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Abstract 

The alloying elements present in both tool steel and aluminium are influenced in the dissolution of tool steels in molten 
aluminum alloys. This study aims to predict how the alloying elements in the tool steel, particularly nickel (Ni) and 
molybdenum (Mo), impact the formation of the interaction layer between the tool steel and the molten aluminium alloy. The 
interaction layer between the investigated tool steels Dievar or RavnexHD and the aluminium alloys Al99.9 and Al99.7 
consists of an intermetallic and a composite layer. The interaction layer between the investigated tool steels and the AlSi12 
aluminium alloy consists of three different interaction layers. The hot-work tool steel RavnexHD shows the better solubility 
resistance in various molten aluminium alloys. The main alloying element in the tool steels investigated that has an 
influence on the dissolution of tool steel in molten aluminium is Ni, which is present in higher amounts in RavnexHD. Ni 
incorporate in the matrix, and inhibits the diffusion of iron and aluminium through the matrix. Mo in Dievar tool steel forms 
carbides, allowing easier diffusion of these elements through the Fe-matrix. The resilience in molten aluminium alloys is 
demonstrated by Ravnex HD tool steel for hot work. 
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Introduction1.

According to the AISI classification of tool steels, 
Dievar and RavnexHD steels belong to the H group 
(hot-work tool steels). These steels are generally used 
at elevated temperatures and fall into three main 
groups: chromium, tungsten, and molybdenum steels. 
These steels have excellent resistance to softening at 
high temperatures, even when exposed to prolonged 
or cyclic temperature stresses [1–6]. Nickel is added 
to the steel to stabilize the austenitic structure, which 
increases its toughness, ductility, and corrosion 
resistance at low temperatures. In some cases, nickel 
can also increase the strength of steel. Nickel can 
improve the machinability of steel, making it easier to 
process using methods such as cutting, drilling, and 
turning. Molybdenum increases the strength and 
hardness of steel, especially at elevated temperatures. 
Molybdenum improves the wear resistance of steel, 
which is important for applications where components 
are subjected to friction and abrasion. Molybdenum 
improves the creep strength of steel, meaning it 
retains its strength even at high temperatures [4, 5]. 

The tool steels investigated were originally developed 
for the manufacture of die-casting tools made of 
aluminium alloys and belong to the group of 
chromium hot-work tool steels. During the thoughtful 
development, the needs of the market, as well as the 
end users of the tools, were taken into account [1, 7]: 
the steel can be hardened in the air from a relatively 
low austenitization temperature, small dimensional 
changes during hardening, good oxidation resistance 
during cooling in air, resistance to erosion due to 
contact with aluminium melt and thermal fatigue, as 
well as an optimal content of alloying elements and an 
acceptable price. Several authors [8–12] have 
investigated the effects of elevated temperatures on 
the mechanical and physical properties of hot-work 
tool steels. 

The main characteristics of this group of tool 
steels are high toughness and resistance to 
temperature shocks. Steels work well in a wide 
temperature range, mainly due to the low content of 
carbon and alloying elements. At the same time, they 
also have good hardenability and should be cooled in 
the furnace after forging. During heat treatment, it is 
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recommended that chromium hot-work tool steels 
should be in a protective atmosphere, mainly due to 
carburization and decarburization. To reduce 
hardening distortion, it is recommended to anneal the 
steels to eliminate stress before final processing and 
heat treatment [1, 3–5, 13]. Molybdenum is usually 
added to chromium hot-work tool steels, which 
together with chromium inhibits the diffusion-
dependent transformations of austenite [14, 15]. The 
zones where the pearlitic and bainite transformations 
begin are separate. However, due to the low carbon 
content, the hardness of the phases formed during the 
pearlite transformation is low, and at the same time, 
the martensite start temperature (MS) is relatively 
high. If the cooling rates are high enough, the 
hardened microstructure consists mainly of martensite 
and some residual austenite. Despite the medium 
carbon content, a pre-eutectoid phase is formed in 
chromium hot-work tool steels, namely vanadium MC 
carbide, which may also contain molybdenum and 
chromium, and small contents of silicon and iron [1, 
6]. 

