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a b s t r a c t

A vanadium-modified high-speed steel (HSS) manufactured by spray forming (SF) process

was subjected to different heat treatment processes and the resultant microstructural

evolution and mechanical properties were investigated. In-situ high-temperature Vickers

indentation associated with high-temperature tensile tests were utilized to evaluate the

changes in hardness and residual stress with temperature for samples processed by

annealing. Moreover, the effect of quenching temperature on hardness, bending strength

and impact toughness was investigated. The secondary carbide precipitation behavior and

its strengthening mechanisms were discussed in combination with transmission electron

microscopy (TEM) characterization. A possible mechanism was proposed to elucidate the

evolution of carbide precipitation behavior during different heat treatment processes. We

envision the results gained from the present study would provide useful guidance for

understanding the evolution of microstructure and mechanical properties of spray-formed

HSSs processed by different heat treatment conditions and optimizing the alloy design and

postethermal mechanical processing of HSS.
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Table 1 e Chemical compositions of vanadium-modified
HSS (wt.%).

Element C Cr W Mo V Si Mn Fe

3V-HSS 0.93 4.6 5.9 5.6 3.1 0.47 0.25 Bal.
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1. Introduction

High-speed steels (HSSs) are widely used in the production of

cutting tools and cold work tools due to their exceptional hot

hardness, excellent wear resistance, high strength and good

toughness [1,2]. The manufacturing process of HSSs mainly

includes conventional casting (CC) [3,4], electroslag remelting

(ESR) [5,6], powdermetallurgy (PM) [7,8] and spray forming (SF)

[9,10]. Among these processes, SF has attracted widespread

attention in both industry and academia owing to its capa-

bility to produce HSS with fine microstructure with excellent

near net shape ability and high flexibility [11,12]. Meanwhile,

the microstructure of HSS manufactured by SF exhibits few

coarse eutectic carbide networks and extremely low macro-

segregation. Moreover, to further improve the engineering

performance of HSS fabricated by SF, thermo-mechanical and

heat treatment processes are widely utilized to optimize its

microstructure and enhance mechanical properties [13,14].

Particularly, by manipulating the decomposition, and precip-

itation of different carbides in HSS at various stages of heat

treatment processes, it is possible to tailor the mechanical

properties for a variety of engineering applications. Therefore,

it is extremely significant to study the microstructural evolu-

tion andmechanical properties of HSS fabricated by SF during

the heat treatment process.

Due to its scientific and practical significance, the micro-

structural evolution of HSS processed by different heat treat-

ment procedures has been extensively investigated, with a

particular focus on the carbide precipitation behavior. For

instance, the secondary carbides in spray-formed M3:2 HSS

with the addition of niobium have been studied byWang et al.

[15]. The results showed that during the tempering process at

560e600 �C, fine and coherentMC andM2C secondary carbides

precipitated on the internal twin boundaries of themartensite

plates and within the plates. As the tempering temperature

further increased, the secondary precipitates exhibited a

transformation from coarse M3C to fine and coherent pre-

cipitates MC and M2C [16]. As a substitutional element, Lu

et al. [9] found that the addition of niobium accelerated the

decomposition of M2C carbides and increased the thermal

stability of M3:2 HSS. However, due to the ultra-fine secondary

carbides and poor quality of the thin foil for transmission

electron microscopy (TEM) observation, these carbides with

coherent transformation to the matrix cannot be imaged well

after tempering [15]. Moreover, the potential of SF in terms of

microstructure refinement is favorable to enhance the me-

chanical properties of HSS. Compared with CC HSS, the

refined as-cast microstructure may lead to important im-

provements in the mechanical properties of HSS. Mesquita

et al. [17] compared the mechanical properties of M3:2 HSS

produced by SF and CC processes. The results showed that

HSS fabricated by SF possesses higher isotropic toughness due

to its less oriented carbide distribution. It was found that HSS

processed by SF is comparable to HSS fabricated by PM in

terms of microstructure, performance and isotropy [18].

Igharo et al. [19] studied the microstructure of M2 HSS

deposited by SF and showed a small grain size with a cellular

carbide network. No significant difference was observed be-

tween the quenching response of M2 HSS produced by CC and
SF. The bending strength of SF processed M2 HSS was

isotropic, similar to that observed by PM HSS. Wang et al. [16]

believed that the excellent mechanical properties of M3:2 HSS

fabricated by SF were pertinent to the precipitated carbides

during the tempering process. It was found that secondary

hardening contributed to increase the hardness and bending

strength due to the fine dispersion of MC and M2C, and the

enhanced toughness was attributed to the fine precipitates

and decomposition of matrix. During the over-tempering

process, the hardness of M3:2 HSS was greatly reduced

because of the M2C coarsening and the precipitation of M3C

carbides [20].

