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Abstract

This paper reported the facile fabrication of high-vanadium high-speed steel (HVHSS) by the conventional powder metallurgy
process for the wear-resistant applications. The effect of compaction pressure and of subsequent sintering temperatures on the
formability and structural evolution of HVHSS was assessed by scanning electron microscopy (SEM) with electron-dispersive
spectra (EDS), and X-ray diffraction (XRD) analysis. The results well revealed the primary constitution composed of mixed
hardening phases MC and MC existing within the x-ferrite matrix after hot solidification, and the association of microstructural
alteration with the sintering temperatures was discussed for as-obtained HVHSS specimens. The HVHSS attained the desirable
values of mechanical hardness and bending strength and thereby delivered the capability of friction reduction and wear inhibition,
closely depending on the sintering temperature. The optimal sintering condition was determined on the basis of bulk density,
shrinkage, and capability assessments. A well-established fabricating route for producing high-quality HVHSS was explored
through the combined process of cold compaction and subsequent sintering on the conceptual design of chemical composition
and alloying design of commercial M2 steel.

Keywords Powder metallurgy - High-vanadium high-speed steel - Microstructure - Sintering temperature - Friction and wear -
Mechanical property

1 Introduction capabilities of aluminum alloys only applicable at

room/ambient temperatures [5—9], HSS can be applicable to

To fulfil ever-increasing demands in high-strength steel
manufacturing processes, the pursuit of innovative steel-
based tool materials with superiority of wearing durability
and operational stability has been continuous to assure the
reliable operation of advanced manufacturing processing and
the quality of ultimate products. High-speed steel (HSS) dem-
onstrates the unique properties of abrasion resistance and ther-
mal strength coupled with appreciable hot hardness, which
have been applied as the tool material and wear-resistant parts
[1-4]. Different from the mechanical and wear-resistant
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be the work rolls as the finishing stands of hot rolling sector
especially submitted to the harsh ambiences, due to the excel-
lent thermo-mechanical strength and exceptional toughness of
bulk [10-13].

From the compositional and structural view, HSS is a typ-
ical metallic matrix composite (MMC) made of a ferrous ma-
trix with the hardening inclusions such as ceramic carbides, in
which the main alloying elements are chromium, vanadium,
molybdenum, and tungsten in equilibrium with carbon [1].
Recent research towards high-speed steel is the simultaneous
increment of vanadium and carbon with reducing the tungsten
concentration, as service lives of such HSS is three times
longer than that of high chromium cast iron and ten times
longer than that of high manganese steel [14]. Such type of
HSS contains higher amount of vanadium (9~10 wt%) and
carbon (3~3.4 wt%), which are beneficial to refine the eutectic
carbides of the M,C and M,C; types through forming fine and
globular MC particles due to the well-dispersed hard VC car-
bides, which eventually promote the strength and toughness
against abrasion and impact at elevated temperatures [14—17]
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and prolong the work roll substantially [18]. Furthermore,
higher amount of vanadium improves the tribological durabil-
ity and adaptability evaluation simultaneously by the favor-
able lubricity due to vanadium oxide at rubbing interface [18,
19].

The typical composition of eutectic carbides within the M2
steel is summarized in Table 1. The M2 steel generally con-
tains 1.5~2.5 wt% C, up to 6 wt% W, up to 6 wt% Mo, 3—
8 wt% Cr, and 4-10 wt% V. An empirical value of 4 wt% for
chromium carbide ensures strength and toughness at the right
balance [16]. Another primary alloying element is molybde-
num with the content of 3~8 wt%, which can improve the
hardenability by lowering the critical cooling rate.
Molybdenum forms the cemented carbides as tungsten does
since it has about half the atomic weight of tungsten, 1% Mo
being used to replace 2% W. Molybdenum has a relatively
lower melting point as compared with tungsten. Because of
shortage of W together with complex heating processing tech-
niques, the use of Mo to replace W became fairly common in
the manufacturing HSS. In this study, part of Mo,C was ap-
plicable as the candidate of WC.

