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Abstract: Vanadis 4E (V4E) is a powder metallurgical cold work tool steel predominantly used
in application with demand for wear resistance, high hardness, and toughness. It is of interest to
have a processing route that enables full density starting from clean gas-atomized powder allowing
component shaping capabilities. This study presents a process involving freeze granulation of
powder to facilitate compaction by means of cold isostatic pressing, followed by sintering to allow for
capsule-free hot isostatic pressing (HIP) and subsequent heat treatments of fully densified specimens.
The sintering stage has been studied in particular, and it is shown how sintering in pure nitrogen at
1150 ◦C results in predominantly closed porosity, while sintering at 1200 ◦C gives near full density.
Microstructural investigation shows that vanadium-rich carbonitride (MX) is formed as a result of
the nitrogen uptake during sintering, with coarser appearance for the higher temperature. Nearly
complete densification, approximately 7.80 ± 0.01 g/cm3, was achieved after sintering at 1200 ◦C, and
after sintering at 1150 ◦C, followed by capsule-free HIP, hardening, and tempering. Irrespective of
processing once the MX is formed, the nitrogen is locked into this phase and the austenite is stabilised,
which means any tempering tends to result in a mixture of austenite and tempered martensite, the
former being predominate during the sequential tempering, whereas martensite formation during
cooling from austenitization temperatures becomes limited.

Keywords: cold work tool steel; freeze granulation; sintering; capsule-free hot isostatic pressing;
full densification

1. Introduction

Tool steels are widely used in various high-performance applications such as blanking,
stamping, and punching due to their excellent characteristic properties including high hard-
ness, adequate abrasive resistance, and toughness [1,2]. Based on the specific application,
these tool steels were categorized into various operating conditions such as forging, die
casting, and high-speed machining [3–5]. The need for high-performance applications such
as cold extrusion tooling, knives, and powder pressing dies requires a good combination of
wear resistance, hardness, ductility, and toughness; thus, modern powder metallurgical
(PM) cold work tool steels have been developed, such as Vanadis 4 [6–9]. These steels
are normally fabricated by means of hot isostatic pressing of the encapsulated spherically
shaped gas-atomized powder, whereby excellent properties and full density is achieved as
a result of more homogenous material compared to cast and wrought alternatives. Notably,
this also means that the consolidated material is provided as a preform from which the
actual final product must be realised by subsequent machining and heat treatments.

At the other end of powder metallurgical processing, there is the classical press and
sinter route that provides net-shape components. This route uses irregular-shaped water-
atomized powder for the compaction stage, to provide for the necessary mechanical locking
and green strength of the compact [10,11]. This processing route is, however, not well
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suited for reaching full density, as the practical sintering of such compacts to full density
without use of liquid phase sintering is hardly possible. Consequently, various approaches
to improve the densification have been addressed with ranges of success [10,12–14].

In the case of tool steels, even if water-atomized powder, despite limited compressibility,
could be compacted to a certain degree, the highly specific surface area of such powder brings
challenges with respect to high oxygen content and alloying element content, which trigger
oxide residual in the final material. In contrast, gas-atomized tool steel powder has less
oxygen contents but is hard to compact due its poor compressibility [15–17]. To counteract this
challenge, binder can be mixed with the powder to facilitate compaction [18]. Provided that
subsequent debinding and sintering can be tailored to limit oxygen content and reach closed
porosity [10], the utilization of capsule-free HIP as the final stage is beneficial to achieve full
densification after the sintering. This also opens up for net-shape component manufacturing.

Carbides formed within the microstructure of tool steels significantly contribute to
defining their mechanical properties. The type and morphology of these carbides determine
the performance characteristics of the tool steels. Primary carbides influence mostly on
the wear resistance and toughness, whereas the secondary carbides precipitated during
tempering treatment controls the overall hardness in applications. The MC, M2C, and
M6C are categorized as primary carbides [19]. Sintering of powder metallurgical tool
steels has been shown to be viable to reach near full density when conducted in nitrogen
atmosphere, owing to the expansion of the solidus-liquidus temperature span [20], whereby
supersolidus can be better controlled. The reason behind this expansion is the expel of
carbon to the matrix associated lowering of the solidus temperature as nitrogen is absorbed
in the material with progressive transformation of MC to M(C,N) [21]. In addition, tool
steels containing nitrogen exhibit excellent wear and tribological properties [21–25].

