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In Fe–C–V–W–Cr–Mo high speed steels, the nature of carbides during the solidification are discussed as
a function of C, V and W content by the help of Partial Equilibrium (PE) approximation and thermodynamic
calculations. The results show that the solidification path and carbide precipitation can be reasonably pre-
dicted by the Partial Equilibrium approximation for cooling rate lower than 10–13 K min–1. From the view-
point of hardness control by carbides, it is found that among the main carbides MC, M6C and M7C3, the
increase of C favours the formation of MC, M7C3 but decreases the hardness of M7C3 by increasing the
Fe content in it. Meanwhile, the increase of V only increases the amount of MC and V content therein,
and the increase of W largely increases the amount of M6C and W content in it. As a result, the addition
of V and W improves the hardness of MC and M6C carbides.

KEY WORDS: high speed steel; solidification path; carbide precipitation; hardness; effects of C, V and W
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1. Introduction

The carbides in high speed steels play important roles on
wear-resistant properties. In order to obtain better wear-
resistant properties, the nature of the carbides, such as the
precipitation sequence, the amounts and the compositions
should be strictly controlled during the solidification. In
general, this is achieved through the study of solidification
path using experimental observations and measurements
combined with predictions.

Solidification path in a multi-component alloy are derived
numerically from micro-segregation approximations with
respect to the diffusion in solid phases. The Gulliver-Scheil
(GS) approximation1,2) can be, to some extent, realistic despite
the assumption of negligible back-diffusion for all elements
in solids. The Partial Equilibrium (PE) approximation3)

seems to be more realistic owing to the assumptions of
complete back-diffusion for interstitial elements and
negligible back-diffusion for substitutional elements in
solids. Some other approximations such as the Kobayashi
model4) and the Zhang et al. model5,6) considers further the
finite diffusion of elements in solids4–6) as well as in
liquid.5,6) However, they still have some limitations for
actual applications. For example, the Kobayashi model can
be applied only to dilute multi-component alloys.4,7) The
Zhang et al. model, based on the Tourret-Gandin model8–10)

for binary alloys, is limited to dendritic5) and peritectic
structures6) but can not be applied to eutectic structures.

Considering the different diffusivities of interstitial and
substitutional elements in a multi-component alloy, Hillert11)

firstly analyzed the back-diffusion of carbon and chromium
in liquid and primary FCC in Fe–C–Cr alloy with a
one-dimensional numerical solution. Afterwards, Chen and
Sundman3) developed a Partial Equilibrium (PE) approxima-
tion to predict the partial equilibrium solidification behav-
iour in Fe–C–Cr alloy, which is implemented in the software
package “Thermo-Calc”. The results showed good agree-
ment with the previous numerical simulations reported by
Hillert.11) Moreover, Kozeschnik et al.12) considered the
solid-solid phase transformation such as the peritectic
transformation in low-carbon steels besides the partial
equilibrium distribution of fast diffusers.

In this paper, the Partial Equilibrium (PE) approximation
which considers the back-diffusion of carbon in solid FCC
and BCC is developed and discussed on the validity of its
application to the Fe–C–V–W–Cr–Mo high speed steels
with carbide precipitation, from the viewpoint of hardness
control by carbides. Firstly, for a certain alloy, the carbide
precipitation mechanism during solidification is carefully
analyzed. At that time, the predicted precipitation sequence
and consequent micro-segregation in each phase is compared
with those in previous experimental work by Yamamoto.13)

Then, for eleven alloys, the effects of carbon, vanadium and
tungsten on the precipitation sequence, the amount and the
composition of carbides are discussed in detail. Finally, it is
confirmed that PE approximation clearly presents the nature
of carbides, such as precipitation sequence, amount and
composition of all carbides, which includes the non-
detectable carbides in thermal analysis.

2. Experimental Work

The solidification experiments on the Fe–C–V–W–Cr–
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Mo high speed steels (eleven alloy samples: C1 to C4, V1
to V5 and W1 to W4) were performed by Yamamoto.13) The
raw materials were melted inside a Tammann furnace with
Ar gas atmosphere. Then, the molten alloy was poured into
the cylindrical metallic molds with 12 mm diameter×100
mm depth. The alloys were made of Fe, C, V, W, Cr and Mo
in which the contents of Cr and Mo were fixed to 5 wt%,
the C content varies in the range of 1 to 4 wt%, the V varies
from 0 to 12 wt% and W varies from 0 to 6 wt%. Exact alloy
compositions are given in Table 1. The solidification behav-
iour was examined by thermal analysis using a crucible.
That is, 30 grams of alloy rod were re-melted in a crucible
up to a temperature of 100°C above its melting point, and

then cooled down at cooling rate of 0.17–0.22 K s–1 (i.e. 10–
13 K min–1), in a furnace with SiC heater and Ar gas atmo-
sphere protection. The precipitation temperatures of solid
phases were estimated through the thermal analysis curve.
The solidification structure was observed through microscope
after quenching during solidification. The main carbides were
identified by X-ray diffraction, colored etching and chemi-
cal analysis using Electron Probe Micro-Analysis (EPMA).
The phase compositions at the temperature close to the
phase formation were determined by EPMA. Table 2 gives
the measured composition of carbides formed in alloy W3.