High concentrations of vanadium and carbon additions
promote the wear prevention significantly in comparison with
the normal HSS [14, 18]. Note that the concentration of car-
bon within iron matrix is totally 1.5~2.5 wt%, while the car-
bon inclusion within the iron matrix rather than that of eutectic
carbides in the range of 0.3~0.6 wt% specifically gives the
substantial contribution to wear resistance, red hardness, and
compressive strength [20]. If quantity of carbon is in excess of
0.6 wt%, a large amount of mixed austenite and lamellar mar-
tensite is retained and as a result, the comprehensively me-
chanical capability of steel deteriorated [17]. The excessive
addition of vanadium and carbon thus impairs the hot work-
ability [21]. So a critical value of additional carbon (0.6 wt%)
is selected and further justified in the experimental section.

Various types of alloying carbides presenting within the
iron matrix are harder than that of cementite and martensite
of steel and thus enable the superior capability against impact
and fracture during hot manufacturing operations [18, 19, 22,
23]. Thus, the final performance of HSS strongly relates to the
balanced composition of carbon and alloy constituents within
the iron matrix in terms of the deliberate content, morphology,
and particle size distribution of carbides, where the hard

Table 1 Primary carbides and corresponding carbon content of M2
steel (Wt%)

Carbide W,C wC Mo,C FesMos;C  Cr,Cs
Carbon content (%) 0.0316 0.0613 0.0591 0.0257 0.0900
Carbide Cr3C2 Cr23C6 Fe3 CT3C vC

Carbon content (%) 0.1333  0.0568 0.0358  0.1907

Source: [16]
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phases of M¢C, M,C, M5C;, and MC eutectic carbides con-
tribute substantially to the mechanical reinforcement and wear
mitigation [15, 22]. However, coarse carbides and consequent
formation of large carbide networks during sintering process
often lead to the detrimental stress accumulation and more
brittleness that promotes crack initiation readily, which fatally
undermines the toughness of HSS [24, 25].

In an effort to reduce the complexity of PM manufacturing
and to improve tribological adaptability, a facile fabrication
was proposed to develop HVHSS on the basis of alloying
composite and metallographic composition of commercially
M2 steel, where part of Mo,C is used as the replacement of
WC and high vanadium carbide presented in this powder for-
mulation. The overall aim of this study was to develop the
well-established program of compaction and sintering for the
reliable production of HVHSS through the conventional pow-
der metallurgy route. The structural verification and the me-
chanical hardness, fracture toughness, and tribological capa-
bilities were performed for developing HVHSS in this study.

2 Experimental details
2.1 Materials

The main raw materials listed in Table 2 were supplied by
Chengdu Chemical Reagent Manufacturer in China.
According to the alloying concept of proposed HVHSS, the
weight proportion of mixed powders is given in Table 2,
which were further weighed for mixing powders by the elec-
tronic analytical balance with a resolution of 0.00 01 g. An
addition of 0.5 wt% carbon in the form of graphite powder (<
5 um) was added to improve the sintering availability of the
HVHSS materials, which was ascertained and justified from
the following calculation. After wet milling process, the mean
particle size was around 6 pm.

Within the M2 steel, the content of Cr, Mo, and V should
be 4 wt%, 5 wt%, and 5 wt%, respectively. On the concepts of
the alloying strategy and eutectic carbide composition within
the HSS matrix, carbide powders were utilized directly as the
pristine powders instead of metallic Cr, Mo, and V. The pri-
marily eutectic carbides and respective carbon content (wt%)
within HVHSS are found in Table 1. As Mo and C form
Mo,C, several types of chromium carbides exist such as

Table 2  Elemental composition of proposed HVHSS
Mo Cr \% C Fe
Concentration (wt%) 5 4 5 26 834
The weight concentration of mixed powders for fabricating HVHSS
Mo,C Cr;C, vC C Fe
Concentration (Wt%)  5.3140  4.6152  6.1782 0.5 834
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Cr,Cs, Cr3C,, Crp3C, and (Fe, Cr)gC. Normally, (Fe, Cr)6C,
also namely Fe;Cr;C, accounts for 50%, while Cr,Cs, Cr3C,,
and Cr,3Cg represent the other 50% [16]. Moreover, Fe further
accounts for 85% of C amount with higher concentration of
martensite, equal to 0.51%; the carbon content within the steel
matrix was assessed according to the empirical formula:

w (C) = 0.0646w (Cr) + 0.0591w (Mo) + 0.1907w (V)
+0.5
= 1.507 4+ 0.5 = 2.007

Accordingly, the chemical composition of HVHSS and
corresponding percentage of raw powder materials in this
study is shown in Table 2. Generally, HVHSS obtained from
the conventional PM route usually contains about 15%
undissolved carbides and about 15-30% untransformed aus-
tenite [21]. The subsequent quenching and tempering process-
es are necessarily required to render the martensite softening
and to yield more precipitation of eutectic carbides [26]. In
this study, the optimization of pore free HVHSS was mainly
considered with respect to the compacting pressures and the
sintering temperatures, the following influence of the multi-
plication of heating treatment on the structural restoration and
performance improvement of sintered HVHSS specimens will
be addressed later.

2.2 Processing (milling, granulation, compaction,
and sintering)

The HVHSS with nearly full densification was achieved by
the conventionally powder metallurgy sintering route, in
which the milling, granulation, compaction, and sintering op-
erations were involved with. The mixed powders were blend-
ed homogeneously by a wet ball milling process in a planetary
mill for 240 min at a constant speed of 300 rpm, where zirco-
nia (@ 5 mm) was used as the ball mill material while the mill
jar was zirconia as well, and anhydrous ethanol was selected
as the media. The milled powders were then put into a vacuum
drying oven and dried at a temperature of 80 °C for 6 h. The
following process was to transform relatively fine powders
into free-flowing granules that are ready to compress, namely
granulation. The granules were then cold-pressed using the
uniaxial compaction for 3 min, where ®20 Cylindrical
Cr12MoV was used as the mold and the compaction pressure
were set in the range of 100~400 MPa. The obtained green
parts were consolidated by the non-pressure vacuum sintering
process.

The sintering process was conducted in the heating furnace
(Carbolite CWF 1200) with a vacuum of 10 '~1072 Pa; the
sintering process is further depicted in Fig. 3b. Samples were
firstly heated up to 450 °C at a rate of 15 °C/min and

maintained for 15 min to eliminate the compaction lubricant
of paraftin. They were continuously heated up to 1000 °C at a
rate of 10 °C/min and maintained for 30 min. Subsequently,
the sample was heated up to the designated sintering temper-
ature at a rate of 10 °C/min and then maintained at targeted
temperature with a duration of 60 min. Finally, the samples
were cooled down to room temperature inside the furnace
under the pressure of 10 Pa at the cooling rate of approximate-
ly 15 °C/min. The HVHSS samples sintered at 1150 °C,
1150 °C, 1175 °C, 1200 °C, 1225 °C, 1250 °C, and 1275 °C
were respectively attained to get the evaluation of the effect of
sintering temperature on the formability and performance of
HVHSS specimen.

2.3 Mechanical and wear resistance assessments

The microhardness tests were carried out with a Micro-
Vickers hardness tester. Eleven measurements were
performed for each reported value. The load used was 500 g
for 15 s, and the values were reported as HV500 units. The
apparent fracture toughness was determined using the single-
edge Notched Beam Method on a 10-ton capacity universal
tester. The specimens were loaded in three-point bending at a
crosshead speed of 0 .3mm/min according to ASTM E399.

Friction and wear behaviors of as-sintered HVHSS speci-
mens were conducted on a pin-on-disc apparatus. An alumina
ball of 6.35 mm with a Mosh hardness of 8.8 was slid against
the sintered HVHSS discs. The sliding conditions were the
applied load of 30 N, a reciprocating speed of 200 m/min with
a stroke of 10 mm, and the sliding duration of 60 min. The
wear loss was calculated from three repetitive tests by mea-
suring the worn cross section to compare the wear resistance
of HVHSS sintered at different temperatures.