Thus, to combine potential net-shape capabilities with full density processing starting
from gas-atomized V4E tool steel powder, a novel approach is explored in this study involv-
ing powder granulation, cold isostatic pressing (CIP), nitrogen sintering, and hot isostatic
pressing with controlled cooling. The powder granules are realized through the freeze
granulation (FG) technique. The CIP cannot facilitate high green densities. Consequently,
densification during sintering is a key measure. Based on theoretical predictions, sintering
has been explored at two different temperatures of 1150 ◦C and 1200 ◦C in pure nitrogen
atmosphere. Finally, sintered variants are subjected to capsule-free hot isostatic pressing,
followed by nominal hardening and tempering runs. The outcome of this novel processing
route is explored with respect to achievable full densification of the powder metallurgical
V4E tool steel, microstructure control, and potential properties.

2. Materials and Methods
2.1. Materials

Gas-atomized V4E tool steel powder with size distribution of <20 µm is provided by
Uddeholms AB, Hagfors, Sweden. Nominal chemical composition of the powder grade is
given below in Table 1.

Table 1. Chemical composition (in wt.%) of gas-atomized V4E tool steel powder, adapted from Ref. [26].

Powder C Si Mn Cr Mo V O Fe

V4E 1.4 0.4 0.4 4.7 3.5 3.7 0.02 Bal.

2.2. Freeze Granulation (FG)

Granules were prepared using 25 vol.% of Halt B-26 binder through freeze granulation
(FG), as shown in Figure 1. Granules were prepared by pouring the suspension containing
powder into a chamber filled with liquid nitrogen under high-pressure air, resulting in the
granules being coated with liquid nitrogen on their surfaces. Next, the frozen granules were
collected and transferred for freeze drying, initiating the sublimation process, ultimately
resulting in the production of freeze-dried granules with preserved homogeneity.
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Figure 1. Schematic illustration of freeze granulation (FG) method.

2.3. Cold Isostatic Pressing (CIP)

The granules were pre-compacted uniaxially to cylindrical form at 20 MPa (see Figure 2a),
before being placed in a sealed vacuum bag for CIP process (see Figure 2c). As can be seen in
Figure 2b below, these pre-compacted samples were then subjected to CIP process at 300 MPa
for 120 s using an in-house cold isostatic press, Avure Technologies at RISE AB, Mölndal,
Sweden. All the CIP processed cylindrical samples were produced in dimensions of 10 mm in
height and 10 mm in diameter, respectively.
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2.4. Debinding, Sintering, Capsule-Free HIP, and Followed by Thermal Treatments

Prior to sintering, debinding was performed to remove the binder at 600 ◦C for 60 min
in argon gas in a quartz tube furnace. Subsequently, sintering runs were carried out
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in dilatometer, NETZSCH DIL 402C (NETZSCH -Gerätebau GmbH, Selb, Germany) at
1150 ◦C and 1200 ◦C, respectively, in a nitrogen atmosphere with a purity of 99.9999%.
A heating rate of 10 ◦C/min and a cooling rate of 30 ◦C/min were used with a holding
time of 60 min at the isothermal stage for all CIP samples. Following this, capsule-free
HIP of the sintered samples was carried out in QIH-48 HIP at Uddeholms AB, Hagfors,
Sweden, in argon at a pressure of 150 MPa at 1140 ◦C for 90 min. Subsequently, hardening
on the capsule-free HIP-processed samples was carried out at 1100 ◦C for 30 min under
vacuum, followed by rapid cooling at T8-5 ramp, in 100 s. Furthermore, tempering was
performed at 525 ◦C with a holding time of 120 min in air, and this heat treatment was
repeated three times. Thermal experiments using differential scanning calorimetry (DSC)
on the STA 449 F1 Jupiter instrument (NETZSCH-Gerätebau GmbH, Selb, Germany) was
carried in argon atmosphere with a purity of 99.9999%, with heating and cooling rates of
10 ◦C/min. Thermo-Calc software (2024a version, Thermo-Calc, Solna, Sweden) using
TCFE13 database, based on the CALPHAD method [27], was used for identifying the
melting temperature and the influence of nitrogen on V4E tool steel. Phase identification
of V4E steel was performed using JMatPro software (Version 12.4, Sente Software Ltd.,
Guildford, UK) with the general steel database.