Despite these research efforts, little attention has been

paid to investigating the hot hardness and residual stress of

HSS processed by different heat treatment processes. Hot

hardness as a crucial parameter is pertinent to themechanical

performance and wear resistance of the alloy at elevated

temperatures [21]. It has been proven that the quantification

of hot hardness is particularly important: such as the esti-

mation of wear resistance and fatigue limits [22,23]. Mean-

while, it is well known that residual stress has significant

impacts on the mechanical properties of engineering mate-

rials, such as fatigue, fracture, corrosion, friction and wear. A

recent study carried out by Li et al. [24] revealed the relation-

ship between the porosity distribution and the residual stress

of the as-sprayed tubular ASP30 HSS for the first time through

neutron diffraction. However, there is still a lack of systematic

analysis on the evolution of in-situ hot hardness and residual

stress of spray-formed HSS and their relationship with the

microstructural characteristics.

In this paper, to optimize the microstructure and mechan-

ical properties, the vanadium-modified HSS treated by

spheroidizing annealing was used. The evolution of the

microstructure and mechanical properties of vanadium-

modified HSS after different heat treatments was investigated

in detail. We envision the results would provide useful guid-

ance for optimizing the alloy design and postethermal me-

chanical processing of HSS.
2. Experimental procedure

2.1. Materials and processing

The rawmaterial used in this studywas a vanadium-modified

HSS ingot, manufactured by Heye Science and Technology

Co., Ltd (China). The chemical composition is given in Table 1.

The vanadium-modified HSS ingot was produced by SF pro-

cess. The billet was then forged to increase the density and

refine its microstructure. To optimize the microstructure and

mechanical properties, forged vanadium-modified HSS was

used to carry out post-heat treatment procedures. In this

work, the schematic diagram of the heat treatment procedure
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Fig. 1 e Schematic illustration of the heat treatment procedure for the HSS samples.
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is shown in Fig. 1. The spheroidizing annealing treatment

(SAT) was conducted by isothermally keeping the samples

with a diameter of 80mm and a length of 120mm at 880 �C for

4 h followed by cooling in the furnace. The hardening treat-

ment (HT) was carried out by subsequently heating the sam-

ples with a dimension of 120 � 10 � 10 mm3 to different

austenitizing temperatures (1100, 1150, 1200, and 1230 �C) for
15 min followed by water quenching. Afterwards, the samples

were heated to 560 �C and held for 1 h by triple tempering. The

austenitization process was carried out in a tube furnace with

an argon atmosphere.

2.2. Microstructure characterization

To investigate themicrostructural evolution of the vanadium-

modified HSS during the heat treatment process, samples for

metallographic inspection were prepared by standard

grinding with sandpapers with grit numbers from 600 to 1500

followed by fine polishing with diamond suspensions. A field

emission scanning electronmicroscope (SEM, JEOL JSM-7800F)

was utilized to characterize the microstructural characteris-

tics of the matrix and carbides. Image-Pro Plus 6.0 software

was used to quantitatively estimate the size and volume

fraction of carbides. Especially, to reduce data dispersion,

three different fields of view of the same sample were

selected, and the SEM images were magnified 1000 times to

evaluate the size and volume fraction of carbides. Energy-

dispersive X-ray spectroscopy (EDS) was employed to iden-

tify the type of carbides by analyzing the local chemical

compositions. Meanwhile, electron backscatter diffraction

(EBSD) observationswere utilized to analyze the grain size and

grain orientation maps. A step size of 1 mmwas used to collect

EBSD data and observe a field of view of 200 � 150 mm2.

