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Abstract: Currently, hot isostatic pressing (HIP) is widely used to produce highly alloyed high speed
steels (HSSs) in an industrial scale; however, the HIP’s production cost is very high. Another powder
consolidation approach with low production cost, namely vacuum hot-pressing (VHP), has hitherto
received limited attention. The present work aims to develop an innovative solid-state VHP approach,
producing HSSs with large cross-sectional sizes via a VHP facility having low loading capacity, thus
further decreasing production cost. In doing so, VHP is performed at a sufficiently high temperature
such that the pressure leading to full densification can be significantly reduced to a magnitude as low
as several MPa; simultaneously, VHP is completed within a timeframe as short as several seconds
to minutes, retaining fine carbide sizes; subsequently, the as-VHP HSS is diffusion-bonding treated
(DBT-ed) at a relatively low temperature, achieving full metallurgical bond between powders while
minimizing carbide growth. In the present work, T15 HSS was processed using the above VHP
approach. The VHP temperature as high as 1200 ◦C was selected and consequently, the minimal
pressure leading to full densification was decreased to ~7 MPa. By controlling displacement of
pressing punch to a value corresponding to full densification, the VHP was competed for only
15 min. The almost fully dense as-VHP T15 HSS exhibits submicrometric carbide sizes smaller
than those in the as-HIP counterpart, but incomplete metallurgical bond between powders. After
diffusion bonding treatment at a relatively low temperature of 1100 ◦C for 2–4 h, the extent of
metallurgical bond between powders is significantly enhanced with insignificant carbide growth.
After regular quenching and tempering, the VHP plus DBT-ed T15 HSSs exhibit smaller average
primary carbide sizes and similar hardness and three-point bend fracture strength, relative to those
in the HIP counterpart after similar quenching and tempering.

Keywords: high speed steel; powder metallurgy; vacuum hot-pressing; hardness; bend fracture
strength

1. Introduction

High speed steels (HSSs) is a class of tool steels containing high contents of carbon
and alloying elements, including W, Mo, Cr, V, Co, etc. They exhibit high hardness and
wear resistance at room temperature and even at elevated temperature [1]. As a result, they
are widely used to manufacture cutting tools, as well as dies and wear-resistant parts [2–4].
It is well established that size, distribution, morphology, and amount of primary carbides
critically affect mechanical properties of HSSs [5,6]. Fine carbides uniformly dispersed in
the matrix can significantly improve the performance and service life of the high-speed
steels [7–9]. During conventional casting, slow cooling rate together with high contents of
C and alloying elements leads to coarse ledeburite eutectic structure and severe carbide
segregation [10–12], which promote nucleation and quick propagation of microcracks along
coarse carbides, and thus early failure of as-cast HSSs [13]. Although the coarse herringbone
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carbide can be broken in the subsequent hot-working process, the coarse granular carbides
and residual segregation will still significantly deteriorate the mechanical properties of HSS.

In order to solve the above problems, a large number of powder metallurgy (PM)
techniques have been developed, such as hot isostatic pressing (HIP), supersolidus liquid
phase sintering (SLPS), spark plasma sintering (SPS), additive manufacturing (AM), etc.
These techniques usually use inert gas or water atomized prealloyed powders as raw
materials. The ultra-high cooling rates during atomization process eliminate segregation
and produce fine and uniformly distributed carbides [14–16]. However, the above PM
techniques have their advantages and disadvantages. Although SLPS can make large-size
fully dense HSSs, high sintering temperature inevitably leads to carbide coarsening [17].
In addition, pressureless SLPS requires compacts with sufficiently high green strength
as precursors. During cold pressing of water atomized powders, shaping agents need
to be added. Difficulty to completely remove shaping agents during SLPS introduces
additional oxygen and other impurities [18,19]. SPS can produce fully dense HSSs at lower
temperatures and for shorter time than conventional powder consolidation techniques,
but the size of products that can be produced by SPS is small [20,21]. As an emerging
PM technology, AM manufacturing has the advantage of rapid solidification, yielding
fine carbides [22,23]. It can also be used to manufacture dies and molds with complex
geometry [24]. However, low productivity of AM and high susceptibility of AM processed
HSSs to cracking limit widespread applications of AM in large-scale production of HSSs [25].
As a widely used PM technique to produce HSSs in industrial scale, HIP enables full
densification at lower temperatures, retaining fine carbides [16,26,27]. However, very
expensive equipment and complicated multiple processing steps result in high production
cost during HIP. Another well-developed PM technique, namely vacuum hot pressing
(VHP), is also able to consolidate HSS powders to full densification at lower temperatures
and thus to achieve the retention of fine carbides. Interestingly, VHP can also produce
HSSs at the industrial scale, but with much lower production cost than that during HIP.
However, VHP has heretofore received limited attention [19,28].