Investigations including the Archimedes water displacement technique according to
ASTM B238 [28] were employed to measure the density of the samples after sintering, as
well as after capsule-free HIP, hardening, and tempering. Struers TegraPol-31 was used
for grinding and polishing of the metallographic samples to a fine surface finish. The
pore fraction of these samples after the above-mentioned heat treatments was examined
using a Light optical microscopy (LOM), ZEISS Axioscope 7 instrument (CARL ZEISS,
Oberkochen, Germany). The obtained images from LOM were analysed for porosity using
the contrast threshold methods in the Fiji ImageJ software (2.15.1 Version, ImageJ2 java
support, Dresden, Germany) [29]. Further metallography studies were conducted using
scanning electron microscopy (SEM) with a Gemini SEM 450 Zeiss instrument (CARL ZEISS
electron microscope GmbH, Germany). Electron backscattered diffraction (EBSD, Oxford
Instruments, UK) and energy dispersive spectroscopy (EDS, Oxford Instruments, UK) were
carried out on polished samples. For EBSD, a step-size of 0.3 µm was used. Bulk chemical
analysis was carried out using LECO CS600 (LECO Instruments, Stockport, UK) for carbon
and LECO ONH836 (LECO Instruments, UK) for oxygen and nitrogen, respectively.

Vickers hardness values of HV10 for the samples after sintering and in tempered
conditions were measured according to the ASTM E384-17 [30] by means of the Struers
DuraScan-70 G5 (Ballerup, Denmark). Phase identification of the samples after sintering
at different temperatures as well as after capsule-free HIP, hardening, and tempering was
performed on polished surfaces. To investigate this further, X-ray diffraction (XRD) using
the Bruker D8 discover (Bruker AXS SE, Karlsruhe, Germany) in Bragg-Brentano geometry
with θ–2θ arrangement was employed using Cu-tube as a radiation source emitting an
X-ray radiation with a wavelength of λCuKα1 = 1.54060 Å. The working voltage used was
40 kV, and the current was 40 mA. The diffractograms were recorded in an angular range
2θ from 10◦ to 100 ◦C with a step size of 0.02◦ and scan time of 1 s. Throughout the
measurements, the sample holder was rotating at a speed of 10 min−1. DIFFRAC.EVA
software (version 6.0.0.7, Bruker AXS, Karlsruhe, Germany) was applied to evaluate the
diffraction reflections, and PDF-05+ 2024 database was used to identify the phases.

3. Results
3.1. Green Density of Isostatically Pressed Granule Samples

The green density of the samples achieved when CIP-processed at the different pressures
of 100 MPa, 200 MPa, and 300 MPa, respectively, are presented in Figure 3a. The relative
density increased from 62.8% to 66% with an increase in pressure from 100 MPa to 300 MPa.
Normally, spherical powder demonstrates low interparticle friction, high packing density, and
low coordination number, making it difficult in achieving densification during pressing [31].
In addition, this challenge extends further to tool steel particles, which are characterized
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by their high hardness and thus exhibit extensive resistance to deformation [18]. In this
study, powder mixed with binder to form granules was employed instead of directly pressing
the V4E tool steel powder. These granules break during pressing, effectively aiding in the
optimal compaction process. Thus, an increase in green density is attributed to the favourable
compressibility of granules during pressing, enabled by the rearrangement of these granules
followed by fragmentation, and thus elevating further the fractional packing density [31,32].
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The CIP-processed samples were then subjected to the debinding process to remove the
binder either by degradation and/or evaporation at specific temperature ranges. Figure 3b
illustrates the thermal debinding characteristics in argon at temperatures of 600 ◦C and 800 ◦C,
respectively. In Figure 3b, curves B and A demonstrate that debinding at the higher temperature
of 800 ◦C results in higher residual weight than debinding at 600 ◦C. This effect is suggested to
be a result of the increased degree of oxidation. Even if debinding is done in argon, oxidation
is inherent when debinding is carried out at elevated temperatures, enabling the chemical
interaction between the material and the finite amount of oxygen present in the atmosphere [33].
The curve A, representing debinding at 600 ◦C, shows that the weight remained relatively
constant with time at this temperature, indicating neither further oxidation nor degradation
profile of any binder constituent, thus resulting in a nominally complete removal of the binder
from the sample.

3.2. Influence of Sintering Temperature on Densification

Sintering studies were carried out with the V4E samples CIP-processed at 300 MPa
and de-bound at 600 ◦C. Figure 4 illustrates the open and closed porosities after debinding
in argon and subsequent sintering in pure nitrogen at 1150 ◦C and 1200 ◦C, respectively. It
is clear that with the increase in sintering temperature, the porosity of the tool steel samples
reduces significantly. The density values obtained after sintering at the temperatures of
1150 ◦C and 1200 ◦C are 7.18 ± 0.17 g/cm3 and 7.80 ± 0.01 g/cm3, respectively. After
sintering at 1150 ◦C, there remains an open porosity of 1.73 ± 0.31%, contributing to the
total porosity of 8.01 ± 2.17%. The high density obtained for the samples after sintering
at 1200 ◦C signifies a substantial decrease in both open and closed porosity, resulting in
almost full densification. Improvement in densification with increases in temperature
could be attributed to liquid phase sintering involving grain-shape accommodation and
dissolution-precipitation mechanism, as also reported in previous studies [12,34] and will
be further discussed and addressed below.
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Figure 4. Open and closed porosity of V4E samples after sintering at 1150 ◦C and 1200 ◦C, measured
using the Archimedes density method.