Unfortunately, there are some misjudgments in this type
of thermal analysis using a crucible. One misjudgment is for
the overlap of peaks, in which the precipitation temperatures
are close to each other. Another is for small peaks, which
are the results of small amount of precipitations because the
thermocouple inserted into the protective tube has the sen-
sitivity limitation, as discussed in Section 4.

3. Partial Equilibrium Approximation

The Partial equilibrium approximation is accomplished
with the help of thermodynamic equilibrium calculation.
Following a global minimization technique of the Gibbs
energy of a system, a thermodynamic equilibrium calcula-
tion is performed providing the conditions to zero degree of
freedom.16) For a n-component system, n+2 conditions need
to be set which are here the n-1 component compositions,
the amount of the system, the temperature and the pressure.

The Partial Equilibrium (PE) approximation assumes
negligible diffusion in solids (Ds → 0) for substitutional ele-
ments and complete diffusion in solids (Ds → ∞) for inter-
stitial elements such as carbon, oxygen, nitrogen, hydrogen

Table 1. Chemical composition of Fe–C–V–W–Cr–Mo high speed steels (eleven alloys: C1 to C4, V1 to V5 and W1 to
W4) and precipitation sequence of carbides.

Alloy
Chemical composition (wt%) Precipitation sequence of carbides

C V W Cr Mo Predicted by  the Partial Equilibrium (PE)
approximation Measured13)

C1 1.39 3.03 4.77 4.23 4.90 M6C(1 267°C)→MC(1 253°C)→M7C3(1 223°C)→
M2C(1 205°C) MC+M2C

C2 V2 1.99 3.06 4.30 4.16 4.94 MC(1 239°C)→M6C(1 226°C)→M7C3(1 199°C)→
M2C(1 172°C) MC+M2C

C3 2.50 3.13 5.05 4.49 5.21 MC(1 227°C)→M6C(1 202.5°C)→M7C3(1 186.5°C)→
M2C(1 144.5°C) MC+M2C+M7C3

C4 3.27 3.42 3.85 4.06 5.06 MC(1 215.5°C)→M7C3(1 162.5°C)→M6C(1 128°C)→
M2C(1 107°C)→M3C(1101.5°C) MC+M2C+M7C3

V1 1.29 – 5.18 4.57 4.95 M6C(1 280°C)→M7C3(1 202°C) M6C+M7C3

W2 V3 2.02 6.24 3.78 5.09 4.98 MC(1 270°C)→M6C(1 249°C)→M7C3(1 230°C)→
M2C(1 214°C) MC+M2C

V4 2.11 8.48 5.09 5.00 4.64 MC(1 276°C)→M6C(1 226°C)→M7C3(1 209°C) MC+M2C

V5 2.07 11.13 4.62 4.82 4.77 MC(1 290°C)→M6C(1 249°C)→M7C3(1 229°C) MC+M2C

W1 1.86 5.64 – 4.94 5.26 MC(1 274°C)→M2C(1 234°C)→M7C3(1 228°C)→
M6C(1 216°C) MC+M2C

W3 2.48 5.31 4.73 5.17 5.27 MC(1 256°C)→M6C(1 226°C)→M7C3(1 211°C)→
M2C(1 180°C) MC+M2C+M7C3

W4 1.94 4.67 5.32 5.07 5.36 MC(1 256°C)→M6C(1 252°C)→M7C3(1 223°C)→
M2C(1 200°C) MC+M2C

Alloy C1–C4 are regarded as Fe–[1–4]C–3V–5W–5Cr–5Mo alloys, alloy V1–V5 are regarded as Fe–2C–[0–12]V–5W–5Cr–5Mo
alloys, alloy W1–W4 are regarded as Fe–2C–5V–[0–6]W–5Cr–5Mo alloys. All composition in wt%. Especially, alloy W3 was used
for EPMA analysis.

Table 2. Predicted compositions of carbides for alloy W3 compared
with EPMA data (in parentheses13)), where MC, M2C and
M7C3 carbides are identified by X ray diffraction spectra.

Carbides
Composition in u-fraction (wt%)

Note Vickers
hardness13–15)

Fe V W Cr Mo

MC 2.67 56.32 16.37 9.11 15.53 VC 2 100, 2 800

(2.5) (56.25) (17.5) (7.5) (15)

M6C 33.55 2.25 31.76 3.43 29.00 (Fe,Mo,W)6C 1 890–2 060

M7C3 42.3 11.49 3.96 35.42 6.84 (Fe,Cr)7C3 1 600–1 800

(57.5) (5) (6.25) (21.25) (11.25) 2 305–2 410

M2C 9.35 14.73 6.88 5.15 63.88 Mo2C 1 800, 2 250

(7.5) (11.25) (30) (15) (35)