Moreover, TEM (FEI Talos F200X) analysis was carried out to

further reveal the fine structure and crystallographic rela-

tionship between the matrix and carbide precipitation. Thin

foil samples for TEM characterization were prepared by me-

chanical grinding to a thickness below 50 mm followed by ion

milling (Gatan 691).
2.3. Mechanical property evaluation

The mechanical properties of the SAT and HT-processed HSS

sampleswere evaluated by a variety ofmechanical testing. To

evaluate the surface residual stress and hot hardness of SAT-

processed samples, in-situ high-temperature micro-

hardness tests were carried out by utilizing a Vickers inden-

tation (HTV-PHS30) machine. Especially, the detailed pro-

cedures and mechanisms for measuring the residual stress

through indentation techniques are shown in the supple-

mentary materials. The micro-hardness tests were conduct-

ed at temperatures of 25 �C, 300 �C, 400 �C, 500 �C, 560 �C,
600 �C and 650 �C. The specimen size was 8 � 4 � 3 mm3, and

the heating rate was 50 �C/min. The test was repeated five

times at different temperatures with a load of 1 kg and a

dwelling time of 15 s. Argon gas was introduced into the

chamber of the Vickers indentation machine during the tests

to prevent the sample surface from oxidation. After micro-

hardness tests, the indentation morphologies on the sam-

ples were examined in SEM and analyzed by Image-Pro Plus

6.0 software. Moreover, high-temperature tensile tests were

carried out on a universal testing machine (Zwick/Roell Z050)

to evaluate the yield stress and correlate the residual stress of

SAT-processed HSS samples. Dog-bone specimens with a

gauge length of 15 mm, a width of 4 mm, and a thickness of

2 mm were used for tensile tests. The test temperatures were

adjusted corresponding to the in-situ high-temperature

Vickers indentation experiments. Samples for high-

temperature tensile tests were firstly heated to the target

temperature and kept for 5 min. Afterwards, uniaxial load-

ings were applied at a constant rate of 1 mm/min until frac-

ture of the samples. Each test was repeated 3 times and the

stressestrain data was recorded. It is necessary to empha-

size that although hardness and tensile testing dwell times

were different, microstructural changes were not expected at

such temperatures and shorter exposure times. In the field

application of HSS, the cutting-edge of the tool experiences

higher temperature under severe loading condition. There-

fore, microstructural stability is required.
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To elucidate the effect of austenitizing temperature on the

microstructure and mechanical properties of HT-processed

samples, three-point bending fracture tests were performed

at a bending rate of 1 mm/min for a total of 24 specimens. The

dimension of the tested samples was 40 (length) � 5

(width) � 5 (height) mm3 and the span was 20 mm. Moreover,

impact toughness tests were carried out on 24 unnotched

specimens with dimensions of 55 (length) � 10 (width) � 10

(height) mm3 according to ISO 5754 [25]. Micro-hardness tests

of HT-processed samples were also conducted with the same

testing conditions as SAT-processed samples.
3. Results

3.1. Microstructure, hot hardness and residual stress of
SAT-processed HSS

The solidification sequences and phase transformation of

vanadium-modified HSS were calculated by Thermo-Calc

software (TCFE7 database). Fig. 2 shows the calculated re-

sults of Fee6We5Moe4Cre3VeC, in which the red dashed

section represents the evolution of the phase diagram of the

HSS in this paper under equilibrium. It can be seen that as the

temperature decreases, M6C and MC carbides are gradually

precipitated. The calculated diagram shows the carbides

M6C and MC as stable ones. The predicted results provide

useful guidance for subsequent experimental observation and

analysis.

SAT process plays a significant role on the manufacturing

process of HSS. First, machining of HSS components is often

finished just after the SAT process due to its capability to

reduce the hardness and make HSS in a softer state [26].

Moreover, extensive research efforts have revealed that the

distribution and morphology of the main carbides would not

change too much after HT process. Direct inspection of

eutectic carbide inhomogeneities during the annealed condi-

tion shows consistent results during the quenched and

tempered condition. In this regard, the microstructure of the

HSS processed by SAT process somehow significantly affect
Fig. 2 e Pseudobinary sections were calculated using

Thermo-Calc.
the final microstructure of HSS [27]. Fig. 3 shows the micro-

structural details of SAT-processed vanadium-modified HSS. It

can be seen that primary carbides and dispersed granular

secondary carbides are distributed in the matrix, as shown in

Fig. 3(a). A large number of white and gray carbide particles are

dispersed in the matrix, and the difference in the contrast

value indicates that there are at least two types of carbides. To

further identify the type of carbides, close-up areas of different

carbideswere used for EDS analysis, as shown in Fig. 3(b and c).

It can be found that SAT-processed HSS is rich in vanadium,

tungsten andmolybdenum carbides. Based on the EDS results,

the stoichiometry of these carbides is identified as MC (gray)

and M6C (white), respectively. Meanwhile, through the statis-

tical calculation of Image-Pro Plus 6.0, the volume fractions of

MC and M6C carbides are estimated to be 5.05 ± 1.27% and

6.26 ± 0.73%. Correspondingly, the average sizes are

6.32 ± 1.54 mm and 4.07 ± 1.60 mm, respectively. In particular, it

is emphasized that the quantification of the volume fraction of

carbides is mainly primary carbides, and almost excludes

secondary carbides due to the size limitation. EBSD analysis of

the SAT-processed vanadium-modified HSS in Fig. S1 reveals

that the microstructure shows an average grain size of 9.2 mm

and no preferential crystallographic texture is observed.