Figure 5 displays the corresponding optical micrographs of an unetched cross-section of
samples after sintering at temperatures of 1150 ◦C and 1200 ◦C, respectively. As can be seen in
Figure 5a, a significant amount of porosity is evident after sintering at 1150 ◦C, when compared
to the samples sintered at temperatures of 1200 ◦C, as observed in Figure 5b. This agrees with
the density measurements by the Archimedes method displayed in Figure 4 above. Figure 5,
hence, validates the sinter density measurements of these samples after sintering at 1150 ◦C
and 1200 ◦C. Table 2 compares the porosity measures depicted from the Archimedes method
and ImageJ analysis of metallographic cross-sections. The density values of the sample sintered
at 1150 ◦C exhibited a difference of approximately 4% between the two density measurement
methods. This difference arises from the fact that the metallographic characterization is
a 2D assessment, while the Archimedes method represents the 3D assessment, depicting
interconnected open porosity in a better way. The Image J analysis, hence, considers images
from mainly the bulk region of the samples, while the influence of the open pores is distinctly
noticeable for the Archimedes density measurement method. In Table 2, the relative density
of the material is the same with both methods and nominally near zero porosity for material
sintered at 1200 ◦C. In Figure 5b, precipitates are clearly visible after sintering at 1200 ◦C due
to their increase in size (even if the sample is still not etched).

Table 2. Density measurements of V4E material sintered at 1150 ◦C and 1200 ◦C.

Archimedes Method ImageJ Analysis (%)

Temperature (g/cm3) Relative Density (%) Relative Density (%)

1150 ◦C 7.18 ± 0.17 91.4 ± 2.2 95.9 ± 0.5

1200 ◦C 7.80 ± 0.01 99.9 ± 0.0 99.9 ± 0.03
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Figure 5. Optical micrographs of V4E material sintered at 1150 ◦C (a) and 1200 ◦C (b).

3.3. Influence of Post-Sintering Thermal Treatments

Figure 6 shows the unetched microstructural cross-sections of samples sintered at
1150 ◦C and 1200 ◦C, subjected to subsequent capsule-free HIP, hardening, and tempering.
Characteristically, almost no pores were observed for both samples after the subsequent
capsule-free HIP, hardening, and tempering (see Figure 6a,b). Compared to the appearance
for the sample priorly sintered at 1150 ◦C (Figure 6a), Figure 6b demonstrates a smoother
surface for the sample priorly sintered at 1200 ◦C, confirming an adequate sintering process
as already seen from Figure 5b.
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Figure 6. Optical micrographs of V4E material after sintering at (a) 1150 ◦C and (b) 1200 ◦C, followed
by capsule-free HIP, hardening, and tempering, adapted from Ref. [26].

Table 3 compares the density measurements of the samples after sintering and after
subsequent capsule-free HIP, hardening, and tempering. The density for samples sintered
at 1150 ◦C after the subsequent thermal treatments increased by 8% to 7.80 ± 0.01 g/cm3.
It is expected that the capsule-free HIP is the main cause of this densification. In the case
of the samples sintered at 1200 ◦C, the impact of capsule-free HIP is minimal, as near full
density has already been achieved during the sintering.
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Table 3. Archimedes density measurements of samples after sintering at 1150 ◦C and 1200 ◦C, as well
as after following capsule-free HIP, hardening, and tempering.

Archimedes Density (g/cm3)