With  the mass-percent of a substitutional component “i” in phase
α, and considering all substitutional components “j” in phase α, the u-fraction
of a “i” in phase α is defined as . Here  is mass

fraction weighted composition in carbides, .
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and boron. In an imposed temperature stepping loop, with
decreasing temperature, the new phases precipitate from the
residual liquid, as that of the case for the Gulliver-Scheil
(GS) approximation. However, in comparison with the GS
approximation that the already formed solids remain frozen
and their compositions and amounts are unchanged under
the assumption of negligible diffusion in solids (Ds → 0), the
PE approximation adjusts the compositions and the amounts
of the existing phases through the equalization of the chem-
ical potentials of interstitial elements. Except that the
stoichiometric and semi-stoichiometric phases where the
compositions of interstitial elements are fixed, the existing
phases containing interstitial elements will take part in the
partial equilibrium calculation.

Here, for simplicity, carbon is the only interstitial element
to be discussed in the governing equations. The partial
equilibrium sequence obeys the following equations:

- Equal chemical potential of carbon between liquid
phase, l, and a solid phase, s1:

.................................. (1)

- Mass conservation of carbon before and after partial
equilibrium:

.......................................... (2)

- Unchanged u-fraction of substitutional elements before
and after partial equilibrium in each phase:

.......................................... (3)
- Mass conservation of substitutional elements before

and after partial equilibrium:

.............. (4)

The chemical potentials of carbon in a phase s1 and l are
determined through phase equilibrium calculation providing
a phase composition, temperature and pressure. In the above

equations,  and  are the mass compositions of carbon

in liquid before and after partial equilibrium.  and 

are the corresponding averaged mass composition of carbon

in solid s1, i.e. , where  is the

newly formed composition at step k in a temperature loop, f1

and  are the mass fraction of liquid and solid s1

at step k, respectively.
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Fig. 1. Computational process using the Partial Equilibrium (PE) approximation.
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The partial equilibrium among several phases (i.e. liquid
and solid phases s1, s2, …, sm) is equivalent to several partial
equilibriums between two phases (e.g. liquid and solid s1,
liquid and solid s2, … liquid and solid sm). The mass con-
servation of carbon among all phases then follows the
following relation instead of Eq. (2):

............ (5)

The calculation sequence for PE approximation is as
follows:

1) Calculate initial equilibrium providing the composi-
tion, initial temperature which is above liquidus tem-
perature, pressure and amount of the system.

2) Decrease temperature by a step δ T. Calculate new
equilibrium with the updated temperature, liquid
composition and liquid fraction which is regarded as
the amount of the system. Obtain the newly formed
equilibrium composition, , and fraction of phases,
kf ph, at step k.

3) Obtain the total amount f ph of each phase and its
averaged composition  according to the mass
fraction- weighted technique.

4) Calculate single phase equilibrium with the averaged
composition. Then obtain the chemical potential of
carbon  in each phase.

5) Find a liquid composition  and a corresponding
averaged solid composition  from Eq. (2) to fit
the condition of equal chemical potential of carbon

 in liquid l and the solid phase s1, Eq. (1).
6) Update the compositions of substitutional elements in

each phase according to Eq. (3).
7) Renew the amounts of the phases according to Eq. (4).
8) For more solid phases sj ( j>1), repeat step 4) to step

7) until the partial equilibrium of carbon is obtained
among all the existing phases. Then check the total
mass conservation from Eq. (5).

The whole computational process is schematically drawn
in Fig. 1. The program is implemented using the TQ
program interface for coupling with thermodynamic equilib-
rium calculations made by Thermo-Calc16) and access to the
thermodynamic properties of steels from database TCFE6.17)

The temperature step is –1 K. The calculation finishes once
the liquid mass fraction is less than 10–3.

For the present Fe–C–V–W–Cr–Mo alloy, only carbon
behaves as interstitial element, others are assumed as
substitutional elements. Considering the prediction of
solidification behaviour with carbide precipitation, PE
approximation is prior to GS approximation.

4. Results and Discussion

4.1. Carbide Precipitation Mechanism during Solidifi-
cation

The carbide precipitation mechanism during solidification
is carefully analyzed for alloy W3 in Table 1. At that time,
the prediction of precipitation sequence and consequent
micro-segregation in each phase is compared with the pre-
vious experimental work by Yamamoto.13)

4.1.1. Composition Evolutions in Residual Liquid during
Solidification of Alloy W3

Due to the solute redistribution at solid/liquid interface,

the composition in residual liquid evolves with the
precipitation of solid phases. As shown in Table 1 and Fig.
2 for alloy W3, after primary FCC phase (1 283°C), the pre-
cipitation of carbides follows the order of MC (1 256°C) →
M6C (1 226°C) → M7C3 (1 211°C) → M2C (1 180°C), and
amount of precipitated solid phase accumulates during the
solidification. Corresponding to these precipitations, the
composition in residual liquid decreases in the order of V →
W → Cr → Mo. Since M2C forms at the final stage of solid-
ification, it can be deduced that it may be present in small
amount. On the other hand, the different order of MC →
M2C → M6C was suggested from thermal analysis using
crucible by Yamamoto.13) This difference is due to the mis-
judgement of the overlaps of two peaks: M6C (1 226°C) and
M7C3 (1 211°C) in thermal analysis. In fact, it is also found
in Table 2 that M6C (1 226°C) acts as the nucleation site for
M2C (1 180°C).