The interaction layer between the tool steel and 
the aluminium alloy consists of an intermetallic layer 
along with a composite layer [16]. The thickness of 
this interface layer is affected by the presence of 
alloying elements in both the molten aluminium and 
the tool steel. Alloying elements found in the tool 
steel, including chromium, manganese, silicon, 
molybdenum, and vanadium, participate in the 
formation of carbides such as Cr-based (M23C6) and 
V-based (MC) within the interface layer [15]. These 
elements play a role in minimizing or preventing the 
formation of an intermetallic layer, with silicon 
exerting the most significant influence [17]. Ni also 
reduces the activity of aluminium in the ferrite matrix 
and causes a reduction in the thickness of the 
intermetallic layer [15]. Moreover, the iron content 
within the aluminium alloy impacts the thickness of 
the lower layer; however, excessively high iron 
content is discouraged due to the formation of 
detrimental acicular phases that compromise 
mechanical properties. Additionally, the temperature 
of the aluminium melt also plays a crucial role, as 
higher temperatures result in a thicker interface layer 
[15, 18–20]. Moreover, protective coatings on tool 
surfaces can improve corrosion resistance, thermal 
fatigue and wear resistance [21–25]. 

This study aims to predict how the alloying 
elements in tool steel, particularly nickel (Ni) and 

molybdenum (Mo), impact the formation of the 
interaction layer between the tool steel and the molten 
aluminium alloy. To examine the impact of tool steel 
alloying elements on the interaction layer formed 
between the studied tool steel and various aluminium 
alloys, a DSC analysis was conducted at 700 °C for 12 
h. The findings were further validated and supported 
through comprehensive SEM and EDS analysis. 

 
Experimental 2.

 
To examine the interaction layer formed between 

the studied aluminium alloys Al99.9, Al99.7 and 
AlSi12 and the tool steels Dievar and RavnexHD 
(chemical compositions are presented in Table 1) in 
the quenched and tempered condition, isothermal 
DSC measurements were performed at a temperature 
of 700 °C for 12 h. The measurements were conducted 
using a NETZSCH STA Jupiter 449C instrument in an 
argon atmosphere. The temperature was increased to 
700 °C at a rate of 20 K min-1, held for 12 h, and then 
cooled to room temperature at the same rate. The tool 
steel specimens were 4 mm in diameter and 1 mm in 
height, while the aluminium alloy samples measured 
4 mm in diameter and 3 mm in height. All sample 
surfaces were polished with Struers Abramin Metal 
Polisher using grinding paper of 1200 to ensure good 
contact. The samples were arranged in a corundum 
crucible, with the tool steel placed at the bottom and 
the aluminium alloy on top. 

After the DSC measurements, the samples were 
prepared for metallographic analysis. The samples 
were ground using the Struers Abramin Metal 
Polisher with abrasive papers of grit sizes: 180, 240, 
400, 800, 1200, and 2000, whereas wet grinding with 
water was used. This was followed by polishing with 
diamond paste. The thickness of the interaction layer 
in all samples was examined using an Olympus BX61 
light microscope. The composition of the interaction 
layers and the chemical composition of the Fe-bearing 
phases were analyzed to identify the types of phases 
formed. This analysis was performed with a Thermo 
Fisher Scientific Quattro S FEG SEM microscope, 
equipped with an Oxford Ultim® Max EDS analyzer. 

Thermodynamic calculations were performed 
using Thermo-Calc software to analyze the 
microstructural components of the investigated steels. 
The TCFE12 database and Thermo-Calc version 
2024a were utilized for this purpose. The software 
also assessed the thermodynamic stability of carbides 
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Table 1. The chemical composition (% by weight) of the tool steels analyzed

Element C Si Cr Ni V Mn Mo Nb N Fe
Dievar 0.34 0.17 5.05 0.19 0.54 0.44 2.37 0.002 0.006 Rest

RavnexHD 0.36 0.3 5 1.65 0.6 0.4 1.7 0.003 0.02 Rest



after tempering at 700 °C and simulated the effect of 
alloying elements on aluminium activity within the 
ferritic matrix. 

