
Sample The detected phase | Vol.frac.phases % | Lattice parameters, nm | The Sizes RCS, nm
a-Fe 81 0.28680 23.30 (all ref.)
R9, initial M,C 11.8 1.10543 26.14 (100)
MC 7.2 0.41566 25.01 (100)
a-Fe 75.2 0.28781 19.20 (all ref.)
R6MS, initial M,C 13.7 1,10867 38.77 (all ref))
MC 11,1 0.41663 18.72 (100)
L a-Fe 72.2 0.28720 50.36 (all ref.)
R18, initial M,C 27.8 1.10429 39.43 (100)

Figure 7 shows the results of EBSD analysis of the R6MS5 steel surface. EBSD analysis showed that
tungsten-rich M¢C carbides are most optimally combined with the cubic phase of Fe;W3C, and MC-type car-
bides correspond to the VC phase. However, it is worth noting that in this case, Fe;W;C may also mean that
other carbide-forming elements are present in the form of M4C carbides.

Figure 7. Results of EBSD analysis of R6MS5 steel

Electron microscopic-analysis showed that except in addition to MsC and MC carbides, are present in
steel in small amounts of carbides «cementite» type M;C (Figure 8). Note the highest solubility in the ce-
mentite crystal lattice have that manganese and chromium atoms, slight solubility of the atoms of vanadium,
molybdenum and tungsten. These particles are formed during quenching in the process of «self-leave» of
steel due to the heat preserved in the material.

*(110)a’
o(334)re
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Figure 8. TEM image of P6MS steel: a, c- brightfield image; b, d -induced microdiffraction pattern scheme

Thus, we characterized the structures and carbide phases of high-speed steels R6MS, R9 and'R18 in the
initial state, i.e. after standard heat treatment. The research of structural-phase states before'a certain treat-
ment is necessary in terms of revelation patterns of changes in the structure and its influence on properties.
Since the physical and mechanical properties of high-speed steel in large measure by the structure and state
of the carbide phases and their shape, size, and distribution in volume.

Conclusions

It was found that the structure of high-speed steels R6MS, R9 and R18 in the initial state, i.e. after
standard heat treatment, consists of the o' — phase and special carbides. At that the structure of R6MS and
R9 steels contains McC and MC carbides, while in the structure of R18 steel contains only M¢C carbides
type. Using method X-ray diffraction analysis and EBSD analysis, it was found that MqC-type carbides
which have a complex HCC crystal lattice and a spatial group Fd3m correspond to the composition of
Fe;W;C, and MC-type carbides that have a cubic crystal lattice’and a spatial group Fm3m correspond to the
composition of VC.

This research is funded by the Science Committee of the Ministry of Education and Science of the Re-
public of Kazakhstan (Grant No. BR05236748).
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b.K. Paxanunos, B. Buene6a, M.K. Keuteiiikanos, A.b. Kenecoexos, M. Mayner