2.4 Characterization

Densities were measured by the Archimedes’ method
according to according to ASTM C373-88. The relative den-
sity was calculated on the basis of the absolute density of
specimens. After sintering, the size of sintered sample at dif-
ferent temperatures was measured with a digital caliper to
calculate the shrinkage percentage. Morphological and com-
positional analyses were conducted by metallographic micro-
scope and scanning electron microscopy (SEM) with energy-
dispersive spectroscopy (EDS), where the samples were pre-
pared by the mechanical polishing and etching with 4% Nital.
The mean size of eutectic carbides was measured by the quan-
titative evaluation using the PhotoLib function. The structural
transformation of the as-sintered HVHSS was analyzed by the
X-ray diffractometry with Cu K radiation of A =1.5406 A
using a Ni filter and with a secondary graphite monochroma-
tor, where a scanning range of 26 =20~80° with a step of
0.03° and 0.4 s was used. The phase identification was carried
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out by comparing the experimental XRD patterns with the
standard files compiled by the International Center for
Diffraction Data (ICDD). STA449F3 Synchronous Thermal
Analyzer was used to do the differential scanning calorimetric
(DSC) analysis to quantify the weight loss, melting tempera-
ture, and possible reactions due to the endothermic/
exothermic process; the sample (16 mg) in the alumina con-
tainer was heated up to 1400 °C under the atmosphere of
argon gas.

3 Results and discussion
3.1 Analysis of compacted HVHSS before sintering

The obtained granules were mostly round but irregular in
shape as shown in Fig. la; their mean particle size was in
the range of 75~100 um suited for the compaction. From the
view of microstructural analysis, it has been claimed that car-
bide networks were prone to form if pure metallic alloying
elements were applied for the production of HVHSS, which
undesirably undermined the plasticity and toughness of steel
matrix. In this study, such Mo,C, Cr;C,, and VC were directly
selected as the pristine materials together with additional
graphite and iron powders. After cold compaction, the speci-
men was analyzed by the XRD technique, as shown in Fig. 1b.
It well demonstrated the mixed powders consisting of iron
matrix and corresponding carbides including VC, Mo,C,
and Cr;C,, without any characteristic of graphite powder.

3.2 The compressibility assessment of compacted
HVHSS before sintering

The compressibility of HVHSS specimen was characterized
by the green density as the function of the applied compaction
pressure in Fig. 2. Normally, the desirably green density could
be achieved at a defined applied pressure [27]. The green parts
could be reproducible and controllable using the PM
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Fig. 2 Topography and corresponding density of the green HVHSS parts
after cold compaction at different pressures

fabrication, as shown by the inlet in Fig. 2. Seven compaction
pressures were selected within the range of 100~400 MPa
during the cold compacting operation. The results displayed
the green density increased along with the increment of com-
paction pressure; the consolidated samples got a better attain-
ment of sufficiently high densification due to increasing
contacting area and the massive agglomerations of cemented
carbide particles.

From 100 to 200 MPa, the powders tended to be brought
close together, leading to the rearrangement of its displace-
ment and the defects to be filled during compaction; the den-
sity as a result increased. As the pressure varied from 250 to
400 MPa, the powder constituents suffered deformation that
was as the result of particle movement and orientation; the
density continued to increase but grew up slowly in Fig. 2. It
was noted that compaction pressure increased up to 350 MPa;
the green density nearly kept the consistent trend with the
sintered density and shrinkage rate as shown in Fig. 4.
However, if the compaction pressure was lower, the sample
peeled off easily. In the range of 250~400 MPa, the HVHSS
specimen maintained good conformability, but some cracks
appeared once the compacting pressure was 400 MPa, which
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Fig. 1 Spherical morphology of mixed powders after granulation (a) and XRD pattern of mixed powders after wet milling process (b)
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was due to bulk compression and involved with fracture or
fragmentation of brittle powders [28]. In this case, the com-
paction pressure was 350 MPa for HVHSS fabrication with
sufficiently high densification; the corresponding density and
green density are around 5.3854 g/cm’ and 7.6238 g/cm’,
respectively.

3.3 Sintering temperature determination for HVHSS

During the sintering process, the temperature must reach up to
the solidus line where the liquid phase comes, whereas
overheating in the contrast causes the rapid grain growth and
formation of a continuous carbide network [29]. So the
sintering temperature is the critical parameter to get the opti-
mal volume of hardening carbide precipitations within the
steel matrix. In order to assure the optimum temperature peri-
od of elimination of organic reagents and phase transforma-
tion during sintering process, thermal analysis by DSC was
conducted to speculate the reactions during hot consolidation
of greet bodies, as shown in Fig. 3a.

