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Abstract
A novel M3:2 high-speed steel was prepared by combining the alloying strategy
of partial vanadium substitution with niobium and spray forming rapid solidifi-
cation technology. The hot deformation behavior of the alloy was investigated
at temperatures of 950–1150°C and strain rates of 0.001–10 s−1. Based on the
experimentally obtained true stress–true strain curves, a hot processing map
was established using the Dynamic Material Model (DDM), combined with ki-
netic analysis and microstructural observation. The processing map was divided
into four regions: plastic instability zone (>1 s−1), low strain rate zone (0.001
s−1), low deformation temperature zone (<1000°C), and processing safety zone.
The mechanism of crack formation in the low strain rate and low deformation
temperature zones was discussed in detail, which led to the determination of the
hot processing window as 1050–1150°C at 0.01–0.1 s−1. To achieve a microstruc-
ture characterized by fine grains, granular carbides, and uniform distribution,
the optimized hot deformation parameters were identified as 1150°C and 0.1
s−1. Following forging and heat treatment, the spray-formed niobium-containing
M3:2 high-speed steel demonstrated superior hardness, bending strength, and
other mechanical properties compared to powder metallurgy high-speed steel of
equivalent composition.
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Abstract
The hot deformation behavior of as-spray-formed Nb-containing AISI M3:2 high
speed steel has been investigated by compression tests at temperatures ranging
from 950–1150°C and strain rates from 0.001–10 s−1 with 50% reduction. Pro-
cessing maps were developed according to the principles of the Dynamic Ma-
terial Model. It was found that the flow curves exhibited the classic shape of
dynamic recrystallization (DRX)—rising to a peak, followed by softening to a
steady state. The hot working process of the steel can be carried out safely
in the domain of (Td: 1050–1150°C, �̇: 0.01–0.1 s−1). To obtain microstruc-
tures with fine grains and uniform distribution of fine granular carbides, the hot
working process should be carried out at 1150°C and a strain rate of 0.1 s−1.
Flow instability occurred when strain rates exceeded 1 s−1. After proper hot
working and heat treatment, the hardness and bending strength of the spray-
formed Nb-containing M3:2 high speed steel reached 67 HRC and 3467 MPa,
respectively.

KEY WORDS metal materials, spray forming, high speed steel, hot deforma-
tion, processing map, niobium

Introduction
M3:2 high speed steel (domestic grade CW6Mo5Cr4V3), developed by increas-
ing the carbon and vanadium contents of AISI M3 steel, is widely used for
manufacturing cutting tools such as broaches, formed milling cutters, turning
tools, and drills for machining medium-strength steels, high-temperature alloys,
and other difficult-to-machine materials. It also serves as an excellent cold work
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die steel. Compared with M3, M3:2 high speed steel offers higher hardness,
wear resistance, and good toughness. To further improve the hardness and
wear resistance of high speed steels, research has been conducted on substitut-
ing niobium—a strong carbide-forming element—for part of the vanadium. Due
to the low cooling rate of conventional casting processes, Nb-containing high
speed steels tend to form coarse eutectic structures during solidification. At
high niobium contents, coarse MC carbides can even precipitate directly from
the melt, limiting performance improvements and hindering the development
and application of Nb-containing high speed steels. The emergence of pow-
der metallurgy provided new opportunities for developing Nb-containing high
speed steels. Thyssen Edelstahl developed two Nb-containing powder metal-
lurgy high speed steels, designated TSP1 and TSP8, which have been patented
and commercially applied. However, powder metallurgy involves complex pro-
cesses, multiple steps, and high costs, restricting its application range and lim-
iting the widespread adoption of Nb-containing high speed steels. In contrast,
high speed steels produced by spray forming exhibit fine equiaxed grains, no
macro-segregation, and small, uniformly distributed eutectic carbides, showing
microstructural characteristics similar to powder metallurgy high speed steels.
Moreover, compared with powder metallurgy, spray forming offers simpler pro-
cesses, fewer steps, and lower costs.

Processing maps have proven effective for optimizing hot working parameters
and have been applied to materials including magnesium alloys, titanium alloys,
nickel-based superalloys, steels, and aluminum alloys. While studies on the hot
deformation behavior of spray-formed high speed steels and the establishment of
constitutive equations have been reported, the application of processing maps to
investigate the hot deformation behavior of high speed steels remains rare. Liu
et al. studied the hot deformation behavior of powder metallurgy M3 high speed
steel through isothermal compression and established its processing map. How-
ever, these studies focused on microstructural changes within the safe processing
zone, without addressing microstructural evolution and crack formation mecha-
nisms in the plastic instability zone, low strain rate region, or low temperature
region.