The SEM images and quantitative analysis results of the

indentation morphologies of SAT-processed samples after

micro-hardness tests are shown in Fig. 4. Fig. 4(a) shows the

indentation surfacemorphology of the sample after themicro-

hardness test at room temperature. It can be seen that a dia-

mond indentation was left on the sample surface. A closer

check of the indentation reveals that there is somediscrepancy

between the ideal projected contact area and the real contact

area, which can be utilized as an indication for the state and

magnitude of the residual stress. The peripheries of the ideal

and real contact areas were marked by the yellow and red

lines, respectively. A quantitive measurement of the real

contact area, AC, and the nominal projected area, Anom, was

carried out and the ratio of AC to Anom, denoted C2, was

calculated. A similar analysis was also conducted on the SAT-

processed samples after micro-hardness performing at tem-

peratures of 300 �C (Fig. 4(b)), 400 �C (Fig. 4(c)), 500 �C (Fig. 4(d)),

560 �C (Fig. 4(e)), 650 �C (Fig. 4(f)). Compared with Fig. 4(a), the

discrepancy between the ideal projected contact area and the

actual contact area seems to become more prominent. The

corresponding values C2 were calculated and shown in each

figure. For instance, in Fig. 4(c), C2 ¼ 0.9554 at T ¼ 400 �C, and
then reduce to C2 ¼ 0.9426 at T ¼ 500 �C, as shown in Fig. 4(d).

Meanwhile, C2 ¼ 0.9376 at T¼ 560 �C in Fig. 4(e), and then reach

the minimum value C2 ¼ 0.9213 at T ¼ 650 �C, as depicted in

Fig. 4(f). For 400 �C� T � 650 �C, C2 values continue to decrease

because the difference between Anom and AC tends to increase,

which is responsible for the inherent softening and plastic

deformation of SAT-processed HSS at elevated temperatures.

Moreover, the stressestrain relationship of SAT-processed

HSS at different test temperatures is shown in Fig. 5. It can be

seen that the yield stress of SAT-processed HSS has a strong

dependence on the test temperature. As the test temperature

increases, the yield stress of HSS gradually decreases. For

instance, the yield stress at T ¼ 25 �C is 410 ± 7.7 MPa. As the

test temperature increases to 650 �C, the yield stress

dramatically drops to 185 ± 9.5 MPa. Therefore, by extracting

https://doi.org/10.1016/j.jmrt.2022.03.053
https://doi.org/10.1016/j.jmrt.2022.03.053


Fig. 3 e SEM microstructure observations of SAT-processed HSS, (b) EDS of the gray particles in (a), and (c) EDS of the white

particles in (a), EDS mapping corresponds to the entire region in Fig. (a).
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the yield stress data of SAT-processed HSS, the residual stress

of HSS was calculated and is plotted together with the hard-

ness as a function of test temperature, as shown in Fig. 6. It

can be seen that after spheroidizing annealing, the hardness

of SAT-processed HSS is 230.3 ± 6 HV at room temperature. At

T¼ 300 �C, its value drops to 195 ± 4.8 HV. Subsequently, when

the test temperature exceeds 300 �C, the hardness of SAT-

processed HSS decreases slightly and reduces to 163 ± 2.6

HV at T ¼ 650 �C. Correspondingly, it can be found that the

changing trend of SAT-processed HSS residual stress is the

opposite. For 25 �C � T � 400 �C, the residual stress of SAT-

processed HSS increases with the increase of test tempera-

ture. The residual stress reaches the maximum value of

62.6 ± 1.9 MPa at T ¼ 400 �C. When T > 400 �C, the residual

stress of SAT-processed HSS gradually reduces to

43.6 ± 2.3 MPa at T ¼ 650 �C. It should be noted that the low

residual stress in this study is attributed to the elimination of

spheroidizing annealing, which also shows the effectiveness

of the heat treatment process.