4.1.2. Composition Evolutions (Micro-segregation) in
Precipitated Solids during Solidification of Alloy
W3

For alloy W3, the carbide precipitation mechanism during
solidification is carefully analyzed according to the
precipitation sequence: FCC, MC, M6C, M7C3 and M2C, and
shown in Fig. 3. Left-hand side figures show partition
coefficient for each solid phase during solidification, and
right-hand side figures show consequent micro-segregation
(i.e. solid/liquid interface composition) in each solid phase.

In primary formation of FCC with the partition
coefficient in FCC, kp, <1 for all solute elements (C, V, W,
Cr, Mo) (Figs. 3(a) and 3(b)), the liquid compositions of all
solute elements increase until the volume fraction of solid,
gs, approaches 0.12 (Fig. 2(b)). Here, the alloying elements
such as V, W, Cr, Mo stabilize BCC phase. These elements
are referred to as ferrite stabilizers. On the other hand, C
is referred to as austenite stabilizer. Then the formation of
MC with the partition coefficient in MC, kp,V, >10 (Figs. 3(c)
and 3(d)) makes the liquid composition of V, , decrease
greatly. It indicates that the liquid composition of a certain
element will decrease in the new carbide formation with its
kp >1.

The W and Mo decrease at gs >0.55 with the formation
of M6C (Figs. 3(e) and 3(f)). The Cr decreases at gs >0.73
with the formation of M7C3 (Figs. 3(g) and 3(h)). M2C
finally forms at fs >0.98 (Figs. 3(i) and 3(j)) due to the
accumulation of Mo.

4.1.3. Average Composition of Carbides
Average composition of carbides can be estimated from

the micro-segregation profile for each carbide in right-hand
side figures of Fig. 3: MC in Fig. 3(d), M6C in Fig. 3(f),
M7C3 in Fig. 3(h), M2C in Fig. 3(j). Table 2 shows these
predicted compositions in the form of u-fraction in carbides,
which are compared with the measured data through EPMA
(data in parentheses) by Yamamoto.13) From prediction of
PE approximation, MC is a VC carbide where V dominates
with u-fraction of 56 wt%. M6C is a (Fe,Mo,W)6C carbide,
in which Fe is in u-fraction of 34 wt%, Mo is 29 wt%, and
W is 32 wt%, respectively. M7C3 is a (Fe,Cr)7C3 carbide,
where Fe and Cr are in u-fraction of 42 wt% and 35 wt%,
respectively. M2C is a Mo2C carbide, in which Mo is in u-
fraction of 64 wt%.

The predicted compositions for MC and M7C3 are almost
the same as those by EPMA. The measured composition of
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M2C by EPMA shows clearly the characteristics related to
both M2C (as shown for Fe and V values) and M6C (as
shown for W and Mo values). This gives the evidence that
M6C acts as nucleation site of final carbide M2C.

Fig. 2. Composition change in residual liquid with the precipitation
of solid phases for alloy W3: (a) Precipitation of solid
phases, and (b) Composition in residual liquid.

Fig. 4. Comparison of predicted solidification path for Fe–C–V–Cr–
Mo–W alloys by PE approximation with the measurements
in temperature-composition diagrams: (a) effect of C, (b)
effect of V and (c) effect W.

Fig. 3. Carbide precipitation mechanism during solidification,
according to precipitation sequence: FCC, MC, M6C, M7C3

and M2C. Left-hand side figures: Partition coefficients in
each solid phase during solidification, and right-hand side
figures: Consequent micro-segregation (i.e. solid/liquid
interface composition) in each solid phase.
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From the prediction of alloy W3, it is confirmed that PE
approximation provides clearly the useful information, such
as precipitation sequence, amount and composition of all
carbides, which includes non-detectable carbides in thermal
analysis. In fact, carbide composition is directly related to
hardness, as shown in Table 2.

4.2. Effects of C, V and W on Carbide Precipitation
For eleven alloys, the effects of carbon, vanadium and

tungsten on the nature of the carbides, such as the precipi-
tation sequence, the amount and the composition of carbides
are discussed, from the view point of hardness control by
carbides.

4.2.1. Prediction Accuracy on Phase Precipitation Tem-
perature and Sequence

Figure 4 shows the carbide precipitation sequence as a
function of C, V and W contents in temperature - composi-
tion diagrams. The curves with the open symbols denote the
predicted data by PE approximation and the solid symbols
are the previous thermal analysis data by Yamamoto.13)

Within the content range of C, V, W in Fig. 4, the primary
phase is mainly FCC. Only when V is greater than 8 wt%,
it is BCC instead of FCC. It is because that alloying ele-
ments such as V, W, Cr and Mo stabilize BCC phase. These
elements are referred to as ferrite stabilizers. In addition, it
is also found in Fig. 4 that carbides precipitate in the order
of MC, M6C, M7C3 and M2C, and M3C for the highest C
content, 3.27 wt%.