In a related study [28], Qiu et al. consolidated prealloyed powders of a high C and Cr
tool steel Fe-2.6C-2.3V-1.1Mo-1.4Nb (wt%) by VHP at temperatures of 1100 and 1150 ◦C
(far below the solidus temperature of 1247 ◦C) for 2 h under 40 MPa, obtaining almost
fully dense tool steel. After quenching at 1150 ◦C and double tempering at 500 ◦C for 2 h,
the tool steel exhibits average carbide sizes of 3.5 and 5.5 µm, maximum carbide sizes of
6.0 and 8.5 µm, hardness 62.6 and 60.8 HRC, and three-point bend fracture strength of
2060 and 1850 MPa, respectively. In another related study [19], Wang et al. consolidated
M4 HSS prealloyed powders at 1220–1230 ◦C close to the solidus temperature of 1240 ◦C.
As a result, the pressure leading to full densification can be reduced to a value as low as
4.5 MPa. As the authors suggested, the very low pressure enables the production of HSSs
with large cross-sectional sizes using a VHP machine having low loading capacity, which
further reduces the production cost. However, although nearly full densification (relative
density of 99.85%) was achieved with a holding time of 50 min, carbides coarsen to the
sizes ranging from 3 to 10 µm due to prolonged holding time at the very high temperature.

In view of the drawback involved in the high-temperature VHP process as reported in
Ref. [19], the objective of the present work is to develop an innovative high-temperature low-
pressure short-time solid-state VHP process. In the present work, short-time leading to full
densification is attained by monitoring the displacement of the pressing punch. Once the
displacement reaches the value corresponding to full densification, the heating and pressing
are immediately terminated to end the VHP process. By doing so, unnecessary holding
time is saved. Moreover, the low resistance of the very high temperature powders to the
pressing punch movement enables the high speed of the punch movement, thus shortening
time of the punch movement from the starting position to the position corresponding to
full densification. Given that VHP in the present work is a solid-state consolidation process
and involves slight shear deformation between powders, mutual diffusion of elements at
powder boundaries should be the predominant mechanism responsible for the formation of
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metallurgical bond between powders. The short time during VHP may lead to incomplete
metallurgical bond between powders. Therefore, diffusion-bonding treatment (DBT) at a
relatively low temperature is applied to the as-VHP HSS, attaining complete metallurgical
bond between powders while minimizing carbide growth. Selecting T15 HSS as a model
material, the microstructure and mechanical properties (specifically hardness and three-
point bend fracture strength) in as-VHP T15 HSS and VHP + diffusion-bonding treated
(DBT-ed) T15 HSSs were investigated and compared with those in the HIP counterpart.
The selection of T15 HSS as a model material is due to availability of microstructures and
mechanical properties of HIP T15 HSS in the published literature [16,26], allowing the
comparison of microstructures and mechanical properties between VHP T15 HSS in the
present work and HIP T15 HSS.

2. Materials and Methods
2.1. Characterization of T15 Prealloyed Powders

T15 steel prealloyed powders used in the present work were produced using high-
pressure nitrogen atomization by Xingyuan Powder Metallurgy Company of Hunan In-
stitute of Metallurgical Materials. The powder size was measured by Mastersizer 2000
laser particle-size analyzer. The chemical composition of the powders was measured by
chemical analysis using (1) inductively coupled plasma atomic emission spectroscopy
for metallic elements, (2) spectrophotometric method (Chinese GB/T 7729-2021) for Si,
(3) infrared absorption method after combustion in an induction furnace (Chinese GB/T
20123-2006) for C, (4) pulse heating inert gas fusion infrared absorption method (Chinese
GB/T 11261-2006) for O, and (5) thermal conductimetric method after fusion in a current of
inert gas (Chinese GB/T 20124-2006) for N. The morphology of the powder was observed
by a ZEISS Gemini 300 field emission gun (FEG) scanning electron microscope (SEM).