3.2. Microstructure and mechanical properties of HT-
processed HSS

SEM and EDS characterization were performed to further

reveal themicrostructure of HT-processed HSS and the results

are shown in Fig. 7. It can be seen that the microstructure
consists of tempered martensite, together with primary car-

bides MC, M6C and dispersed nano-scale secondary carbides

distributed within grains or at the grain boundaries. As

mentioned earlier, MC is identified as gray blocks and M6C is

characterized as thewhite particles, which indicates that there

is no obvious change in phases after triple tempering, as

shown in Fig. 7(a). Meanwhile, a considerable amount of the

small secondary carbides can be observed within the micro-

structure. As the quenching temperature increases, there is no

significant change in the size and distribution of the MC and

M6C, as shown in Fig. 7(b) and (c). EDS analysis was performed

on a selected area in Fig. 7(c’) and the element mapping anal-

ysis also demonstrates that the type of primary carbides has

not changed after tempering. Whereas the density of small

secondary carbides decreases with the austenitizing temper-

ature, which is observed by the negligible secondary carbides

in Fig. 7(d). This is probably related to the slower decomposi-

tion and diffusion of alloy carbides caused by the lower

quenching temperature, because M6C begins to dissolve at

higher than 1037 �C, MC begins to dissolve above 1100 �C, and
the dissolution rate of MC is slower than that of M6C [28].

Chaus et al. [29] believed that this fact can be ascribed to the

increasing stability of the austenite affected by increasing

austenitizing temperature that could result in the less inten-

sive secondary carbide precipitation from both the retained

austenite and martensite during tempering at T ¼ 560 �C.

https://doi.org/10.1016/j.jmrt.2022.03.053
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Fig. 4 e SEM images of the surface morphologies of the SAT-processed HSS after in-situ high temperature indentation at

temperatures of (a) 25 �C, (b) 300 �C, (c) 400 �C, (d) 500 �C, (e) 560 �C, and (f) 650 �C.
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Moreover, quantitative measurement of the size and vol-

ume fraction of carbides was also performed by analyzing the

SEM images through Image-Pro Plus software and the results

are shown in Table 2. It can be seen that the average volume

fractions of primary carbidesMC andM6C are 6.11 ± 1.00% and

5.69 ± 0.20% as the quenching temperature is 1100 �C,
respectively. As the quenching temperature increases to

1230 �C, the volume fractions of MC and M6C are 4.68 ± 0.20%

and 6.75 ± 0.30%, indicating the insignificant effect of the

quenching temperature on the primary carbides. This fact

strongly indicates that the total volume fraction of eutectic

carbides and the volume fraction of each different eutectic

carbide are mainly pertinent to the chemical composition

[30,31]. As the quenching temperature increases, the dissolved

carbides in the austenite increases. Therefore, the volume

fraction of carbides decreases with the austenitization
temperature, which can be evidenced from previous studies

[32,33]. However, the undissolved carbides may grow slightly

during the quenching process, leading to the gradual decrease

of the fine carbides and increase of the large carbides. Liu et al.

[34] found that the volume fraction of carbides follows a

decrease, increase, and then decreases with the increase of

the quenching temperature, which is consistent with the re-

sults in the present study.

The evolutions of the mechanical properties of HT-

processed HSS as a function of quenching temperature are

plotted in Fig. 8. Fig. 8(a) describes the effects of various aus-

tenitizing temperatures on the bending strength of HT-

processed HSS. It is found that the bending strength does

not change monotonously with increasing quenching tem-

perature. It can be seen that HT-processed HSS exhibits the

maximum bending strength after quenching at T ¼ 1200 �C

https://doi.org/10.1016/j.jmrt.2022.03.053
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Fig. 5 e Engineering stressestrain curves of SAT-processed

HSS identified by tensile tests under elevated

temperatures.
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and tempering at T ¼ 560 �C, which is 4258 ± 412 MPa. After

continuing to increase the quenching temperature, it can be

seen that the bending strength is the lowest within the range

of the studied heat treatment procedure, which is

2649 ± 136 MPa. In particular, after quenching at T ¼ 1100 �C
and T ¼ 1150 �C together with tempering at T ¼ 560 �C,
respectively, there is no significant variation for the bending

strength of HT-processed HSS. Meanwhile, the effects of

different austenitizing temperatures on the impact toughness

and Vickers hardness of HT-processed HSS are displayed in

Fig. 8(b). It can be seen that the impact toughness and Vickers

hardness show a monotonous decrease and increase ten-

dencywith increasing quenching temperature, respectively. It

can be found that the impact toughness gradually decreases

within the range of the heat treatment procedure. For

instance, the maximum impact toughness is 65.7 ± 9 J at

T ¼ 1100 �C. By contrast, at T ¼ 1230 �C, the minimum impact

toughness decreases to 29.8 ± 6.1 J. In addition, the Vickers

hardness of HT-processed HSS continues to rise with the in-

crease of quenching temperature. It changes from 611 ± 5 HV

at T ¼ 1100 �C to 881 ± 14 HV when quenching T ¼ 1230 �C.
Fig. 6 e Evolution of Vickers hardness and residual stress