Regarding the phase precipitation temperatures, the pre-

dicted liquidus temperatures and the precipitation
temperatures of MC and M2C are within 3–17°C, 1–38°C
and 2–28°C difference from thermal analysis data
respectively, while the predicted solidus temperature is
within 17–77°C difference from thermal analysis data. It is
too difficult to estimate accurately the solidus temperatures
from thermal analysis. So these differences between the
predicted temperatures by PE approximation and thermal
analysis data using crucible are within the allowable range,
from the viewpoint of prediction accuracy and experimental
accuracy, which have already been discussed in Section 2
and Section 4.1, respectively.

In addition, regarding the phase precipitation sequence,
the prediction by PE approximation can retrieve the
appropriate carbide precipitation sequence and correct the
misjudgement of experimental results due to the overlap of
the peaks, in which the precipitation temperatures are close
to each other, and due to the small peaks, which are the
results of small amount of precipitations.

In a word, it is indicated that prediction accuracy on phase
precipitation temperature and sequence by PE approxima-
tion is reliable.

4.2.2. Effect of C
Precipitation sequence: Here, the effect of C on carbide

precipitation is discussed from the view point of the
relationship among precipitation sequence, precipitation
amount and averaged liquid composition. It is found in Fig.
4(a) that after primary FCC phase, the precipitation
sequence of carbides is changed with the increase of C. It
follows:

Fig. 5. Effects of (a) C, (b) V and (c) W on the kinds and amount
of the carbides precipitated during the solidification, by
prediction of PE approximation.

Fig. 6. Effects of (a) C, (b) V and (c) W on the average liquid com-
position during the solidification, by prediction of PE
approximation.
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Alloy C1 (C=1.39 wt%): M6C→ MC→ M7C3 → M2C
Alloy C2 (C=1.99 wt%) to C3(C=2.50 wt%):

MC→ M6C→ M7C3 → M2C
Alloy C4 (C=3.27 wt%): MC→ M7C3 → M6C→ M2C

In addition, with the increase of C, the precipitation
temperature of MC approaches that of primary FCC, while
the temperature interval between precipitation of MC and
M6C is larger.

Precipitation amount: In this case, MC (VC), M7C3
((Fe,Cr) 7C3) and M6C ((Fe,Mo,W)6C) are the main
carbides. With the increase of C, the amounts of MC (VC),
M7C3 ((Fe,Cr) 7C3) and M2C (Mo2C) increase, and the
amount of M6C ((Fe,Mo,W)6C) decreases, as shown in Fig.
5(a). In relation to these carbide formation behaviours, the
averaged liquid composition of Fe and Mo increases a little
bit, but Cr, V and W decrease, as shown in Fig. 6(a). Among
the amounts of carbides: MC, M6C and M7C3, only the
amount of MC and M7C3 increases with the increase of C.
Consequently, the total amount of carbides shows about
10% increase by the increase of C from 1.39 to 3.27 wt%,
which is mainly due to the contribution of the increase of MC
(VC, Vickers hardness: 2100, 2800) and M7C3 ((Fe,Cr) 7C3),
Vickers hardness: 1600-1800, 2305-2410).

Composition: Table 3 shows the predicted compositions
and precipitation amount of carbides for Fe–C–V–W–Cr–
Mo high speed steels, considering the hardness control by
carbides. From alloy C1 to C4 in Table 3, it is found that
with the C increase (from 1.39 to 3.27 wt%):

In MC, the V content decreases by 6 wt% (from 49 to 43
wt%). The contents of other components Fe, W, Cr, and Mo
increase a little correspondingly.

In M6C, the Fe content increases by 4 wt% (from 31 to
35 wt%), the Mo content increases by 5 wt% (from 26 to
31 wt%), while the W content decreases by 4 wt% (from 33
to 29 wt%).

In M7C3, the Fe content increases by 15 wt% (from 35 to
50 wt%), the Mo content increases by 3 wt% (from 6 to 9
wt%) , the Cr content decreases by 13 wt% (from 35 to 22
wt%), and the V content decreases by 8 wt% (from 13 to 5
wt%) as well. This significant increase of Fe in M7C3 might
lead to a decrease in the hardness of M7C3.

4.2.3. Effect of V
Precipitation sequence: It is found in Fig. 4(b) that, firstly,

primary phase is changed from FCC to MC with the
increase of V, because V is referred to as ferrite stabilizers.
Secondly, the precipitation sequence of carbides is not
changed regardless of the increase of V. It follows:

Alloy V1 (V=0 wt%) to V5 (V=11.13 wt%):
MC→ M6C→ M7C3 → M2C

In addition, with the increase of V, the temperature interval
between precipitation of MC and M6C, M7C3 is larger.