Itis found in Fig. 3a that the weight loss at 400 °C is mainly
due to the elimination of organic binder. As the heating in-
creased up to around 830 °C, the peak corresponded to the
transformation from ferrite to austenite. As the temperature
reached up to 940 °C, the sample on the contrast gained the
weight due to oxidation, which was associated with the spec-
imen with relatively high surface area and some entrapped air.
For example, vanadium carbides have the higher affinity with
oxygen as high oxygen partial pressure exists [30, 31]. Not
only is the vanadium-rich MC carbide oxidized, but also is the
oxidation of fine Mo-rich M,C carbides. This can be
explained to be responsible for the weight increment.

When the temperature was over 1100 °C, the curve is dif-
fused due to dissolution of carbides, indicating the beginning
of sintering. Close to 1300 °C, the amount of liquid increased
gradually due to melting of the austenitic phase and the car-
bides. During cooling process, the cooling temperature was
relatively slow; thus, solidification of the liquid phase started

1.0

with the MC carbide after appearance of a solid matrix (aus-
tenitic phase), formation of M¢C carbide, and then nucleation
of the martensite phase () which is favored by the high con-
tents of alloying elements like V and Mo. Thus, the effect of
the sintering temperature from 1100 to 1300 °C on the struc-
tural justification and performance optimization was mainly
investigated in the following sintering process.

3.4 Density and shrinkage rates of sintered HVHSS

After compaction, the powders were in intimate contact with
each other at points and some pores still existed among pow-
ders, or even large vacancies formed in some locations due to
the irregular powder shapes [32]. The following sintering pro-
cess turned the green bodies into a dense part. Figure 4 dem-
onstrates the relative density and shrinkage rate of as-sintered
HVHSS samples compressed at 350 MPa at different temper-
atures. With the increment of sintering temperature, the rela-
tive density and shrinkage rate rose. From 1150 to 1225 °C,
the densification firstly increased and then became mediate,
which was due to the solid sintering process [33]. In contrast,
the relative density increased sharply when the temperature
was from 1250 to 1300 °C, which could be attributed to very
less porosity within HVHSS due to the coexistence of liquid
plus solid sintering processes [34]; the relative density even
reached up to 98.01% in Fig. 4, which was consistent with the
weight loss in the DSC analysis (Fig. 3a). Note that the rela-
tive density and shrinkage rate increased continuously with
the temperature increment from 1250 to 1275 °C. Since the
sample sintered at 1250 °C still had a few pores, further
heating facilitated improving diffusion and reaction among
powders; the porosity would be less or even eliminated.
However, the sintered HVHSS at 1300 °C displayed an irreg-
ular cylinder shape with the overmelted edge; the value of
relative density was obtained, but it was difficult to calculate
the shrinkage rate (thus not provided in Fig. 4).

The tendency of shrinkage rate was almost consistent with
the change in relative density for HVHSS at different sintering
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Fig. 3 Differential scanning calorimetry (DSC) curves (a) and schematic of detailed sintering processes for HVHSS (b)
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temperatures, as shown in Fig. 4. A slight shrinkage of volume
appeared as the temperature was less than 1225 °C, due to the
solid sintering process. When the temperature was higher than
1225 °C, supersolidus liquid-phase sintering came up with the
less porosities and a sharp increase in the volumetric contrac-
tion and thereby the shrinkage value, which was in good ac-
cordance with the DSC analysis in Fig. 3a. Those values in-
dicated the phase transformation from single solid sintering to
solid consolidation together with liquid sintering. The increas-
ing shrinkage from 1250 to 1275 °C further elucidated that the
sample at 1250 °C still had a few pores; further increment of
temperature led to as-sintered compact more densified.
However, the liquid-phase volume fraction will be increased
with the sintering temperature increase. Sintering temperature
of 1300 °C conversely probably produced excessive liquid
and resulted in the distortion of part; the overmelted appear-
ance even occurred in this case. These values allowed to get a
better attainment of the sintered HVHSS samples with full
density at the temperature of 12501275 °C.