Kbui1amkeceTiH 00JaTTapAbIH KYPbUIBIMbI MeH (pa3ajibIK KypaMbl

Maxkama P6MS, P9 xone P18 xpurmaMkeceTiH OomaTTapAblH KYPHUIBIMEL MeH (Da3aliblKk KYpaMbIH 3epTIeyTe
apHayFaH. JKpUImaMKecKimn OoJaTTaH jKacalnFaH KYpajJbIH J>KOFapbl KBI3METTIK KacHETTEPiHE TEPMHUSIIBIK
OHJIey apKBUIBI KOJ skeTkizinemi. COHIBIKTaH 3epTTeyre apHalraH Yiri paismapamanapsl P6MS, P9 sxone
P18 GomaTrapslHaH KacaJdFaH KeCKilll KypaljapAaH, OCHl OoylaTTap YIIIH | CTaHAAPTTE TEPMOOHHIEyTe
yinbiparad. bacrankel kyiingeri POMS5, P9 sxone P18 sxpuinamxeceTiH 0onaTTapiblH KYPbUIbIMBL, SFHA
CTaHAAPTTHl TEPMOSOHJACYJNCH KEHiH MapTEHCUT IeH apHaiibl KapOuarepaeH  Typazabl. Kapbuarepniy
GemexTepi MaTpuiaaa Gipkenki OeiHreH jxoHe aypsic chepansik hopmara xakpiH. bys perte POMS xone
P9 GonarrapsiabiH KypbutbiMbiEAa MgC, MC TunTi kapouarep, an P18 6onareiHbH KypbuibiMbIHAa TeK MC
tunti kapounrep 6ap. KIID/[ (EBSD)-rannay MC xapbunrepi-Fe;W;3C kyOThIK (a3achiMeH eH OHTalIIbl
y#necerinin kepcetkeH, an1 MC tunti kapbun VC ¢a3zacbiHa  colikec Kelemi. IEKTPOHMIBIK-
MHUKPOCKOIISITBIK Taiay Te3 Kecinetin Oonartarbkl MgC xone MC kapOunrepineH 6acka M;C «IIeMEHTHTTI»
THUIITI KapOUATEPAIH a3 Meumepae 6ap eKeHi aHBIKTaIFaH.

Kinm ce30ep: xpuinaMmkeceTiH 6onar, KypbuiblM, (a3aiblk Kypam, KapOul, TepMUSUIBIK OHICY, LIEMEHTHT,
MapTeHCHUT, BOJIbppaM.

b.K. Paxanunos, B. Buene6a, M.K. Ksutsiiiikanos, A.b. Kenecoexos, M. Mayner

Crpykrypa n ¢a30Bblii COCTAB OBICTPOPEKYIIUX CTAJIEH

CraThsl IOCBSIIEHA HCCIICIOBAHHUIO CTPYKTYPHI M (pazoBoro cocrasa ObIcTpopexymux craned POMS, P9 u
P18. Bricokue ciry>xeOHbIe ¢BOWCTBA MHCTPYMEHTA U3 OBICTPOPEXKYIIEH CTann JOCTUTAIOTCS TEPMHIECKON 00-
pabotkoil. ITosToMy 3aroToBKM 00Pa3IOB Ul HCCIEAOBAHMUS BBIPE3AH U3 PEXYIIUX WHCTPYMEHTOB M3 CTaleh
P6MS, P9 u P18, moaBeprayThix 0OBIMHOM /I ATUX CTalel CTaHIapTHON TepMooOpaboTKe. Y CTaHOBICHO, YTO
CTPYKTYypa ObIcTpopexxymmx craneir POMS, P9 u P18 B ncxoaHom cocTosiHuy, T.€. IOCHE CTAaHAAPTHON TepPMO-
00pabOTKH, COCTONT U3 MapTEHCUTA U CHELHATIbHBIX KapOuaoB. YacTuilsl KapOUI0B paBHOMEPHO pacrperese-
HBI B MaTpUIe ¥ OJIM3KA K IPaBIIbHON ceprueckoii popme. [Ipu sToMm B crpykType craneit POMS n P9 npu-
cyrcTByI0T Kapouus! Tra MgC, MC, a B ctpykrype cramu P18 — Tonmbko kapounst tina MgC. JIOPD (EBSD)-
aHaIM3 MOoKa3aji, 9To Kapouasl MqC Hanbonee oNTUMalIbHO cOUeTaroTcs ¢ Kyondeckoit ¢azoit FesW5C, a xap-
6umam tuna MC cootserctyeT ¢aza VC. DeKTpOHHO-MHUKPOCKOITIYECKHH aHaIN3 MOoKa3all, 9To, KpoMe Kap-
6umoB MC 1 MC, B GBICTpOpEXKYIIEH CTaIN IPUCYTCTBYIOT B HEOOJBIINX KOJIMIECTBAX KapOUIBI «I[EMEHTHUT-
Horo» Tuma M;C.

Kniouesbie crosa: GbicTpopexyiias CTanb, CTpyKTypa, (pa3oBblii cocTaB, KapOuJ, TepMuueckas oOpaboTka,
LIEMEHTHT, MAPTEHCHUT, BOJIb(ppaM.
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