Before powder consolidation, powders of 120.67 g were loaded into the graphite mold
having an internal alumina tube (to prevent carburization) with inner diameter of 40 mm.
The height of as-loaded powders is 18.85 mm at room temperature. The height of the fully
dense T15 HSS was calculated to be 11.64 mm at temperature with theoretical density of
8.25 g/cm3 [29]. By considering the effect of thermal expansion [30], the as-loaded and
fully dense heights were calculated to be 19.12 and 11.80 mm, respectively, at the target
VHP temperature of 1200 ◦C. The graphite mold with powders was moved into the VHP
facility’s chamber, and the chamber was evacuated to a pressure of 4.0×10−2 Pa. A uniaxial
pressure of 7 MPa (the minimal pressure that the VHP facility can provide) was applied
to the powders, and the powders were heated to the target temperature of 1200 ◦C at the
heating rate of 10 ◦C/min. During heating, the displacement of the pressing punch was
monitored. The experimental observation found that, during heating to 1200 ◦C, although
the pressing punch moved, its displacement did not reach the value corresponding to full
densification. When holding at 1200 ◦C, the pressing punch continued to move, and took
15 min to the position corresponding to full densification. Once the pressing punch reached
the position corresponding to full densification, heating and pressing were immediately
terminated to end the VHP process.

Subsequently, the as-VHP T15 HSS was DBT-ed at 1100 ◦C for 2 and 4 h, respectively,
in vacuum without the application of pressure. After DBT, the T15 HSSs cooled to room
temperature in the furnace. For convenience, VHP + DBT-ed T15 HSSs at 1100 ◦C for 2 and
4 h are designated as VHP + DBT-ed@1100◦C_2h and VHP + DBT-ed@1100◦C_4h T15 HSSs,
respectively. VHP, VHP + DBT-ed@1100◦C_2h and VHP + DBT-ed@1100◦C_4h T15 HSSs
were quenched by austenitizing in vacuum at 1204 ◦C for 5 min, then oil quenching, and
tempered at 550 ◦C for 2 h for 3 times in argon atmosphere.

2.2. Phase and Microstructure Analysis of the Consolidated T15

X-ray diffraction (XRD) analysis was performed in Bruker D8 Advance X-ray diffrac-
tometer with Cu Kα radiation (wavelength λ = 1.5406 Å) and with the scanning range of
20–100◦ and the scanning speed of 0.4◦/min, in order to identify the phases in the as-VHP
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and VHP + DBT-ed T15 HSSs. Microstructures in the as-VHP and VHP + DBT-ed T15 HSSs
were characterized by a ZEISS Gemini 300 FEG SEM equipped with energy-dispersive
X-ray spectroscopy (EDS) at acceleration voltage of 15 kV. SEM specimens were prepared
by standard metallographic technique and microstructures were revealed by an etchant of
4% nitric acid in alcohol. Based on SEM BSE micrographs, carbide sizes were measured on
approximately 500 carbides in randomly selected regions using Image-Pro Plus software,
obtaining carbide size statistical distribution and volume fraction. By fitting the carbide

size statistical distribution with a lognormal probability function, average carbide size (
−
d)

and standard deviations (d1 and d2) were computed: d =
−
d
+d1

−d2
.

2.3. Density Measurement of the Consolidated T15

The samples of as-VHP and VHP + DBT-ed T15 HSSs were cut and then ground and
polished. The densities were measured using Archimede’s method.

2.4. Mechanical Property Testing of the Consolidated T15

For the as-VHP and VHP + DBT-ed T15 HSSs after quenching and tempering, Rock-
well HRC hardness was measured at 20 randomly selected points on polished surfaces
using a Huayin 200HRS-150 digital Rockwell hardness tester. An Instron 5966 univer-
sal tester was used to measure the three-point bend fracture strength of the as-VHP
and VHP + DBT-ed T15 HSSs after quenching and tempering at room temperature. The
specimens for three-point bend testing were sectioned into the following dimensions:
25 (±1 mm) × 4 (±0.5 mm) × 2 (±0.5 mm), by electric discharge machining, and polished
on each surface. During three-point bend testing, the span for testing is 16 mm, and the
bending rate is 0.1 mm/min. For consistence of results, five specimens for each type of the
T15 HSSs were tested. After three-point bend testing, the fractured surfaces were observed
with the above ZEISS Gemini 300 FEG SEM.

3. Results
3.1. Composition and Morphology of T15 Prealloyed Powders

The measurement results are shown in Table 1, indicating very low oxygen and
nitrogen contents. The powder size distribution was presented in Figure 1a, with D10, D50,
and D90 being 7.0, 16.1, and 33.6 µm, respectively. The powder morphology is demonstrated
in Figure 1b,c, showing spherical morphology for most powders and occasionally observed
satellite and rod powders.

Table 1. Chemical compositions of prealloyed T15 powders (wt.%).