Sample Sintering Sintering + Capsule-Free HIP + Tempering

1150 ◦C 7.18 ± 0.17 7.80 ± 0.01

1200 ◦C 7.80 ± 0.01 7.81 ± 0.01

3.4. Microstructures and Properties

The SEM micrographs in Figure 7 reveal the microstructure of the V4E tool steel af-
ter sintering at 1150 ◦C and 1200 ◦C as well as after following capsule-free HIP, hardening,
and tempering. The presence of vanadium-rich carbonitrides and molybdenum-rich car-
bides have been identified, consistent with observations from previous studies [21]. As
the sintering temperature increases, there is a noticeable increase in grain size and the
size of precipitates, particularly the dark-appearing ones, i.e., the vanadium carbonitrides
(c.f. Figure 7a,b). During sintering in a nitrogen atmosphere, nitrogen dissolves into the
material. The nitrogen absorption is preferentially accommodated by the transformation
of VC to V(C,N) and the eventual progress to VN. Reaching VN requires, however, higher
nitrogen activity than what is applied in this study. The V(C,N) is hereafter also referred to as
MX as being vanadium-rich and nitrogen-rich carbonitride precipitates. As a consequence
of the selective uptake of nitrogen into the MX, carbon is released into the austenite matrix
and through liquid phase, the latter leading to emerge carbide in locations where liquid phase
is formed. As will be discussed further later, it is supposed that the sintering in nitrogen
could help reduce the solidus temperature, thereby resulting in better sintering control and
enhanced densification. Figure 7d shows the distribution of the precipitates after thermal
treatments of capsule-free HIP, hardening, and tempering. It can be seen that the presumed
MX precipitates remain in the microstructure, and secondary carbides are also formed.
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Figure 7. SEM micrographs of V4E samples after sintering at (a) 1150 ◦C, and (b) 1200 ◦C, and (c,d) after
subsequent capsule-free HIP at 1140 ◦C, hardening, and tempering.
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Precipitates containing vanadium and molybdenum are depicted in sintered samples
using EDS mapping, as shown in Figure 8. From the figure, it can be seen that vanadium is
present in the presumed MX precipitates while Mo and Cr are contained in the presumed
carbide precipitates. It appears that MX precipitates shown by the vanadium mapping occur
in two different sizes, with larger ones decorating the grain boundaries and smaller ones
indicated inside the grains. For the carbide precipitates, they tend to occur predominantly
at the grain boundaries.
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Figure 8. SEM images and EDS mapping of V4E material after sintering at (top row) 1150 ◦C
and (bottom row) 1200 ◦C.

Figure 9 presents the EDS maps of V4E material after sintering at 1200 ◦C. The maps
clearly revealed the presence of carbon and nitrogen within MX precipitates, indicating the
formation of vanadium-rich carbonitrides.
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The X-ray diffraction analysis and EBSD mappings of V4E steel samples on all as-
sintered conditions as well as on sintered samples, followed by capsule-free HIP, hardening,
and tempering, were performed. Austenite is prevalent in all the samples; hence, for the
representation of the phases in the final condition, the XRD pattern and EBSD mapping of
the sample sintered at 1200 ◦C, followed by capsule-free HIP, hardening, and tempering, are
depicted in Figure 10. The highest peak for the austenite existed at a 2θ position of 43.2◦. The
presence of phases such as austenite, tempered martensite, and V(C,N) is detected by both
the XRD and EBSD characterisations. Here, tempered martensite is shown as BCC in the
XRD plot as it is not possible to distinguish between BCC and highly tempered martensite
in the diffractograms. It can be seen that a significant portion of austenite is present even
after tempering, while regions of tempered martensite are occurring as expected. A previous
study on cold work tool steel with high chromium content demonstrated that sintering in
nitrogen atmosphere stabilized the austenite phase [35], and it also appears to be the case here.
Furthermore, in accordance with Figures 7 and 8, the presence of V(C,N) is confirmed.
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Figure 10. X-ray Diffraction pattern (left) and EBSD mapping (right) of V4E material after sintering
at 1200 ◦C, followed by capsule-free HIP, hardening, and tempering.

The apparent hardness values were determined for samples after sintering as well as
after subsequent capsule-free HIP, hardening, and tempering. This is done to correlate with
the pore characteristics and precipitates formed. The hardness values are shown in Table 4.
The hardness of the samples sintered at 1150 ◦C is 335 ± 7 HV10 and that of samples at
1200 ◦C is 444 ± 14 HV10. Largely, as also reported elsewhere [10], this difference is proposed
to be a result of the lower density of the former, as evident from Figure 5 and Table 2.

Table 4. Apparent hardness measurements of samples after sintering at 1150 ◦C and 1200 ◦C, and
after following capsule-free HIP, hardening, and tempering.

Sample
Apparent Hardness Measurement (HV10)

After Sintering (g/cm3) After Capsule-Free HIP + Tempering (g/cm3)

1150 ◦C 335 ± 7 519 ± 14

1200 ◦C 444 ± 14 457 ± 11

After subsequent processing, the hardness value increased significantly for the samples
priorly sintered at temperatures of 1150 ◦C, while it only increased slightly for samples
priorly sintered at 1200 ◦C. It is observed that the hardness values of 519 ± 14 HV10 and
457 ± 11 HV10 are obtained in the former and latter cases, respectively. As both these
conditions are expected to represent fully dense materials, the hardness values represent
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the impact of different microstructures. From Figure 7, the MX precipitates formed during
sintering remain coarser for material sintered at 1200 ◦C compared to material sintered at
1150 ◦C, irrespective of subsequent processing. The overall finer precipitates in the latter
case are a plausible cause of the high hardness applying sintering at 1150 ◦C instead of
1200 ◦C along the processing route.