This work investigates the microstructural evolution and crack formation mech-
anisms during deformation of a spray-formed Nb-containing M3:2 high speed
steel (developed independently by our research group with patent number CN
102605263) under various deformation temperatures and strain rates. A pro-
cessing map for this alloy was established to guide the selection of actual hot
working parameters, providing a solid foundation for promoting the practical
application of this newly developed alloy.
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1.1 Sample Preparation and Property Testing

Commercial W6Mo5Cr4V2 steel was used as the master alloy. During melting in
a medium-frequency induction furnace, intermediate alloys including C, W, Mo,
V(50%, mass fraction)-Fe, and Nb(65%)-Fe were added. After the molten steel
composition was homogenized by electromagnetic stirring, it was poured into
a preheated tundish at 1560°C. The melt then passed through a guide nozzle
into the atomization chamber, where it was atomized by nitrogen gas at 0.46
MPa pressure. The droplets flew through the atomization gas until reaching
the deposition substrate at a distance of 450 mm, forming a deposit with a
diameter of 180 mm and height of 70 mm. The composition of the prepared
Nb-containing spray-formed M3:2 high speed steel (mass fraction, %) was: C
1.31; W 6.10; Mo 4.90; Cr 4.48; V 2.75; Nb 0.50.

Cylindrical specimens with a diameter of 8 mm and length of 12 mm were ma-
chined from the deposit for hot compression testing. Hot compression tests were
conducted on a Gleeble-1500 thermal simulator at deformation temperatures of
950, 1000, 1050, 1100, and 1150°C, with strain rates of 0.001, 0.01, 0.1, 1, and
10 s−1, and a deformation degree of 50%. Specimens were heated to 1180°C
at 10°C/s, held for 3 minutes, cooled to the deformation temperature at 3°C/s,
held for another 3 minutes, and then deformed. Deformed specimens were im-
mediately water-quenched. The deformed specimens were mechanically ground
and polished, etched with 8% nitric acid alcohol solution, and examined using
a ZEISS SUPRA 55 field emission scanning electron microscope.

Based on the processing map, hot working parameters were selected for forging
the deposit. To avoid generating large stresses, the forged material was buried in
sand for slow cooling after forging. An infrared thermometer was used through-
out the forging process to control the temperature range and ensure that forging
occurred in the recrystallization region.

Samples were taken from the forged bar, sealed in vacuum quartz tubes filled
with Ar, and heat-treated. The heat-treated samples were used for testing
hardness, bending strength, and impact toughness. The heat treatment process
was: 900°C for 90 min, furnace cooling + 1200°C for 20 min, oil quenching +
560°C for 60 min, air cooling (repeated 3 times).

Hardness was measured on a TH320 Rockwell hardness tester, with seven points
measured on each sample; the maximum and minimum values were discarded
and the average was taken as the hardness value. Bending strength was tested
by three-point bending according to GB/T 228-2002, with sample dimensions
of 5 mm × 5 mm × 35 mm and a span of 30 mm. Impact tests were conducted
on a JB-30B testing machine using unnotched samples with dimensions of 10
mm × 10 mm × 55 mm. All four long surfaces were precision ground to ensure
high surface finish.
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1.2 Principles and Construction of Processing Maps

The Dynamic Material Model (DDM) treats a workpiece undergoing hot defor-
mation as a power dissipation unit. At any instant, the total power input 𝑃 is
dissipated through two complementary routes: energy dissipated by plastic de-
formation (𝐺) and energy dissipated by microstructural changes (𝐽). According
to the principle of power partitioning:

𝑃 = 𝜎 ̇𝜀 = 𝐺 + 𝐽 = ∫
̇𝜀

0
𝜎 𝑑 ̇𝜀 + ∫

𝜎

0
̇𝜀 𝑑𝜎

where 𝜎 is the true stress and ̇𝜀 is the strain rate. The strain rate sensitivity
exponent 𝑚 is defined as:

𝑚 = 𝑑 ln 𝜎
𝑑 ln ̇𝜀

From the above equation, the partitioning of total power between plastic defor-
mation and microstructural changes depends on the 𝑚 value. The relationship
between stress and strain rate can be expressed as:

𝜎 = 𝐾 ̇𝜀𝑚

where 𝐾 is a material constant dependent on temperature and strain. According
to this model, when the true stress-true strain relationship satisfies the above
equation, the energy dissipated by microstructural changes (𝐽) can be expressed
as:

𝐽 = ∫
𝜎

0
̇𝜀 𝑑𝜎 = 𝑚

𝑚 + 1𝜎 ̇𝜀

When 𝑚 = 1, the material is in an ideal linear dissipative state, and 𝐽 reaches
its maximum value 𝐽max. For non-linear dissipative states, a dimensionless
parameter 𝜂 is defined to characterize the efficiency of power dissipation during
hot deformation:

𝜂 = 𝐽
𝐽max

= 2𝑚
𝑚 + 1

The power dissipation map is constructed based on the variation of energy dis-
sipation efficiency 𝜂 with temperature and strain rate.

The Dynamic Material Model is established on the basis of rigorous irreversible
thermodynamics. Prasad proposed a dynamic continuum criterion and an in-
stability criterion for material flow based on principles of irreversible thermody-
namics and the separability of power dissipation:
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𝜉( ̇𝜀) = 𝜕 ln[𝑚/(𝑚 + 1)]
𝜕 ln ̇𝜀 + 𝑚 < 0

By plotting 𝜉( ̇𝜀) as a function of deformation temperature and strain rate, a
flow instability map can be obtained. Superimposing the instability map onto
the power dissipation map yields the processing map at a given strain condition.
For dynamic analysis of different regions in the processing map, the power-law
creep equation is used:

̇𝜀 = 𝐴𝜎𝑛 exp (− 𝑄
𝑅𝑇 )

where 𝐴 is a material constant, 𝑛(= 1/𝑚) is the stress exponent, 𝑄 is the
activation energy, 𝑅 is the gas constant, and 𝑇 is the absolute temperature.

2.1 Original Microstructure

The as-deposited microstructure of the spray-formed Nb-containing M3:2 high
speed steel is shown in [Figure 1: see original paper]. The deposit exhibits
equiaxed grains with an average size of 50 �m. Discontinuous lamellar M2C
eutectic carbides and irregular blocky MC carbides are distributed along grain
boundaries. Additionally, some micropores are present in the as-deposited mi-
crostructure. Both the lamellar eutectic carbides and micropores adversely affect
the properties of high speed steel, necessitating subsequent thermomechanical
processing to improve carbide morphology and distribution and eliminate the
inherent microporosity.

2.2 True Stress-Strain Curves

Typical true stress-true strain curves of the alloy under different deformation
conditions are shown in [Figure 2: see original paper]. The flow stress is sig-
nificantly influenced by deformation temperature and strain rate. Under high
strain rate conditions, the flow stress at different temperatures exhibits typical
dynamic recrystallization characteristics: rapid increase during initial deforma-
tion due to work hardening, followed by a peak stress and subsequent softening
to a steady state. This occurs because softening mechanisms (such as dynamic
recovery and dynamic recrystallization) counteract the hardening effect of work
hardening. When work hardening and softening reach equilibrium, the flow
stress becomes stable. At lower strain rates (0.001 s−1), the flow stress curves
at different temperatures show steady-state characteristics with multiple peaks.
This is because dislocations must accumulate to a certain level to form recrys-
tallization nuclei. At low strain rates, dislocation accumulation is relatively
slow, and the dislocation accumulation from deformation during one dynamic
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recrystallization cycle is insufficient to initiate new recrystallization within the
recrystallized region. The process involves two competing mechanisms: work
hardening in unrecrystallized and recrystallized regions, and softening from on-
going recrystallization. Softening dominates initially, followed by hardening,
leading to periodic peaks in the flow stress curve.

The flow stress decreases with increasing temperature. Higher temperatures
increase atomic vibration amplitude, weakening atomic bonding and reducing
deformation resistance. Additionally, elevated temperatures facilitate dynamic
recrystallization nucleation and enhance grain boundary mobility, accelerating
softening. Consequently, flow stress decreases with temperature at constant
strain rate. Conversely, flow stress increases with strain rate at constant tem-
perature because higher strain rates generate more dislocations and suppress
softening processes like dynamic recovery and recrystallization.