The values in relative density and shrinkage at different
sintering temperatures in Fig. 4, together with the DSC anal-
ysis of HVHSS in Fig. 3a, well indicate sequential occurrence
of binder elimination, transformation from ferrite to austenite
and formation of principle carbides accompanied by excessive
liquid-phase formation. Also, the increasing sintering temper-
atures facilitated the matrix densification followed by less
pores.

3.5 Structural analysis of sintered HVHSS

Figure 5 shows the microstructural evolution of as-sintered
HVHSS samples at the temperatures of 1150 °C, 1175 °C,
1200 °C, 1225 °C, 1250 °C, 1275 °C, and 1300 °C, respec-
tively. The results well affirmed that the studied HVHSS

@ Springer

Sintering temperature (°C)

consists of dominant austenite (A) and martensite (M), with
amount of o-Fe matrix and two primary types of carbide pre-
cipitations (MC and M¢C) in Fig. 5. As compared to the pris-
tine mixed powders in Fig. 1, such peaks associated with
Mo,C and Cr;C, disappeared while vanadium carbide was
more distinguishable, which was explained to be due to the
dissolution of alloying carbides and carbon into austenite
when the sintering temperature was sufficiently high temper-
ature. The XRD patterns further justified the grain growth and
increasing concentration of carbides by the enlarging diffrac-
tion peaks corresponding to the precipitated MC and M¢C
type carbides. It was noticeable that the major diffraction
peaks corresponding to MC and MC phases at 1275 °C were
more intensive than that at 1250 °C. Further, as the sintering
temperature went higher, the intensified M and A components
are observed in Fig. 5. Nevertheless, excessive amount of
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Fig. 5 XRD patterns of sintered HVHSS specimen at different
temperatures
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austenite (A) conversely undermined the mechanical capabil-
ity of HVHSS as shown in Fig. 8. In addition, M¢C type was
preferentially dissolved within the ferrous matrix, which was
hardly distinguished from the MC, which was ascribed to the
nucleation of the MC carbide at the MC/austenite interface
and the MC carbide inside the M¢C carbide or at the MC/M¢C
interface [28]. At the relatively lower sintering temperature of
1150 °C, trace of cementite is found in Fig. 5, which was due
to the eutectic solidification of iron together with carbon
according to metastable Fe—C phase diagram.

The optically metallurgic microscopy of HVHSS well fur-
ther revealed the improved densification with no significant
porosity among the sintered HVHSS specimens in Fig. 6. It
could be observed that the grain size was gradually increased
with the increment of the sintering temperature. However, as
the temperature further increased, matrix and carbide coarsen-
ing took place. In the range of 1150-1200 °C, processes of
segregation and solidification were presented, due to the solid
phase dissolution in the structure. Thus, the carbide phase was
highly dispersed within the matrix without the distinct

increase in the carbide size, but the densified degree increased
continuously in Fig. 4. At 1225 °C, the eutectics phases
appeared as shown in Fig. 6d. The MgC and MC carbides
mainly retained the globular morphologies along the grain
boundaries throughout HVHSS, without a skeleton-type eu-
tectic surrounding the ferrite grains or carbides coarsening.
However, the XRD patterns with the characteristic of the
narrowing peaks are observed in Fig. 5, which indicated the
liquid-phase reactions occurring during the sintering. The
comparison of the optical images well revealed that relatively
homogeneous dispersion and finer grains happened at
1250 °C in Fig. 6e. The liquifying process continued at
1275 °C was accompanied by the perceivable carbides that
coalesce; more liquid phase came, and crystallite grains began
to engulf adjacent crystal grains in Fig. 6f. However, large
blocky carbide grains appeared at the grain boundaries as
the sintering temperature further increased to 1300 °C; the
carbide grain growth is observed obviously in Fig. 6g. As a
result, the deterioration of mechanical properties is found in
Fig. 8, due to more weakening action of the carbide networks.