C Si Mn Cr W Mo V Co O N Fe

1.67 1.02 0.45 5.12 12.66 0.24 5.18 5.29 0.030 0.097 Balance

3.2. XRD Results

Figure 2 shows the XRD patterns of as-VHP and VHP + DBT-ed T15 HSSs before and
after quenching and tempering. Before quenching and tempering, the XRD patterns of
as-VHP, VHP + DBT-ed@1100◦C_2h, and VHP + DBT-ed@1100◦C_4h contain diffraction
peaks of α-Fe, Fe3W3C (M6C type carbide), and VC (MC type carbide). Due to slow cooling
rates after VHP and DBT, α-Fe may be pearlitic ferrite or pearlitic ferrite together with
very low amount of martensite and bainitic ferrite. After quenching and tempering, the
XRD patterns of as-VHP, VHP + DBT-ed@1100◦C_2h, and VHP + DBT-ed@1100◦C_4h
still include the diffraction peaks of α-Fe, Fe3W3C (M6C type carbide), and VC (MC type
carbide). Unlike as-VHP, VHP + DBT-ed@1100◦C_2h, and VHP + DBT-ed@1100◦C_4h
before quenching and tempering, α-Fe should be tempered martensite after quenching and
tempering.
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3.3. Microstructures in VHP T15 HSSs

Figure 3a shows the SEM BSE microstructure of as-VHP T15 HSS. The brighter white
carbides and darker gray carbides are uniformly distributed in the as-VHP T15 matrix.
According to EDS analysis, the brighter white carbides are W-rich M6C carbides, and the
darker gray carbides are V-rich MC-type carbides. The size statistical distributions of M6C,
MC, and M6C+MC carbides, as well as the corresponding fitted lognormal distribution
curves, in the as-VHP T15, are shown in Figure 3b, and carbides sizes are determined as
d = 0.59+0.11

−0.09, 0.38+0.05
−0.04 and 0.48+0.09

−0.07 µm for M6C, MC, and M6C+MC carbides, respectively.
The average size of M6C+MC carbides is smaller than those in the as-HIP T15 [16]: 1.0 µm
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for HIP at 1130◦C for 4 h; 1.2 µm for HIP at 1195 ◦C for 4 h. The volume fractions of M6C
and MC carbides in as-VHP T15 HSS were measured and reported in Table 2.
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Figure 2. XRD patterns of T15 steel prepared by different processes.

Table 2. The volume fraction of carbide in T15 steel under different preparation processes.

Preparation Processes Volume Fraction of Carbide(%)
M6C MC M6C+MC

as-VHP 9.1 17.0 26.1
as-VHP after quenching and

tempering 6.2 10.4 16.6

VHP+DBT-ed@1100◦C_2h 10.8 18.9 29.7
VHP+DBT-ed@1100◦C_2h after

quenching and tempering 5.9 11.4 17.3

VHP+DBT-ed@1100◦C_4h 10.7 17.6 28.3
VHP+DBT-ed@1100◦C_4h after

quenching and tempering 6.7 12.8 19.5

Figure 3c shows the SEM BSE microstructure of VHP T15 HSS after quenching and
tempering. Figure 3d shows the size statistical distributions of M6C, MC, and combined
M6C+MC carbides, together with the corresponding fitted lognormal distribution curves,
in the VHP T15 HSS after quenching and tempering, indicating d = 0.63+0.12

−0.10, 0.42+0.06
−0.05 and

0.53+0.11
−0.09 µm for M6C, MC, and M6C+MC carbides, respectively. As compared with carbide

sizes in the as-VHP T15 HSS (Figure 3b), carbide growth is almost negligible. The average
size of M6C+MC carbides is smaller than that (0.94 µm) in the HIP (1130 ◦C for 3 h) T15
HSS after quenching and tempering with the similar processing parameters (austenitizing
at 1200 ◦C for 5 min and triple tempering at 540 ◦C for 1 h) [26]. The volume fractions of
M6C and MC carbides in VHP T15 HSS after quenching and tempering were measured and
reported in Table 2. After heat treatment, the volume fraction of carbides is reduced, which
is because most of the carbides are redissolved into the matrix during quenching. Although
nanoscale secondary carbides precipitated during tempering [31–33], they cannot be seen
under SEM with the magnification in the present work. The same heat treatment process
parameters lead to similar carbide volume fraction in T15 HSS after heat treatment.
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Figure 3. Microstructure diagram and carbide size distribution diagram of the as-VHP T15 HSS
before and after quenching and tempering: (a) SEM BSE micrograph showing microstructure of the
as-VHP T15 HSS; (b) size statistical distributions and fitted log-normal distribution curves of M6C,
MC, and M6C+MC carbides in the as-VHP T15 HSS; (c) SEM BSE micrograph showing microstructure
of the as-VHP T15 HSS after quenching and tempering; (d) size statistical distributions and fitted
log-normal distribution curves of M6C, MC, and M6C+MC carbides in the as-VHP T15 HSS after
quenching and tempering.
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3.4. Microstructures in VHP+DBT-ed T15 HSSs