2.3 Dynamic Analysis

[Figure 3: see original paper] shows the fitted relationships between stress, strain
rate, and temperature in different regions of the processing map at a strain of
0.6, demonstrating good fitting accuracy. The stress exponent is 5.88 in the
high-temperature region (1050–1150°C) and 7.32 in the low-temperature region
(950–1000°C). According to the power-law creep equation, the activation energy
for deformation can be calculated from:

𝑄 = 𝑅 [ 𝜕 ln 𝜎
𝜕(1/𝑇 )]

̇𝜀

The calculated activation energy is 489 kJ/mol in the range of 1050–1150°C and
0.001–0.1 s−1, and 609 kJ/mol in the range of 950–1000°C and 0.001–0.01 s−1.
The significant differences in stress exponent and activation energy indicate that
different mechanisms control plastic deformation in these regions.

2.4 Processing Map and Deformation Microstructures

The processing map for the spray-formed Nb-containing M3:2 high speed steel
at a true strain of 0.6, constructed based on the Dynamic Material Model, is
shown in [Figure 4: see original paper]. Raj and Gandhi used atomistic mod-
els to interpret microstructural changes in different regions of processing maps
and established boundary conditions for safe processing zones. The deformation
mechanisms in safe zones include dynamic recovery, dynamic recrystallization,
and superplasticity, while instability zones exhibit intergranular fracture, wedge
cracking, ductile fracture of hard particles, and adiabatic shear band formation.
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However, their safe zones only considered defect avoidance without microstruc-
tural optimization. Prasad suggested that for low stacking fault energy mate-
rials, recrystallization typically occurs at 0.7–0.8Tm (where Tm is the melting
point) with strain rates of 0.1–1 s−1, and the maximum energy dissipation effi-
ciency � ranges from 0.3–0.35.

Based on these considerations and microstructural analysis, the processing map
at a true strain of 0.6 can be divided into four regions:

(1) Plastic Instability Region (Region 1): Shown as the shaded area in
[Figure 4: see original paper], this region spans 950–1150°C at strain rates of 1–
10 s−1. [Figure 5: see original paper] shows microstructures after deformation
in this region. At low deformation temperatures (950°C), instability manifests
as localized plastic deformation and shear bands. The degree of localization
increases with strain rate, slightly widening the shear bands. At higher temper-
atures, adiabatic heating during high strain rate deformation, combined with the
low thermal conductivity of high speed steel, causes rapid temperature elevation
in localized deformation bands, reducing their strength and promoting further
deformation within these bands, ultimately forming adiabatic shear bands ([Fig-
ure 5c: see original paper]). At constant strain rate, the width of the plastically
unstable region increases with temperature.

(2) Safe Processing Region (Region 2): Outlined by the green border in
[Figure 4: see original paper], this region spans 1050–1150°C at strain rates of
0.01–0.1 s−1, with a maximum power dissipation efficiency of 33%. Micrographs
of specimens deformed in this region are shown in [Figure 6: see original paper].
The original microstructure is replaced by recrystallized grains significantly finer
than the as-deposited grains, and the lamellar eutectic carbides distributed along
grain boundaries in the as-deposited state are partially broken up. The primary
softening mechanism in this region is dynamic recrystallization. Comparing
[Figure 6a: see original paper] and [6b] reveals that recrystallized grain size
increases with deformation temperature at constant strain rate. According to
the relationship between grain size and flow stress:

𝐷 ≈ 0.8𝑘𝑔𝜎−𝑝
𝑠

where 𝑘𝑔 and 𝑝 are material constants, and 𝜎𝑠 is the steady-state flow stress.
This equation indicates that grain size increases as flow stress decreases with
temperature. Comparing [Figure 6b: see original paper] and [6c] shows that
recrystallized grain size decreases with increasing strain rate at constant tem-
perature. At lower strain rates, flow stress decreases, which according to the
equation would increase grain size.

The primary objective of forging spray-formed high speed steel is to refine car-
bide size, morphology, and distribution while eliminating inherent microporosity.
Carbide breakdown requires large deformations, which are typically performed
in the recrystallization region. Based on microstructural analysis, the feasible
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hot working window for spray-formed Nb-containing M3:2 high speed steel is
1050–1150°C at 0.01–0.1 s−1. To obtain an optimized microstructure with fine,
uniformly distributed spherical carbides, the recommended hot working param-
eters are 1150°C and 0.1 s−1.