of SAT-processed HSS as a function of test temperature.
4. Discussion

4.1. Evolution of hot hardness and residual stress of
SAT-processed HSS

Hot hardness plays a key role during the engineering appli-

cations of HSS and is significantly affected by the type, dis-

tribution, and morphology of the carbides in its

microstructure. From Fig. 6, it can be found that the down-

ward trend of the hot hardness is slowly within the tested

temperature range, which is pertinent to the existence of

abundant alloy carbides and high-temperature stable ele-

ments (such as molybdenum) in HSS. It was reported that

alloy carbides could compensate for the hardness level at high

temperatures due to their higher mechanical strength [35].

Meanwhile, the involved molybdenum element delays the

high temperature softening [21]. It can be inferred that SAT-

processed HSS has a relatively stable hardness level due to

the uniformmicrostructure (See the Supplementarymaterials

Fig. S1) and abundant carbides at different temperatures.

Moreover, the softening behavior of steels with increased

temperature has been accounted for by several different

mechanisms, such as the dissolution of precipitates [36]; over-

ageing of precipitates [37]; dislocation rearrangement leading

to the formation of dislocation sub-grain structure with lower

internal stress [38]; dislocation slip and deformation twinning

(up to 0.5 Tm, Tm is melting point) [39]. Based on the afore-

mentioned factors, the test temperature and time in our case

are not enough to dissolve smaller carbides and grow larger

carbides. Therefore, as T � 400 �C, it can be inferred a defor-

mation regime exists, and the yield stress below 400 �C in-

creases rapidlywith the decrease in temperature due to lattice

resistance to dislocation slip [21]. For 400 �C < T < 650 �C, it was

reported that the decrease in hardness is attributed to creep at

T > (0.3e0.4) Tm (Tm is estimated to be 1407 �C in our case by

Jmatpro software) [21]. This rate-dependent plastic deforma-

tion is considered to be dominant at T > 0.4 Tm, is likely

controlled by dislocation climb aided by increased lattice

diffusion at high temperatures [40]. Regarding the phenome-

non that the hardness at 500 �C is higher than 400 �C, which is

probably HSS under short-term deformation at high temper-

atures can be hardened due to easy dislocation proliferation

and cross-slip, and at the same time can recover due to

recrystallization, or dislocation annihilation and rearrange-

ment [41]. Hardening and recovery offset each other at once

during high-temperature deformation, so that elasticeplastic

deformation proceeds in balance. However, in this specific

temperature range, the offset and the balance no longer occur,

hardening dominates recovery. Consequently, the HSS is

strengthened [41].

One salient feature Fig. 6 is the gradual increase and then

decreasing of the residual stress with temperature, showing a

peaking phenomenon. To clarify the residual stress state, the

stress-sensitive indentation contact morphologies are

modeled, as illustrated in Fig. 9. Based on sinking-in (C2 <1) or

piling-up (C2 >1), it can be found that C2 <1 at various tem-

peratures in Fig. 4, indicating that the surface residual stress

of SAT-processed HSS is a tensile stress state. The previous

study has shown that the hardness increases with the
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Fig. 7 e Typical SEMmicrographs of HT-processed HSS under different austenitizing temperatures, (a) 1100 �C, (b) 1150 �C, (c)
1200 �C, (d) 1230 �C, where (c’) corresponds to EDS mapping, respectively.
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compressive residual stress and decreases with the tensile

residual stress [42], which is in good agreement with the

evolution trend of Fig. 6. In the presence of tensile stress, the

pileup is small but sinking. In terms of piling-up or sinking-in

behavior, the study believed that it was pertinent to the

hardening behavior (n) and yield strain (sy/E) [43]. For higher

yield strain, only sinking-in occurs, while for smaller values,

piling-up or sinking-in may occur [44]. It is necessary to

emphasize that the accuracy of residual stress evaluation

depends on material properties, friction coefficient, or

indenter tip radius, amongwhich strain hardening behavior is

the main factor that causes the nonlinear effect of residual

stress on the indentation response [45e47]. Since the
influence of friction coefficient and indenter tip radius is

almost invariable for a specific indenter in our case, it can be

concluded that the evolution of residual stress is mainly

related to material properties. Therefore, it can be inferred

that the hardening behavior and yield strain of SAT-processed

HSS at high temperatures affect the change of residual stress.