 
Results and discussion  3.

DSC analysis 3.1.
 
According to Fig. 1, the DSC analysis shows a 

faster dissolution of Dievar tool steel compared to 
RavnexHD in molten pure aluminium (Al99.9). This 
is indicated by the sharper decrease in the DSC curve 
for Dievar. When exposed to aluminium alloys Al99.7 
or AlSi12, the decrease in the DSC curves is even 
faster for both steels. This suggests a thicker layer 
forming between the tool steel and the aluminium 
alloy, and a more rapid dissolving of the steel. The 
difference in the interaction layer thickness is 
expected to be larger between Dievar and RavnexHD 
when exposed to Al99.7, based on the already 
observed bigger difference for pure aluminium. The 
dissolution process is faster initially because the 
interaction layer is thin, presenting a shorter diffusion 
path for the dissolving elements. Over time, this 
process slows down as the interaction layer thickens, 
making diffusion more difficult. 

 
Thicknesses of the interaction layers 3.2.

 
Fig. 2 shows microscopic images of all tested 

samples. As reported in previous research [16, 18, 19], 
the interaction layers for both tool steels in contact 
with Al99.9 and Al99.7 alloys consist of two layers: 
an interaction layer and a composite layer. The 
interaction layer with the Al99.7 alloy is slightly 
thinner compared to Al99.9, likely due to the presence 
of alloying elements. This aligns with findings from 

other studies [16, 18, 19, 26–28]. For example, adding 
iron to the molten aluminium can reduce the 
intermetallic layer thickness. This happens because 
once the iron content reaches saturation, the driving 
force for iron diffusion (chemical potential gradient) 
from the tool steel to the melt weakens significantly 
[29]. Higher iron content in the melt also promotes the 
formation of Fe-containing intermetallic compounds 
within the cast structure. Therefore, it’s recommended 
to keep the iron content in aluminium die-casting 
alloys at or below 1.1 wt.% [30]. When exposed to the 
AlSi12 alloy, the interaction layer for both tool steels 
is more complex, consisting of three distinct layers. 
The total thickness of the interaction layer for Dievar 
is around 490 µm, with a composite layer of about 
550 µm. For RavnexHD, these values are 
approximately 320 µm and 330 µm, respectively. 
These layer thickness measurements from the 
micrographs support the initial assumptions based on 
the DSC curves. 

 
Thermodynamic simulations – carbide 3.3.

formation 
 
Prior to further metallographic analysis, the results 

of the thermodynamic calculations are shown in Table 
2. The table indicates the type of carbides present in 
each steel analyzed and which carbides remain stable 
at the chosen analysis temperature of 700 °C. The Ae1 
temperatures for both steels are also given. Notably, 
the Ae1 temperature for the RavnexHD steel is 76 °C 
lower than that of the Dievar steel and is close to the 
investigated temperature of 700 °C. This indicates 
that the microstructure of the RavnexHD steel, which 
currently consists of martensite and carbides as a 
result of quenching and tempering, could soften faster 
than the Dievar steel, as 700 °C is already in the 
region of spheroidal annealing. However, as the 
RavnexHD steel has a higher Ni content, this could 
prevent softening. 

Since the durability of various tool steels in 
molten Al99.9, Al99.7, and AlSi12 was investigated at 
700 °C, the thermodynamic calculations are presented 
only for the temperature range of 600 °C to 800 °C 
(Fig. 3). In Dievar steel (Fig. 3a), three 
carbide/carbonitride types are stable at 700 °C: M23C6 
carbides (Cr,Fe,Mo)23C6, MCN carbonitrides VCN, 
and M2C carbides (Mo,V,Cr)2C. The mass fraction of 
(Cr,Fe,Mo)23C6 is the highest (0.048) of all carbides 
present in Dievar steel, followed by (Mo,V,Cr)2C 
carbides with a mass fraction of 0.010. VCN has the 
lowest fraction with 0.002 (Table 3). In contrast, only 
two carbide types are stable in RavnexHD steel (Fig. 
3b) at 700 °C: M23C6 (Cr,Fe,Mo)23C6 carbides and 
MCN carbonitrides VCN. The (Cr,Fe,Mo)23C6 
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Figure 1. DSC curves showing the dissolution of Dievar 
and RavnexHD tool steels in Al99.9, Al99.7, and 
AlSi12 aluminium alloys at 700 °C.