(3) Low Temperature Region (Region 3): Dislocation slip remains an
important deformation mechanism at elevated temperatures. Unlike room tem-
perature deformation, dislocations can overcome obstacles through combined
action of applied stress and thermal activation (primarily dislocation climb at
high temperatures), enabling continued slip. However, dynamic analysis shows
that deformation in the low-temperature region (950–1000°C) requires high ac-
tivation energy (Q = 609 kJ/mol), resulting in limited thermal activation and
difficulty for dislocations to overcome obstacles. Additionally, numerous undis-
solved carbides at low temperatures create significant resistance to dislocation
slip, requiring higher applied stress to maintain deformation. High stress leads
to massive dislocation multiplication and pile-up at grain boundaries, generating
stress concentrations that nucleate microcracks, which propagate and link up
during deformation ([Figure 7: see original paper]). [Figure 7b: see original pa-
per] also shows that cracks can directly cut through hard carbide phases during
propagation, indicating that cutting of second-phase particles by dislocations is
a non-thermally activated process. Thus, thermal activation plays a relatively
minor role in helping dislocations overcome obstacles in this region, and crack
initiation is primarily caused by stress concentration from dislocation pile-up at
grain boundaries.

(4) Low Strain Rate Region (Region 4): Outlined by the red border in [Fig-
ure 4: see original paper], microstructures deformed at 0.001 s−1 are shown in
[Figure 8: see original paper]. Microcracks along grain boundaries are observed
at all temperatures. Plastic deformation of polycrystalline materials requires
grain boundary coordination. At high temperatures, grain boundary atoms dif-
fuse easily, facilitating grain boundary sliding under applied stress. Therefore,
grain boundary sliding must be considered during high-temperature deforma-
tion. However, in spray-formed high speed steel, numerous hard second-phase
particles (primarily M2C eutectic carbides and MC carbides) distributed along
grain boundaries impede grain boundary sliding, creating significant stress con-
centrations at particle-grain boundary interfaces. Additionally, slow dislocation
accumulation at low strain rates reduces the driving force for dynamic recrystal-
lization (the primary softening mechanism), resulting in insufficient stress relief.
When stress concentration exceeds the bonding strength between second-phase
particles and the matrix, particle debonding creates voids that grow and coa-
lesce into cracks during subsequent deformation. [Figure 8b: see original paper]
also shows wedge cracks formed at triple grain junctions due to hindered grain
boundary sliding. In summary, cracks in this region primarily form from voids
nucleated by grain boundary sliding and their subsequent growth.
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2.5 Forged Microstructure and Mechanical Properties

The as-forged microstructure of the spray-formed Nb-containing M3:2 high
speed steel (forging ratio 6.25) is shown in [Figure 9: see original paper]. The
forged microstructure is uniform and fine, with carbides that are small, pre-
dominantly spherical or near-spherical, and uniformly distributed—representing
significant improvement over the as-deposited state. [Figure 9b: see original
paper] shows that carbides exhibit slight banding in the longitudinal direction,
which is the main reason for the lower isotropy of spray-formed high speed steel
compared with powder metallurgy high speed steel.

The mechanical properties of the forged Nb-containing M3:2 high speed steel af-
ter heat treatment are listed in . The hardness and bending strength of the spray-
formed Nb-containing M3:2 high speed steel exceed those of sintered ASP23 high
speed steel and are comparable to hot isostatically pressed (HIP) ASP23 powder
metallurgy high speed steel, though its impact toughness is lower than that of
HIP high speed steel.

Conclusions
1. The as-deposited microstructure of spray-formed Nb-containing M3:2 high

speed steel requires subsequent thermomechanical processing to eliminate
defects and improve carbide size, morphology, and distribution.

2. Flow stress decreases with increasing deformation temperature and de-
creasing strain rate, indicating positive strain rate sensitivity and negative
temperature sensitivity for spray-formed Nb-containing M3:2 high speed
steel.

3. In the low-temperature deformation region (950–1000°C, 0.001–0.1 s−1),
thermal activation plays a weak role in helping dislocations overcome ob-
stacles, and cracks initiate due to stress concentration from dislocation
pile-up at grain boundaries. In the low strain rate region (0.001 s−1),
cracks form primarily through nucleation and growth of voids caused by
grain boundary sliding being impeded by grain boundary carbides.

4. The hot processing window for spray-formed Nb-containing M3:2 high
speed steel is 1050–1150°C at strain rates of 0.01–0.1 s−1, where dynamic
recrystallization is the primary softening mechanism. Plastic instability
occurs when the strain rate exceeds 1 s−1 in the temperature range of 950–
1150°C.

5. After forging and heat treatment, the hardness and strength of Nb-
containing M3:2 high speed steel meet or exceed those of hot isostatically
pressed powder metallurgy high speed steel of the same composition.
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