The results summarize that it can be presumed that pores were largely eliminated when
sintering was carried out at 1200 ◦C, as seen in Figure 5, leading to near full densification,
which allowed capsule-free HIP to easily bring the material to nominal full density. Still,
as shown in Figure 6, even material sintered at 1150 ◦C to density level enough to exhibit
predominantly close porosity, whereby nominally full densification was achieved as well
by subsequent capsule-free HIP. In both cases, final hardening and tempering can then be
tuned depending on needs.

4. Discussion

It is clear from the results presented that there is a processing route that can bring powder
metallurgical tool steel to full density with potential component shaping capabilities, starting
from granulated gas-atomized powder via cold isostatic pressing and sintering to closed
or nearly full density, finalized with capsule-free hot isostatic pressing. A key element in
the processing chain is sintering. This section provides in detail a review of the sintering
by considering experimental modelling by dilatometer studies and thermodynamics-based
theoretical modelling of phase equilibria and possible phase transformations.

Let us first consider the effect of the high-temperature sintering in nitrogen on den-
sification. From the dilatometer curves in Figure 11, sintering behaviour up to 1150 ◦C is
basically constant. Consequently, sintering at 1150 ◦C means a slower rate of densification,
as noticed in the figure, while increasing the sintering temperature to 1200 ◦C significantly
enhances the densification rate, whereby near full density is achieved, implying possible
conformity to the sintering by liquid-phase assisted mechanism [34].
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The formation of the liquid phase for V4E composition in Table 1 is noted at an onset
temperature of 1222 ◦C by DSC experiments, as can be seen in Figure 12a, with a solidus
and liquid temperature gap of about 178 ◦C. This agrees reasonably with thermodynamic
simulations performed using Thermo-Calc software with TCFE13 database, as depicted
in Figure 12b, which predict solidus and liquidus temperatures of 1242 ◦C and 1387 ◦C,
respectively. In Figure 12a, the fluctuations observed in the DSC curve above onset of
melting are supposed to be assigned to the progressive dissolution of MC precipitates
expected to be complete before reaching the liquidus temperature. When pre-alloyed
powder is sintered above its solidus temperature, the densification is achieved on reaching
a certain threshold of partial melting [36], as shown by Liu and German. This resulting early-
stage densification in liquid phase sintering mechanism could be due to the disintegration
of grain/particles into fragments and the subsequent repacking of these fragments [37].
Higher carbon content means that the solidus temperature decreases [38]. As a matter of
fact, the V4E PM tool steel alloy is very sensitive to the carbon level for the onset of liquid
phase. Also, from analysis of de-bound samples, it is found that the carbon level may reach
up to 1.5 wt.% to 1.6 wt.% prior to sintering. Consequently, as the slightly added carbon
should be located at powder surfaces, it is suggested that this triggers local enrichment
of liquid phase in early stages of the sintering, which presumably adds a transient liquid
phase sintering effect subject to the initial impact of nitrogen, as outlined further below.
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simulation of V4E using ThermoCalc software (2024a Version).

The question then arises: What happens with V4E when sintered in a nitrogen at-
mosphere? The first issue is to understand the impact of nitrogen activity on nitrogen
uptake and then where and how nitrogen is captured in the material. Figure 13a shows a
pseudo-binary phase diagram for V4E composition plus nitrogen predicted by Thermo-Calc
simulations. The figure illustrates the possible nitrogen uptake in wt.% (y-axis) into the
material when sintering in nitrogen atmosphere at different pressures of 0.5 bar, 1 bar, and
1.5 bar. It depicts the occurrence of nitrogen pickup with an increase in the nitrogen activity
in the material, leading to the formation of an increased amount of carbonitride at all
pressures. This nitrogen activity is the nitrogen dissolved in the austenitic matrix. A similar
approach is studied by Farayibi and Blüm [35], who noted the nitrogen pickup in samples
as the nitrogen pressure increased when sintered at 1100 ◦C. In this study, as indicated
in the figure, sintering at a temperature of 1200 ◦C and a pressure of 1.5 bar (right dotted
line) is supposed to trigger the formation of liquid phase and lead to a nitrogen content
of 0.85 wt.% in the sample, potentially leading to rapid densification. Previous studies
explain that sintering in the presence of nitrogen not only reduces solidus temperature
compared to sintering in vacuum conditions, but also transforms MC to MX [21,39]. This
will be discussed later on in connection with Figure 14.
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Figure 14. JMatPro simulation (Version 12.4) of V4E PM cold work tool steel with 0.7% nitrogen.