Figure 4a shows the SEM BSE microstructure of VHP + DBT-ed@1100◦C_2h T15 HSS.
Again, the microstructure is featured by uniformly distributed fine granular M6C (brighter
white) and MC (darker gray) carbides. The carbide size statistical distributions are shown
in Figure 4b and the fitted lognormal curves reveal d = 0.63+0.11

−0.10, 0.43+0.07
−0.06 and 0.54+0.11

−0.09 µm,
respectively, indicating slight carbide growth during DBT relative to carbide sizes in the as-
VHP T15. Figure 4c shows the SEM BSE microstructure of VHP + DBT-ed@1100◦C_2h T15
HSS after quenching and tempering. Figure 4d illustrates the size statistical distributions of
M6C, MC, and M6C+MC carbides, together with the corresponding fitted lognormal distri-
bution curves, in the VHP + DBT-ed@1100◦C_2h T15 HSS after quenching and tempering,
indicating d = 0.65+0.12

−0.10, 0.46+0.09
−0.07 and 0.55+0.11

−0.09 µm for M6C, MC, and M6C+MC carbides,
respectively, similar to those in VHP T15 HSS after quenching and tempering. The volume
fractions of M6C and MC carbides in VHP + DBT-ed@1100◦C_2h T15 HSS before and after
quenching and tempering were measured and reported in Table 2.

Even when the DBT time was prolonged to 4 h, only slight carbide growth occurred
during DBT of VHP T15 HSS at temperature of 1100 ◦C relative to carbide sizes in the
as-VHP T15 HSS, as shown by the SEM BSE microstructure of VHP + DBT-ed@1100◦C_4h
T15 HSS in Figure 5a. This is confirmed by the carbide size statistical distributions as shown
in Figure 5b, where carbide sizes are calculated by fitting the carbide size distributions
with lognormal function: d = 0.67+0.12

−0.11, 0.50+0.12
−0.10 and 0.58+0.14

−0.11 µm, still exhibiting slight
carbide growth during DBT relative to carbide sizes in the as-VHP T15. Figure 5c shows
the SEM BSE microstructure of VHP + DBT-ed@1100◦C_4h T15 HSS after quenching and
tempering. As shown in Figure 5d, after quenching and tempering, carbide sizes slightly
increase, with d = 0.68+0.15

−0.12, 0.53+0.10
−0.08 and 0.60+0.13

−0.11 µm, corresponding to M6C, MC, and
M6C+MC carbides, respectively, also similar to those in VHP T15 HSS after quenching and
tempering. The volume fractions of M6C and MC carbides in VHP + DBT-ed@1100◦C_4h
T15 HSS before and after quenching and tempering were measured and reported in Table 2.

3.5. Density and Hardness

Figure 6 displays the relative densities of as-VHP and VHP + DBT-ed T15 HSSs,
showing nearly full densification. The as-VHP T15 HSS exhibits nearly full densification
with the relative density of 99.3 ± 0.1%, as expected by the final position of the pressing
punch. Of course, the VHP T15 still remains nearly full densification after DBT. The relative
densities reached 99.5 ± 0.2% and 99.6 ± 0.1%, respectively.

Figure 7 shows the Rockwell hardness histograms of VHP, VHP + DBT-ed@1100◦C
_2h, and VHP + DBT-ed@1100◦C _4h T15 HSSs after quenching and tempering, exhibiting
almost the same harness values: 66.5 ± 0.4, 66.7 ± 0.4, and 66.4 ± 0.8 HRC, respectively. As
compared with the HIP (1130 ◦C for 3 h) counterpart after quenching and tempering with
the similar processing parameters (austenitizing at 1200 ◦C for 5 min and triple tempering
at 540 ◦C for 1 h) [26], despite smaller primary carbides in VHP and VHP + DBT-ed T15
HSSs, they still exhibit harness values similar to that in the HIP counterpart (67.5 HRC).