4.2. Effect of austenitizing temperature on mechanical
properties of HT-processed HSS

Austenitizing temperature has a significant impact on the

secondary carbide distribution and mechanical properties of

HSS. During the austenitizing and quenching process,
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Table 2 e Average size and volume fraction of primary carbides of HSS after annealing and tempering.

Conditions Volume fraction (%) Average size (mm)

MC M6C MC M6C

Annealing 5.05 ± 1.27 6.26 ± 0.73 6.32 ± 1.54 4.07 ± 1.60

1100@560 6.11 ± 1.00 5.69 ± 0.20 4.77 ± 0.81 2.98 ± 0.56

1150@560 6.08 ± 0.63 6.36 ± 0.23 4.93 ± 1.52 2.66 ± 0.52

1200@560 4.60 ± 0.75 6.26 ± 0.40 6.83 ± 0.21 2.79 ± 0.51

1230@560 4.68 ± 0.20 6.75 ± 0.30 6.32 ± 0.08 3.17 ± 0.07
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secondary carbides dissolve in the austenite and precipitate

again. The higher the austenitizing temperature, the more

secondary carbidedissolves. Therefore, themore alloy carbides

dissolve in the austenite, resulting in the precipitation of more

fine carbides in the temperedmartensite matrix at an elevated

quenching temperature [48]. Together with the high density of

dislocations induced by martensitic transformation, the

bending strength and microhardness of HT-processed HSS
Fig. 8 e Evolution of mechanical properties of HT-processed HS

strength, (b) impact toughness and Vickers hardness.
gradually increase, as shown inFig. 8 [5].However, anabnormal

phenomenon exists when the quenching T ¼ 1230 �C, the

decrease in bending strength is probably due to more carbides

dissolved into the austenite, and there are not enough carbides

to pin the grain boundaries, which promotes the growth of

grains and results in widermartensite lath after tempering. On

the contrary, the stability of retained austenite increases with

decreasing quenching temperature, resulting in more retained
S under different austenitizing temperatures, (a) bending
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Fig. 9 e Effect of residual stress on the contact morphology of indentation in the loaded state.
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austenite contributing tohigher impact toughness, as shown in

Fig. 8(b). Furthermore, as shown in Table 2, the influence of

carbide size on impact toughnessmay bemore significant than

carbide distribution [49].

Taking into account the same tempering conditions, HT-

processed HSS indicates exceptional high microhardness at

the quenching T ¼ 1230 �C. To further elucidate the contribu-

tion of secondary carbides tomechanical properties during the

tempering process, TEM observation was performed after
Fig. 10 e Secondary precipitation of MC in plate martensite of H

field, (c) dark field, (d) HRTEM image of MC carbides precipitated

corresponding FFT image.
quenching at T ¼ 1230 �C and tempering at T ¼ 560 �C, as
shown in Fig. 10. As expected, it can be seen that the secondary

carbide particles MC and M6C are distributed in themartensite

matrix, and themeasured sizes are approximately 224 nm and

302 nm, respectively, as shown in Fig. 10(a). The bright and

dark field images of considerably finer carbide particles,

together with selected area electron diffraction patterns are

illustrated in Fig. 10(b and c), respectively. It can be seen that

finer carbide particles are dispersed in the martensite.
T-processed HSS at austenitizing T ¼ 1230 �C, (a, b) bright
at the matrix in HT-processed HSS, the inset in d is the

https://doi.org/10.1016/j.jmrt.2022.03.053
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Fig. 11 e Schematic diagram of microstructural evolution of vanadium-modified HSS, (a) as-sprayed state, (b) after

spheroidizing annealing, (c) quenched at 1100e1230 �C, (d) tempered at 560 �C.
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Especially, using selected area diffraction patterns and lattice

parameter measurement to calibrate the finer carbide parti-

cles, it is considered that the fine carbide particles are MC-type

secondary carbide, and its stoichiometry is likely to be V8C7.