Precipitation amount: In this case, MC (VC) is main
carbide. During solidification, with the increase of V, the
amount of MC (VC) increase, the amount of M7C3
((Fe,Cr) 7C3) increase a little bit, and the amounts of M6C
((Fe,Mo,W)6C) and M2C (Mo2C) decrease, as shown in Fig.
5(b). In relation to these carbide formation behaviors, the
averaged liquid composition of Cr increases, but Fe, Mo and
W decrease, as shown in Fig. 6(b). Especially, with the
significant decrease of Mo in liquid due to the preferential
consumption of Mo in the previous formation of M6C

((Fe,Mo,W)6C), finally M2C (Mo2C) becomes vanished.
Among the amounts of carbides: MC, M6C and M7C3, only
the amount of MC increases with the increase of V.
Consequently, the total amount of carbides shows about

Table 3. Predicted compositions and precipitation amount of car-
bides for Fe–C–V–W–Cr–Mo high speed steels (eleven
alloys: C1 to C4, V1 to V5 and W1 to W4).

Alloy Carbide
Compositions (wt%) Precipitation

amount in volume
fraction (–)C V W Cr Mo Fe

C1

MC 13.14 48.68 14.05 7.69 14.24 2.19 0.03

M6C 2.30 3.76 33.47 3.02 26.16 31.29 0.05

M7C3 8.39 12.60 2.90 35.00 5.66 35.45 0.01

M2C 7.26 18.00 5.51 5.51 55.90 7.82 5.2E-5

C2/V2

MC 11.68 36.57 13.81 6.98 13.23 17.71 0.05

M6C 2.31 2.08 31.03 2.97 28.52 33.09 0.04

M7C3 8.24 9.31 3.48 30.81 7.33 40.83 0.02

M2C 6.94 12.85 7.16 4.60 59.75 8.70 0.001

C3

MC 12.94 41.61 19.29 8.14 15.22 2.80 0.05

M6C 2.27 1.45 33.68 2.69 26.93 32.98 0.04

M7C3 8.13 7.55 4.64 27.94 7.73 44.00 0.04

M2C 6.68 9.52 9.62 3.88 61.26 9.04 0.004

C4

MC 13.22 43.46 16.73 8.19 14.81 3.58 0.07

M6C 2.29 0.62 29.68 1.44 31.00 34.96 0.001

M7C3 8.01 5.08 5.22 22.48 8.76 50.45 0.06

M2C 6.36 6.61 13.24 2.49 62.29 9.02 0.01

V1

MC – – – – – – –

M6C 2.27 – 33.80 3.92 26.90 33.11 0.06

M7C3 8.03 – 4.34 35.20 10.60 41.83 0.009

M2C – – – – – – –

V3/W2

MC 13.63 54.37 10.59 7.00 12.41 2.00 0.09

M6C 2.36 3.59 29.16 3.77 29.13 31.99 0.03

M7C3 8.43 13.8 2.67 36.2 5.26 33.64 0.02

M2C 7.35 19.8 5.42 5.82 54.30 7.31 1.5E-5

V4

MC 13.99 56.64 11.46 6.18 9.86 1.88 0.13

M6C 2.30 3.05 33.18 3.77 26.30 31.40 0.02

M7C3 8.40 12.71 3.28 35.10 4.82 35.69 0.03

M2C – – – – – – –

V5

MC 13.94 62.29 8.54 4.90 8.78 1.55 0.15

M6C 2.33 4.95 32.31 4.14 26.27 30.00 0.006

M7C3 8.52 16.24 2.63 38.44 4.01 30.17 0.009

M2C – – – – – – –

W1

MC 14.70 59.20 – 8.01 15.70 2.39 0.07

M6C 2.74 1.71 – 3.74 51.10 40.71 4.6E-4

M7C3 8.52 13.48 – 36.10 7.20 34.70 0.01

M2C 7.67 22.72 – 5.96 56.06 7.60 0.02

W3

MC 13.47 48.73 14.17 7.88 13.44 2.30 0.09

M6C 2.32 2.20 31.03 3.36 28.33 32.78 0.04

M7C3 8.29 10.54 3.63 32.48 6.28 38.78 0.03

M2C 7.02 13.70 6.40 4.79 59.40 8.69 8.1E-4

W4

MC 13.18 49.01 14.64 7.62 13.41 2.15 0.07

M6C 2.30 3.47 33.45 3.37 26.11 31.30 0.05

M7C3 8.38 12.48 3.23 34.81 5.44 35.67 0.02

M2C 7.22 17.30 5.60 5.38 56.60 7.90 9.5E-5
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10% increase by the increase of V from 0 to 11.13 wt%,
which is only the contribution of the increase of MC (VC,
Vickers hardness: 2100, 2800).

Composition: From alloy V1 to V5 in Table 3, it is found
that with the addition of V by 3.06 wt%, MC begins to exist.
With the V increase (from 3.06 to 11.13 wt%):

In MC, the V content increases by 25 wt% (37 to 62
wt%), corresponding with the composition decrease of other
components such as Fe, W, Cr, and Mo. The significant
increase of V content in MC leads certainly to an increase
in the hardness of MC.