3.6. Three-Point Bend Fracture Strength

Figure 8 shows typical bend stress vs. bend displacement curves of quenched and
tempered VHP, VHP + DBT-ed@1100◦C_2h, and VHP + DBT-ed@1100◦C_4h T15 HSSs.
Based on testing of five specimens for each of the three T15 HSSs, bend fracture strength
was obtained to be 3095 ± 99, 3828 ± 121, and 3620 ± 110 MPa, corresponding to
VHP, VHP + DBT-ed@1100◦C _2h, and VHP + DBT-ed@1100◦C _4h T15 HSSs, respec-
tively, showing much higher bend fracture strength of VHP + DBT-ed@1100◦C _2h and
VHP + DBT-ed@1100◦C _4h T15 HSSs than that of the VHP T15 HSS. As compared with
the HIP (1130 ◦C for 3h) counterpart after quenching and tempering with the similar pro-
cessing parameters (austenitizing at 1200 ◦C for 5 min and triple tempering at 540 ◦C for
1 h) [26], despite smaller primary carbides in the VHP + DBT-ed T15 HSSs, the latter still
exhibits bend fracture strength similar to that in the HIP counterpart (3700 MPa).
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Figure 4. Microstructure diagram and carbide size distribution diagram of the VHP + DBT-
ed@1100◦C_2h T15 HSS before and after quenching and tempering: (a) SEM BSE micrograph showing
microstructure of the VHP + DBT-ed@1100◦C_2h T15 HSS; (b) size statistical distributions and fitted
log-normal distribution curves of M6C, MC, and M6C+MC carbides in the VHP + DBT-ed@1100◦C_2h
T15 HSS; (c) SEM BSE micrograph showing microstructure of the VHP + DBT-ed@1100◦C_2h T15
HSS after quenching and tempering; (d) size statistical distributions and fitted log-normal distribu-
tion curves of M6C, MC, and M6C+MC carbides in the VHP + DBT-ed@1100◦C_2h T15 HSS after
quenching and tempering.
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Figure 5. Microstructure diagram and carbide size distribution diagram of the VHP + DBT-
ed@1100◦C_4h T15 HSS before and after quenching and tempering: (a) SEM BSE micrograph showing
microstructure of the VHP + DBT-ed@1100◦C_4h T15 HSS; (b) size statistical distributions and fitted
log-normal distribution curves of M6C, MC, and M6C+MC carbides in the VHP + DBT-ed@1100◦C_4h
T15 HSS; (c) SEM BSE micrograph showing microstructure of the VHP + DBT-ed@1100◦C_4h T15
HSS after quenching and tempering; (d) size statistical distributions and fitted log-normal distribu-
tion curves of M6C, MC, and M6C+MC carbides in the VHP + DBT-ed@1100◦C_4h T15 HSS after
quenching and tempering.
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3.7. Fractured Surfaces of Three-Point Bend Specimens

Figure 9 shows the fractured surfaces of three-point bend specimens of VHP and
VHP + DBT-ed T15 HSSs. In Figure 9a, most regions consist of protruded carbides and
dents left by pulled-out carbides (comparable dimensions between carbides and dents), as
marked by red and green arrows, respectively. This is a typical fractograph of quenched
and tempered tool steels. Such fractograph reflects metallurgical bond between powders in
these regions. However, in a few local regions rather than the aforementioned ones, the
morphology comprising protruded carbides and dents is absent, and instead relatively
flat morphology can be seen, as marked by dashed-line rectangles. By comparing with
surface topograph of powders as shown in Figure 1c, these relatively flat regions should
be considered as original powder surfaces, where metallurgical bond is not formed. In
contrast, in Figure 9b,c, the almost entire fractured surfaces comprise protruded carbides
and dents left by pulled-out carbides without the relatively flat morphology, suggesting
significantly enhanced metallurgical bond between powders.
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4. Discussion
4.1. Microstructural Evolution during VHP and DBT

In the present work, T15 prealloyed powders were consolidated by VHP at a temper-
ature as high as 1200 ◦C for a time as short as 15 min. Nearly full densification (relative
density of 99.3 ± 0.1%) was achieved. During powder consolidation by solid-state hot
pressing in the present work, the primary mechanism for densification is the plastic and
viscous flow driven by external stress [34,35]. Thus, the powder densifies rapidly under
pressure and high temperature. The VHP temperature as high as 1200 ◦C did not cause
excessive coarsening of carbides, and very fine carbides were still retained (carbide size
distribution of d = 0.48−0.07

+ 0.09 µm), likely attributable to short time at the VHP temperature
(15 min). This result can be rationalized by the well-known Ostwald ripening equation [36]:
−
d

3

=
−
d
−3

0 + K(D/RT)t, where
−
d0 is starting average carbide size, K is a solute concentra-

tion related constant, R is gas constant, T is temperature, D = D0exp(−E/RT) is solute
diffusivity with D0 being a constant and E being diffusion activation energy, and t is time.
Despite high value of (D/RT) due to high T (1200 ◦C), short time t (15 min) still yields a low

value of K(D/RT)t, leading to small average carbide size
−
d after VHP. Negligible carbide

growth during austenitizing (for quenching) at 1204 ◦C for 5 min can also be explained
using similar arguments.