The estimated length of fine MC secondary precipitate is

approximately 45 nmby high-resolution transmission electron

microscopy (HRTEM), and the inset is the corresponding fast

Fourier transformation (FFT) image, as shown in Fig. 10(d). It

canbe observed that the fineMCprecipitate is embedded in the

martensitematrix. It should be emphasized that the secondary

carbides mainly affect the hardness of HSS, which can be

attributed to their ability to be easily dissolved during the

austenitization process [29]. Consequently, it is demonstrated

that secondary MC precipitates are the principal factor

affecting the hardness of HT-processed HSS. Moreover, the

study of Hetzner et al. suggested that disc-shaped MC and

needle-shaped M2C usually precipitate in tempered HSS [50].

However, M2C carbide failed to observe by TEM in this study

due to differences inmanufacturing routes and heat treatment

procedures [51], and similar observations have also been found

in other available data [8,52].

Especially, the origin of secondary carbides precipitated is

still an open question, which has been evidenced by Boccalini

and Goldstein [51], Ghomashchi and Sellars [53], as well as

Chaus and and Dom�ankov�a [29,48]. To clarify some
misunderstandings and statements, it is necessary to more

accurately grasp the formation mechanism of carbides to

avoid conflicting uses with the same expression. Based on the

experimental observation in our study, a possible mechanism

was proposed to account for the precipitation behavior of HSS

as processed by different heat treatments and the schematic

illustration is shown in Fig. 11. The solidification microstruc-

ture of vanadium-modified HSS manufactured by SF process

is shown in Fig. 11(a). Different from themicrostructure of HSS

fabricated by CC, the microstructure of HSS produced by SF is

composed of equiaxed grains, discontinuous and significantly

refined eutectic carbide network distributed at the grain

boundaries and within thematrix. These eutectic carbides are

marked with different symbols and colors in Fig. 11(a). The

type, morphology, volume fraction and size of eutectic car-

bides vary significantly with the chemical composition of HSS

and the cooling rate during solidification [29,48]. In addition to

eutectic carbides, the so-called secondary carbides are formed

in residual d ferrite or supersaturated austenite through a

eutectoid transformation during solidification [54]. During the

spheroidizing annealing, the secondary carbides are dispersed

in the matrix, as shown in Fig. 11(b). The M2C carbide, being

metastable, decomposes into MC and M6C carbides when

heated to 900e1150 �C [51]. In this work, the absence of M2C is

considered to be caused by decomposition during high-
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temperature hot forging. Afterwards, eutectoid trans-

formation occurs during the cooling process, and secondary

carbide particles are precipitated with a size of about

200e500 nm [55]. After quenching, the HSS microstructure

consists of quenched martensite, retained austenite and un-

dissolved carbides, as shown in Fig. 11(c). It should be

emphasized that this work believes that a small number of

secondary carbides in the microstructure are not dissolved,

which leads to inheritance in the tempered microstructure

instead of the precipitated carbides. This fact can be demon-

strated from the analysis of Figs. 7 and 8. Extremely fine

nanoscale secondary carbides are precipitated in the

martensite during tempering, as shown in Fig. 11(d). It is

worth noting that different from the aforementioned sec-

ondary carbides, the origin of these carbides is different, and

the size is less than 100 nm. In this work, the size of the

extremely fine secondary carbides is approximately 45 nm,

which is consistent with the 10e40 nm measured by Chaus

and Dom�ankov�a [29]. In general, the precipitation process is

strongly controlled by the diffusion and redistribution of car-

bon and alloying elements, as well as their mass transfer be-

tween the matrix and the secondary carbides.
5. Summary and conclusions

The microstructural evolution and mechanical properties of

spray-formed vanadium-modified high-speed steel (HSS) under

different heat treatment conditions were investigated and dis-

cussed. The main conclusions can be summarized as follows:

(1) The microstructure of spheroidizing annealing treat-

ment (SAT)-processed HSS consists of pearlite and

granular carbides. In-situ high-temperature indentation

results show that hot hardness decreases with

increasing test temperature, which is ascribed to the

surface softening of SAT-processed HSS at elevated

temperatures. Meanwhile, the surface residual stress of

SAT-processed HSS is a tensile stress state evaluated by

the indentation method.

(2) The experimental results of the mechanical properties

of hardening treatment (HT)-processed HSS show that

the microhardness increases monotonously with the

increase of the quenching temperature, the bending

strength reaches the maximum value at T ¼ 1200 �C,
and the impact toughness decreases monotonously.

(3) Transmission electron microscopy (TEM) observation

suggests that numerous nano-scale MC carbides are the

main factors affecting the hardness of HT-processed

HSS. A possible mechanism is proposed to elucidate

the evolution of carbide precipitation behavior during

different heat treatment processes.
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