Figure 13b shows the thermodynamic simulations performed using ThermoCalC
software (Version 2024a) for the V4E PM tool steel with varying nitrogen content in the
material (plots). With the uptake of nitrogen in the sample from almost no nitrogen
(0.01 wt.%) to 1 wt.%, the solidus temperature is supposed to reduce from 1242 ◦C to
slightly under 1200 ◦C. It has been observed in previous studies that sintering of tool
steels containing carbon in nitrogen atmosphere can lead to improved densification [40], as
observed in Figure 5. This density enhancement is attributed to two factors: one of which
is carbothermal reactions that reduce surface oxides, thus accelerating sintering activity
between the particles, and the other is due to liquid phase sintering (LPS) mechanism.
Additionally, sintering in nitrogen results in lower solidus temperature, together with an
expanded solidification range [21,41].
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Previous studies [42,43] have demonstrated that after conventional heat treatment of
powder metallurgical V4E cold work tool steel, having carbide forming alloying elements such
as V, Cr, Mo, the precipitates MC, M2C, and M7C3 occur in its microstructure. In this study,
during sintering in nitrogen atmosphere of the V4E tool steel, the MC transforms to M(C,N).
Figure 14 shows the JMatPro prediction of equilibrium phases and their content as a function of
temperature for V4E composition plus 0.7 wt.% nitrogen. The calculations suggest that only MX
(denoted as MN but having both C and N, according to phase composition prediction) can exist
at temperatures above around 1200 ◦C besides austenite and liquid phase. What is also evident
from Figure 14 is that the MN (i.e., MX) is kept at about the same concentration downwards in
temperature. Consequently, once the MX is formed during the sintering, it will keep the nitrogen.
In fact, the JMatPro calculations predict that the nitrogen level in the austenite for 0.7 wt% N is
about 0.03 wt.%. Thus, no nitrogen activity takes place to transform V(C,N) to VN. Hence now,
in the sintered conditions, Mo-rich carbides, presumably M2C, are present. These should not
be formed at homogeneous and equilibrium conditions. It is suggested that their presence is
due to the heterogeneous state of liquation (transient liquid phase sintering), c.f. Figure 7. Upon
further thermal treatments from capsule-free HIP to hardening and tempering, the stable MX
remains unaffected, while the M2C, being unstable above 1000 ◦C, is dissolved during the HIP
processing and then is not present anymore after any further heat treatment, c.f. Figures 7 and 8.
After tempering, secondary carbide M23C6 will instead occur, c.f. Figures 7, 8, 10 and 14. The
source of increased carbon for carbide formation is the transformation of the MC to MX. The
carbon for this comes from the expel of carbon to austenite during sintering. The capsule-free
HIP is done with rapid cooling facility. Normally, it is expected that martensite is formed to a
larger extent on rapid cooling of austenite from elevated temperature [44]. In contrast to these
studies, austenite is predominant, as seen in Figure 10, after the thermal treatments involving
capsule-free HIP and hardening, followed by tempering at 525 ◦C three times. In this study, it is
supposed that none to a very little amount of martensite is formed during either cooling during
the capsule-free HIP or hardening before the final tempering treatment. Figure 15 shows the
predicted martensitic transition temperature of V4E PM tool steel with and without nitrogen
content in the material with initial austenitization temperature as input. The austenitization
temperature determines the amount of carbon in the austenite, and hence, indirectly also the
temperature of onset of martensite formation. Now, hardening with austenitization at 1100 ◦C
means, as seen in Figure 15a, Ms = 167 ◦C without nitrogen and Ms = 23 ◦C with nitrogen. Also,
considering cooling from either 1150 ◦C or 1200 ◦C would mean that Ms is pushed downwards
as well for the material in question. Clearly, for the final hardening process, the formation of
martensite is limited. Still, tempered martensite appears after the three sequential tempering
runs. This can be related to the progressive formation of carbides with a decline of the carbon
level in austenite, which increases the Ms, whereby a portion of the microstructure becomes
tempered martensite, while a significant amount remains as austenite.
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During sintering, carbon can act as a reducing agent, which needs to be considered as
well. It is also important to depict to what extent nitrogen level introduced is maintained
during subsequent processing after sintering. Table 5 presents the chemical analyses
for carbon, oxygen, and nitrogen after sintering and after subsequent capsule-free HIP,
hardening, and tempering. Carbon level remains almost the same after sintering at 1150 ◦C
and 1200 ◦C. This is also the case after the post-sintering treatments. As can be seen, oxygen
has been reduced to a very low level after sintering and so to even more for the highest
temperature. This reduction is due to the carbothermal reactions leading to basically
complete oxide removal, as presented in other studies for sintering of tool steel [45,46].
Regarding nitrogen, the nitrogen level is slightly higher after sintering at 1150 ◦C than after
sintering at 1200 ◦C. This agrees well with Figure 12a; as the sintering temperature increases
at the nitrogen pressure of 1.5 bar, nitrogen content should reduce, as represented by the
blue dotted line on the right side. This trend agrees with the observed trend of measured
values in Table 5. Notably, the carbothermal reduction could be enhanced by residual
carbon from the binder. Also, residual carbon from the binder is a trigger for enhanced
liquid-phase formation when sintering at 1200 ◦C. Also, the solidus temperature of V4E
plus added nitrogen is very sensitive to carbon level; for example, going from 1.4 wt.% to
1.6 wt.% shifts the solidus down with about 30 ◦C. Compared with the samples in sintered
condition, the subsequent capsule-free HIP, hardening, and tempering appears to reduce
the oxygen values further, arriving at such low oxygen levels as 0.001 wt.%. Overall, this
indicates that these processes are maintained with very good atmospheric control, and
residual oxygen levels required for high-performance applications are attainable. These
values depict the complete removal of oxides present in the samples.