In the present work, T15 prealloyed powders were consolidated by VHP in solid
state. Only slight shear deformation between powders occurred during VHP. Accordingly,
mutual diffusion of elements at powder boundaries represents the primary mechanism
underlying the formation of metallurgical bond between powders. The short time during
VHP resulted in inadequate diffusion, leading to incomplete metallurgical bond between
powders. This result is supported by the fractograph in Figure 9a, where non-metallurgical
bonding regions are marked by dash-line rectangles as analyzed in Section 3.7.

During DBT at 1100 ◦C, long-time (2 and 4 h) mutual diffusion between the neighbor-
ing powder boundaries significantly enhanced metallurgical bond between powders. This
result is supported by the fractograph in Figure 9b, which exhibits metallurgical bond in
the entire regions as analyzed in Section 3.7. Despite prolonged DBT time (2 and 4 h), only
slight carbide growth occurred as a result of relatively low DBT temperature (1100 ◦C). This
result can also be rationalized by the aforementioned Ostwald ripening equation. Despite
prolonged DBT time t (2 and 4 h), low values of (D/RT) due to low T (1100 ◦C) yield a low

value of K(D/RT)t, leading to small average carbide size
−
d after VHP.

4.2. Hardness of Consolidated T15 HSSs

The microstructure of a quenched and tempered HSS consists of micrometric to sub-
micrometric primary carbides and nanoscale secondary carbides dispersed in the tempered
martensite matrix [37,38]. The following factors critically affect HSS hardness: (1) solid
solution strengthening of carbon and alloying elements to α-Fe lattice, (2) dispersion
strengthening of primary and secondary carbides to the tempered martensitic matrix, and
(3) the relative density or porosity [39]. During hardness testing, compressive load is
applied. Thus, the hardness value is not sensitive to bonding quality between powders
for PM HSSs. Based on the results presented above, the VHP, VHP+DBT-ed@1100◦C_2h,
and VHP+DBT-ed@1100◦C_4h T15 HSSs after quenching and tempering have similar sizes
(Figures 3d and 5d) and volume fractions (Table 2) of primary carbides. The same quenching
and tempering process parameters generate similar carbon and alloying elements contents
and similar secondary carbide volume fractions and sizes in the tempered martensite
matrix. Based on the above discussion, solid-solution strengthening to α-Fe lattice and
dispersion strengthening to the tempered martensitic matrix are similar in the three T15
HSSs after quenching and tempering. They have similar relative densities (Figure 6). The
combination of these factors leads to similar hardness of the three T15 HSSs. Based on
the above discussion, the difference in bonding quality between the VHP T15 HSS and
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the VHP+DBT-ed T15 HSSs almost does not affect hardness. The HIP counterpart after
quenching and tempering with the similar processing parameters [26] exhibits similar
solid solution strengthening of carbon and alloying elements to α-Fe lattice and similar
dispersion strengthening of secondary carbides to the tempered martensitic matrix. Due to
primary carbides being one to two orders of magnitude larger than secondary carbides, as
a result, the number of secondary carbides is much higher than that of primary carbides,
dispersion strengthening of primary carbides is insignificant relative to that of secondary
carbides. Thus, despite larger primary carbides in the HIP counterpart, the aforementioned
three T15 HSSs in the present work still exhibit harness values similar to that in the HIP
counterpart.

4.3. Three-Point Bend Fracture Strength of Consolidated T15 HSSs

The bend fracture strength of a HSS is primarily determined by (1) strengthening
effect, (2) carbide sizes, and (3) residual pores and non-metallurgical bond boundaries. The
three T15 HSSs exhibit similar hardness and thus a similar strengthening effect. They also
have similar carbide sizes and relative densities (residual porosity). Thus, the difference
in bend fracture strength between VHP and VHP + DBT-ed T15 HSSs should originate
from bond quality between powders. Indeed, as presented in Section 3.7, incomplete
metallurgical bond between powders is present in VHP T15 HSS, whereas significantly
enhanced metallurgical bond between powders is observed in VHP+DBT-ed@1100◦C_2h
and VHP+DBT-ed@1100◦C_4h T15 HSSs.