20pm

Fig. 6 Optical observation of sintered HVHSS at different sintering temperatures. a 1150 °C. b 1175 °C. ¢ 1200 °C. d 1225°C. e 1250 °C. f1275°C. g

1300 °C
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The eutectic carbides could be further identified by the
SEM/EDS analysis. Figure 7 shows the microscopic observa-
tion of sintered HVHSS specimen at 1275 °C. As the sintering
temperature was at 1275 °C, both as-rounded carbide particles
within the grains and as-angular or continuous carbides at the
grain boundary of prior austenite are shown in Fig. 7. The
vanadium carbides could be distinguished from the matrix
easily as shown by the green color coded in the EDS mapping,
which well elucidated the gray intercellular or interdendritic
phases with high amount of vanadium carbides in the SEM.
The EDS qualitative analysis further showed intense charac-
teristic peaks pertaining to M and A at A and D locations,
while higher quantities of vanadium carbides have been
recorded in the B and C locations. There obtained a distinct
contrast between the underlying ferrous matrix and VC inclu-
sions. The EDS-mapping analysis further clarified the distri-
bution of iron, chromium, molybdenum, and vanadium within
as-sintered HVHSS matrix. It was found that there was a
strong signal of vanadium and a slightly weak signal for Mo
and Cr along with the vanadium carbide distribution; vanadi-
um carbide was overlapped with the molybdenum and chro-
mium carbides. It is clear therefore that carbides (e.g., chro-
mium, molybdenum, and vanadium) had high solubility

Date :12 Mar 2018
Time 95244

WD = 11.5mm

Spm

within austenite, while complex carbide gradually precipitated
in the ferrite.

With the sintering temperature increasing, grain coarsens
and carbides were preferentially moved to the interfaces and/
or recombined with the surrounding carbide components and
iron matrix. Such Mo,C carbide preferred to be MgC and VC
would be transformed into MC, while chromium carbide
tended to form the interstitial phases with the involvement of
Fe [35]. Such carbide either was situated inside grain or was
entrapped in grain boundaries, as affirmed in Fig. 7. It could
be concluded that vanadium carbide presenting as the partic-
ulates were dispersed within the ferrous matrix while Mo and
Cr carbides were dissolvable into the ferrous matrix.

3.6 Mechanical and tribological assessments

The values of mechanical hardness and bending strength for
as-sintered HVHSS at different temperatures are shown in Fig.
8. It could be found that for the sintering processes conducted
at 1150 °C, the hardness was no more than 200 HV. As the
sintering temperature rose, an increase of the hardness
reaching more than 850 HV at 1275 °C happened. However,
when the sintering temperature further increased to 1300 °C,
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Fig. 7 SEM observation and corresponding EDS-mapping analysis of sintered HVHSS at 1275 °C
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Fig. 10 General view of the
fracture surface (a), transgranular
brittle fracture zone (b), ductile
dimpled fracture (¢, d) of HVHSS
sample sintered at 1275 °C

15kV X500

pores were probably eliminated; the mechanical strength in-
stead became worse due to excessively large grain size [36,
37], as shown in Fig. 8. This was consistent with the observa-
tion of excessive growth of grain in Fig. 6g.

The bending strength of HVHSS displayed the similar ten-
dency with the increment of sintering temperature, which was a
typical evaluation of bulk toughness. It was noticeable that
HVHSS demonstrated the poor bending strength at the sintering
temperature of 1150 °C, around 400 MPa; the rise of sintering
temperature helped enhancing the bending strength, and a
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maximum value of 1100 MPa came at 1275 °C in Fig. 8. On
the basis of Fig. 4, the increased densification and less porosity
within the matrix contributed significantly to the improvement in
mechanical properties of HVHSS. In contrast, the decrease in the
bending strength became accentuated for the continuous incre-
ment of sintering temperature to 1300 °C. These happenings
were closely associated with the structural restoration during
sintering in terms of MC carbide/matrix interface and the bal-
anced austenite and martensite phase, e.g., carbide morphology
and distribution [38, 39]. For example, the intensified diffraction
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peaks corresponding to the martensite phase and eutectic car-
bides contributed to the weakened strength and toughness as
shown in Fig. 5.