In M7C3, it leads to the decrease of Fe content by 12 wt%
(42 to 30 wt%) and the decrease of Mo content by 7 wt%
(11 to 4 wt%). The Cr content increases a little by 3 wt%
(35 to 38 wt%), while the V content increases gradually by
16 wt% (0 to 16 wt%). This change from (Fe,Cr)7C3 to
(Cr,Fe)7C3 leads to a increase in the hardness of M7C3.

The composition of M6C does not change by the addition
of V.

4.2.4.  Effect of W
Precipitation sequence: It is found in Fig. 4(c) that after

primary FCC, the precipitation sequence of carbides is not
changed regardless of the increase of W. It follows:

Alloy W1 (W=0 wt%) to W4 (W=5.32 wt%):
MC→ M6C→ M7C3 → M2C

In addition, with the increase of W, the precipitation
temperature of MC is almost unchanged, while the
temperature interval between the precipitation of MC and
M6C is smaller.

Precipitation amount: In this case, MC (VC) is also the
main carbide. During solidification, with the increase of W,
the amount of M6C ((Fe,Mo,W)6C) increases largely, the
amount of M7C3 ((Fe,Cr) 7C3) increase only a little bit, and
the amount of M2C (Mo2C) decreases, as shown in Fig. 5(c).
In relation to these carbide formation behaviors, the aver-
aged liquid composition of Cr increases a little bit, but Fe
and Mo decrease, as shown in Fig. 6(c). Among the amounts
of carbides: MC, M6C and M7C3, only the amount of M6C
increases with the increase of W, while the amount of MC
does not change. Consequently, the total amount of carbides
shows about 3% increase by the increase of W from 0 to
5.32 wt%, which is only the contribution of the increase of
M6C ((Fe,Mo,W)6C, Vickers hardness: 1890-2060).

Composition: From alloy W1 to W4 in Table 3, it is found
that the addition of W by 5.32 wt% leads to that:

In MC, the V content decreases by 10 wt% (from 59 to
49 wt%) and the W content increases by 15 wt% (from 0 to
15 wt%). This great decrease of V content makes the
hardness of MC decreased.

In M6C, the Fe content decreases by 10 wt% (from 41 to
31 wt%) and the Mo content decreases by 25 wt% (from 51
to 26 wt%), while the W content increases by 33 wt% (from
0 to 33 wt%). This significant W increase in M6C leads to
an increase in the hardness of M6C.

M7C3 composition does not change by the increase of W.

4.3. Hardness of High Speed Steels
The effects of C, V, and W on each carbide precipitation

have been discussed quantatively in section 4.2. From the
view point of comprehensive understanding of the hardness
control, the total hardness index of high speed steels is quan-
tatively evaluated by the help of the data of Vickers hard-

ness for each carbide in Table 2 and the predicted volume
fraction for each carbide in Fig. 5.

The total hardness index of high speed steel is drawn in
Fig. 7 as the summation of the contribution of carbide MC,
M6C, M7C3, M2C as well as M3C (Vickers hardness is
1340)13) ’s hardness and weighted by its volume fraction
predicted by PE approximation. The lower limit curve ‘min’
and upper limit curve ‘max’ denote the range of the hard-
ness index, 100–500, using the minimum and maximum
Vickers hardness for each carbide in Table 2, respectively.

It is known from Table 2 that the hardness of MC is high-
er than others and from Fig. 5 that the maximum amount of
MC is obtained with V content near 8.5 wt%. Besides these,
with the increase of C, V and W content, the total amount
of the carbides increases. These contribute to the hardness
index in Fig. 7 that the maximum and minimum hardness
index of high speed steel all increase with the increase of C,
V and W content. When the V content is at 8.5 wt%, the
highest hardness index, 350–500, is obtained. Considering
from Fig. 4 that when V content is greater than 6 wt%, the
FCC matrix is replaced by BCC matrix and the BCC matrix
might reduce the toughness of the alloy, so the addition of
V with 6 wt% to 8.5 wt% content is recommended.

5. Conclusions

In Fe–C–V–W–Cr–Mo high speed steels, the nature of
carbides, such as the kind, the precipitation sequence, the
amount and the compositions, during the solidification and
its effects on the hardness of the alloy are discussed as a
function of the composition of C, V and W by the help of

Fig. 7. Effects of (a) C, (b) V and (c) W on the hardness index of
high speed steels.Total hardness index is the contribution of
each carbide’s hardness as listed in Table 2 and weighted
by its volume fraction as shown in Fig. 5 by prediction of
PE approximation.
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Partial Equilibrium (PE) approximation and thermodynamic
calculations. It indicates that

(1) Carbide precipitation kind and amount. The main
carbides formed during solidification are MC, M6C and
M7C3 with variation of C in the range 1.2–3.6 wt%, V in the
range 0–11 wt% and W in the range 0–5.3 wt% for Fe–C–
V–W–5 wt%Cr–5 wt%Mo alloy. Both the kind and amounts
of carbides change with the C, V and W content. The
increase of C largely favours the formation of M7C3, M3C
and MC, but does not favour M6C carbide in amounts. The
increase of V content greatly increases the amount of MC
carbide, suppresses M7C3 and M6C carbides and gets rid of
M2C carbide. The increase of W largely increases M6C, but
does not increase MC.