In addition, almost fully dense VHP+DBT-ed@1100◦C_2h and VHP+DBT-ed@1100◦C_4h
T15 HSSs, and fully dense HIP T15 HSS, have similar hardness and thus similar strengthening
effect. Despite smaller carbides in VHP+DBT-ed@1100◦C_2h and VHP+DBT-ed@1100◦C_4h
T15 HSSs than those in the HIP T15, VHP+DBT-ed@1100◦C_2h and VHP+DBT-ed@1100◦C_4h
T15 HSSs exhibit three-point bend fracture strength similar to that in the HIP T15 HSS. This
is likely attributable to lower extent of metallurgical bond in VHP+DBT-ed@1100◦C_2h
and VHP+DBT-ed@1100◦C_4h T15 HSSs than that in the HIP counterpart. Thus, the
extent of metallurgical bond should be further improved in VHP+DBT-ed@1100◦C_2h and
VHP+DBT-ed@1100◦C_4h T15 HSSs.

4.4. Proposals for Modification of Technological Parameters during VHP and DBT

The objective of the present work is to produce HSSs with large cross-sectional sizes
by VHP using a VHP facility with low loading capacity. To do so, VHP is performed
at high temperatures, in order to reduce pressure leading to full densification. In the
present work, for T15 prealloyed powders, a VHP temperature of 1200 ◦C is utilized, which
allows a pressure of 7 MPa. Further increasing VHP temperature to that approaching the
solidus temperature (>1285 ◦C [40]) can minimize the pressure and thus maximize the
cross-sectional sizes of produced T15. On the one hand, the VHP temperature approaching
the solidus temperature tends to induce significant carbide growth. On the other hand, the
minimized resistance of powders to the pressing punch movement increases the speed of the
punch movement and thus minimizes the pressing time (e.g., <1 min), which limits carbide
growth and maintains very fine carbides. Thus, VHP at the temperatures approaching the
solidus temperature with minimized time (e.g., <1 min) is feasible, which maximize the
cross-sectional sizes of produced T15 while retaining very fine carbides. Similar to the case
of VHP at 1200 ◦C for 15 min, complete metallurgical bond between powders cannot be
attained in the case of VHP at temperatures approaching the solidus temperature for a very
short time (e.g., <1 min). Hence, subsequent DBT is required. Based on the result presented
above, DBT at 1100 ◦C for 4 h cannot achieve complete metallurgical bonding. Time of DBT
at 1100 ◦C should be further prolonged for complete metallurgical bonding. Research work
on VHP at temperatures approaching the solidus temperature with time of <1 min and
DBT at 1100 ◦C for time of >4 h is on progress.
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5. Conclusions

(1) In the present work, an innovative VHP approach for consolidation of highly
alloyed HSS prealloyed powders was developed, which consists of high-temperature low-
pressure short-time pressing and subsequent DBT. This VHP approach can be used to
produce HSSs with large cross-sectional size by a VHP equipment having low loading
capacity, and simultaneously to achieve full densification and complete metallurgical bond
between powders while retaining fine carbides.

(2) T15 HSS prealloyed powders were consolidated using the new VHP approach.
With the VHP temperature as high as 1200 ◦C, the pressure as low as 7 MPa leading to
full densification was obtained, and almost full densification was attained for 15 min with
pressure of 7 MPa and by monitoring the displacement of the pressing punch.

(3) As-VHP T15 HSS exhibits submicrometric carbide sizes smaller than those in the
as-HIP counterpart but incomplete metallurgical bond between powders, due to the short
processing time albeit the high VHP temperature. By subsequent DBT at a relatively low
temperature of 1100◦C for 2–4 h, the extent of metallurgical bond between powders was
significantly enhanced as a result of sufficient mutual diffusion at powder boundaries,
while minimizing carbide growth due to the relatively low DBT temperature.

(4) After regular quenching and tempering, the VHP + DBT-ed T15 HSSs exhibit
submicrometric primary carbide sizes smaller than those in the HIP counterpart after
quenching and tempering with the similar processing parameters. Due to insignificant
effect of primary carbide sizes on hardness, the VHP + DBT-ed T15 HSSs exhibit hard-
ness similar to that in the HIP counterpart. Despite smaller primary carbide sizes in the
VHP + DBT-ed T15 HSSs, they still exhibit three-point bend fracture strength similar to
that in the HIP counterpart, likely attributable to a relatively lower extent of metallurgical
bond between powders in the VHP + DBT-ed T15 HSSs.

(5) It is feasible to consolidate T15 prealloyed powders by VHP at a high temperature
approaching the solidus temperature with very short timeframe (e.g., <1 min), which
minimizes the pressure leading to full densification and thus maximizes the cross-sectional
sizes of produced HSSs, while retaining very fine carbides. Full densification may be
attained by DBT at 1100 ◦C for more than 4 h.
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