Generally, the fracture initially occurred after cracking be-
tween brittle carbides and martensite matrix that would create
subcritical cracks; once the growing crack exceeded the critical
length, failure of HSS definitely took place with the sudden
brittle fracture [40]. The improved mechanical performance
of sintered HVHSS dominantly depended on the microstruc-
ture transformation, smaller grain size, and more uniform and
finer distribution of primary carbides. The mechanical capabil-
ity of HVHSS was optimum as the sintering temperature was
1275 °C in this study. The following optical observation of
fractured HVHSS well showed all fractured surface with no
appreciable plastic deformation in Fig. 9. Looking at the frac-
ture surface with a SEM, there are two key features, a large
quantity of dimples and microvoid coalescence as shown in
Fig. 10, which well indicated the cooccurrence of ductile and
brittle fracture for sintered HVHSS at 1275 °C. In the case of
microvoid formation in HVHSS, these voids are closely asso-
ciated with microscopic contaminants within HSS matrix, e.g.,
entrapped gaseous media [41]. Particle cracking or interfacial
failure between precipitate particles and the matrix is reported
to be mainly responsible for this fracturing process of HVHSS
specimen at 1275 °C [42, 43]. Thus, the further quenching and
annealing process were required to refine globular particles to
lower brittleness and suppress crack propagation [44], thus im-
proving the strength and toughness of sintered HVHSS.

Appreciable sintering temperature promoted densification
and more transformation of retained austenite into martensite,
which led to the improved mechanical capability of bulk
HVHSS associated with the hard-yet-tough nature, conse-
quently inhibiting wear and stabilizing friction [45, 46].
Figure 11 shows the variations of friction and wear behavior
of the sintered HVHSS samples at different temperatures.
Friction results revealed the average coefficient of friction
against alumina ball in the range of 0.55~0.65. As the
sintering temperature increased, HVHSS was more densified
to promote the sliding stability during friction evaluation. The
lowering friction was closely associated with relatively higher
inclusion of vanadium carbide within HSS that delivered the
benefits of lowering friction. At the stressed shearing contacts
in air, tribo-induced reactions facilitated the phase transforma-
tion from carbide into oxides, which was assumed to be the
contribution of friction reduction. In particular, the vanadium
oxide has the inherent structure composed of multiple V,05
layers stacked via van der Waals force and makes itself avail-
able as the solid lubricants, which facilitate improving the
frictional stability due to the crystallographic slip attribute
[19]. Thus, sufficiently, high inclusion of vanadium carbide
is beneficial to lower friction.

As for the wear of as-sintered HVHSS, it was primarily
attributed to the large amount of reinforcing carbide particles

that act as obstacle against abrasive and adhesive wear. Though
wear and friction assessment of sintered HVHSS were
conducted at room temperatures, still desirable capability of
HSS with high vanadium was achieved as expected.
However, HVHSS specimen was overheated by as little as
5 °C; rapid grain growth and formation of a continuous carbide
network occurred, which as a result damaged the comprehen-
sively mechanical capability of bulk [14, 37]. Thus, wear in-
crement took place at the sintering temperature of 1300 °C as
shown in Fig. 10. In this study, apart from high inclusion of
vanadium carbide, balanced formation of complex carbides and
martensitic microstructure contributed to the desired strength
and toughness and the consequent improvement in wear pre-
vention at the sintering temperature of 1275 °C.”

4 Conclusion

In this work, direct production of HVHSS was achieved by the
conventionally powder metallurgical processing including
cold compaction and controlled sintering. The alloying pro-
cess with the direct use of hardening carbide demonstrates the
superiority of fabrication of high strength high-speed steel
products that are potentially used for hot rolling sector.
HVHSS retained the desirable structure and mechanical capa-
bility and enabled friction reduction and wear mitigation high-
ly depends on the sintering temperatures. Chromium carbide
Cr,C; and Mo,C were dissolved within ferrous matrix, while
grain size and distribution of vanadium carbides varied with
the sintering temperatures. The samples sintered at 1275 °C
demonstrated the optimal mechanical and tribological capa-
bilities, which could be associated with not only the physical
aspects including sufficient densification and carbide grain not
too coarse as well as relatively uniform dispersion but also
higher amount of vanadium carbide that makes significant
contribution to the improved refinement of more hardening
precipitates with the martensitic structure. On the basis of
the existing results obtained so far, future work is proposed
for the integrated strategies of tempering and annealing to
optimize the toughness and strength of HVHSS.
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