(2) Carbide composition. The carbide compositions also
change with the C, V, W content. The increase of C enlarges
the composition of Mo but suppresses the V and Cr in all
carbides (MC, M6C, M7C3 and M2C). While the change of
V and W content complements mutually. Besides the great
increase of composition V in all carbides with V content, the
increase of V increases the Cr and suppresses the W and Mo
in M7C3 and M2C carbides. And with the increase of W, the
V decreases in both MC and M2C carbides and the Mo
decreases in M6C carbide while the composition of W
increases in all carbides. These changes of composition in
return make the hardness of carbide fluctuated.

(3) Carbide hardness. The hardness of high speed steel
increases with the increase of the carbide amount. The hard-
ness index of the high speed steel, which is comprehensively
evaluated by the summation of the contribution of each car-
bides, alters from 100 to 500 with the C, V and W content
concerned. When the V content is at 8.5 wt%, the highest
hardness index, 350–500, is reached. The significant
increase of Fe in M7C3, with the C increase, might lead to
a decrease in the hardness of M7C3. On the other hand, with
the V increase, the significant increase of V in MC surely
leads to an increase in the hardness of MC, and the change
from (Fe,Cr)7C3 to (Cr,Fe)7C3 leads to a small increase in
the hardness of M7C3. In addition, with the W increase, the
significant increase of W in M6C leads to an increase in the
hardness of M6C. However, the excess addition of V and W
acting as ferrite stabilizers causes the change in matrix from
FCC to BCC phase.

Partial Equilibrium approximation, based on the thermo-
dynamic equilibrium calculation and a reliable database,
gives more reasonable prediction on the solidification
behaviour such as precipitation sequence, amount and
composition of all carbides, which includes non-detectable
carbides in thermal analysis, in multi-component alloys.

Acknowledgments
The work is supported by 111 Project [No.B07015] and

Fundamental Research Funds for the Central Universities
[N100409004], China, as well as by the European Space
Agency [4200020277].

REFERENCES

1) G. H. Gulliver: J. Inst. Met., 9 (1913), 120.
2) E. Scheil: Z. Metallkd., 34 (1942), 70.
3) Q. Chen and B. Sundman: Mater. Trans., 43 (2002), 551.
4) S. Kobayashi: Trans. Iron Steel Inst. Jpn., 28 (1988), 535.
5) H. W. Zhang, Ch.-A. Gandin, H. Ben Hamouda, D. Tourret, K.

Nakajima and J. C. He: ISIJ Int., 50 (2010), 1859.
6) H. W. Zhang, Ch.-A. Gandin, K. Nakajima and J. C. He: IOP Conf.

Ser.: Mater. Sci. Eng., 33, (2012), 012063.
7) K. Nakajima and S. Mizoguchi: Bulletin of the Institute for Advanced

Materials Processing (SOZAIKEN IHO), Tohoku University, 56
(2000), 107 (in Japanese).

8) D. Tourret and Ch.-A. Gandin: Acta Mater., 57 (2009), 2066.
9) D. Tourret, Ch.-A. Gandin, Th. Volkmann and D. M. Herlach: Acta

Mater., 59 (2011), 4665.
10) D. Tourret, R. Reinhart, Ch.-A. Gandin, G. N. Iles, U. Dahlborg, M.

Calvo-Dahlborg and C. M. Bao: Acta Mater., 59 (2011), 6658.
11) M. Hillert, L. Hoglund and M. Schalin: Mater. Trans. A, 30A (1999),

1635.
12) E. Kozeschnik, W. Rindler and B. Buchmayr: Int. J. Mater. Res., 98

(2007), 826.
13) K. Yamamoto: Doctorial Thesis of Kyushu University, Japan, (1999),

(in Japanese).
14) K. Ogi: J. Jpn. Foundry Eng. Soc., 66 (1994), 764, (in Japanese).
15) T. Sato, T. Nishizawa and J. Ishiwara: J. Jpn. Inst. Met., 23 (1959),

403, (in Japanese).
16) Thermo-Calc TCCS Manuals, Thermo-Calc software AB, Stockholm,

SE, (2008).
17) P. Shi: TCS steels/Fe-alloys database V6.0 Thermo-Calc Software

AB, Stockholm, SE, (2008).

Appendix: Derivation of the mass conservation in Eq. (2)

The local overall composition of carbon is Eq. (A-1) and
Eq. (A-2) before and after partial equilibrium, respectively.
Due to mass conversation, Eq. (A-3) should be satisfied.

................... (A-1)

.......... (A-2)

.......................... (A-3)

Substituting  with Eq. (4) into Eq. (A-2), we
got

.....................................(A-2’)

Substituting Eqs. (A-2’) and (A-1) into Eq. (A-3), we got

............ (A-4)

Rearranging, we got

That’s Eq. (2).
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