Table 5. Chemical analysis of V4E samples after sintering at 1150 ◦C and 1200 ◦C, and after sintering
followed by capsule-free HIP at 1140 ◦C, hardening, and tempering. All concentrations are given in wt.%.

Sintering
Temperature Sintering Sintering + Capsule-Free HIP +

Hardening + Tempering
◦C C O N C O N

1150 1.42 0.007 0.76 1.46 0.001 0.74

1200 1.44 0.005 0.70 1.47 0.001 0.67

5. Conclusions

In this study, a novel processing route to create fully dense powder metallurgical V4E
tool streel is developed. The processing route involves the initial granulation of the gas-
atomized powder to allow for the compaction by means of cold isostatic pressing at 300 MPa
to create green parts for sintering. The inherent ability of the V4E tool steel to be sintered to
high relative density is then taken advantage of by applying nitrogen atmosphere sintering.
When sintering at either 1150 ◦C or 1200 ◦C, nitrogen absorption of up to around 0.7 wt.% is
obtained. For the lower temperature, sintering to predominantly closed porosity is obtained,
while the higher temperature leads to near full density, presumed to be a result of liquid
phase-assisted sintering. In either case, capsule-free hot isostatic pressing was then possible to
create nominally full density. The concrete observations can be summarized as follows:

• Density values of 7.80 ± 0.01 g/cm3 were obtained for sample sintered at 1150 ◦C,
and followed by capsule-free HIP, hardening, and tempering. Similarly, density
values of 7.81 ± 0.01 g/cm3 were achieved already after sintering at 1200 ◦C prior to
thermal treatments.

• Microstructures revealed by means of SEM showed the distribution of coarse vanadium-
rich nitrides/carbonitrides decorating the grains and the finer ones inside the grains,
together with molybdenum-rich carbides at the grain boundaries after sintering.

• The EDS mapping of sintered samples showed that the precipitates with vanadium
and molybdenum increased in size with increasing sintering temperature.
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• The EBSD mapping revealed that austenite phase is prevalent in all the samples
(representatively shown on the sample sintered at 1200 ◦C) after sintering as well as
after subsequent capsule-free HIP, hardening, and tempering. The XRD patterns for
as-tempered conditions depicted austenite, vanadium-rich nitrides/carbonitrides, and
tempered martensite.

• The austenite phase is stabilized as a result of the higher carbon content in the matrix
after sintering, owing to the transformation of MC to MX with associated expel of carbon.
This means that the martensite start temperature is pushed to low temperatures. For
austenitization at 1100 ◦C, simulations predict it to be 23 ◦C. Consequently, a high
amount of stabilized austenite is observed after tempering, together with the presence of
tempered martensite, the latter being formed during the subsequent tempering runs.

• Apparent hardness values were higher for final fully densified as-tempered samples with
initial sintering at 1150 ◦C compared to initial sintering at 1200 ◦C. The values measured
were 519 ± 14 HV10 and 457 ± 11 HV10, respectively. The higher apparent hardness
value in the former case is attributed to finer distribution of secondary phase precipitates.
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