carbides have the highest mass fraction of 0.055, 
followed by VCN with a mass fraction of 0.006 (Table 
3). If the carbide types are compared, the Dievar steel 
at 700 °C has M2C carbides, while both steels contain 
M23C6 carbides and MCN carbonitrides. There are 
differences in the amount of the individual carbides. 

The Dievar steel has a lower mass fraction of 
(Cr,Fe,Mo)23C6 carbides (difference of 0.007) and a 
lower fraction of VCN carbonitrides (difference of 
0.004). Due to the chemical composition, RavnexHD 

steel is expected to have a more stable and resistant 
microstructure. This means the layers formed should 
be thinner than those in Dievar steel. One of the main 
reasons for this is the higher Ni content in RavnexHD 
steel (1.46 wt.%). Ni is known to be a non-carbide 
former and has a high solubility in ferrite and 

austenite, which promotes stability. The mass fraction 
of Ni in the matrix at 700 °C is 0.01731 for 
RavnexHD and 0.00199 for Dievar, which means that 
in the case of RavnexHD the Ni fraction in the matrix 
at 700 °C is 8.7 times higher. The amount of Mo could 
also play a role in the resistance, as the Dievar steel 
has a higher content (0.67 wt.%). However, the 
calculations show that (Mo,V,Cr)2C carbides are 
present in the matrix of the Dievar steel and that the 
Mo content in the matrix at 700 °C is almost the same 
for both steels (0.00877 for Dievar and 0.00714 for 
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Figure 2. Micrographs of the interaction layer between Dievar (a, c, e) and RavnexHD (b, d, f) tool steel and Al99.9 (a, b), 
Al99.7 (c, d) and AlSi12 (e, f) aluminium alloy at 700 °C 

Table 2. Ae1 temperature and type of carbides and their precipitation temperature in the analysed steels

Type of steel Ae1 temperature /°C
Type of carbide/carbonitride and its precipitation temperature /°C

MCN M2C M7C3 M23C6 M6C
Dievar 808 1099 1012 869 861 636

RavnexHD 732 1219 950 933 846 575

Table 3. Fraction of a phase in analysed steels at 700 °C

Type of 
steel

Fraction of a phase in steel at 700 °C 
Ferrite M23C6 M2C VCN

Dievar 0.94 0.048 0.01 0.002
RavnexHD 0.939 0.055 / 0.006



RavnexHD in mass fraction). This suggests that Ni 
may be the only important alloying element affecting 
the resistance of the steel to dissolution in Al alloys. 
Therefore, the RavnexHD steel can be expected to be 
more stable at higher temperatures, in this case, 700 
°C, than the Dievar steel, although a lower Ae1 
temperature was calculated for RavnexHD. 

 
SEM/EDS analysis  3.4.

 
To verify where the alloying elements, especially 

Ni and Mo, incorporate or which phases they form, 
the EDS line scans are presented in Fig. 4. All EDS 
line scans confirm the types of interaction layers as 
reported in our previous research [15, 18, 19]. One 
intermetallic layer (Al5Fe2) and composite layer 
(Al3Fe) formed in the interaction layer in the case of 
Al99.9 or Al99.7 aluminium alloy in contact with both 
tool steels investigated. Joining the investigated tool 
steels with AlSi12 aluminium alloy resulted in 
forming three distinct layers at the interface. These 
layers consisted of Al5Fe2(Si), Al23Fe17Si, and 
Al5Fe2Si (or Al8Fe2Si(Mn)) with decreasing iron 
content and increasing aluminium content as you 
move away from the steel. On the aluminium alloy 
side, a composite layer formed. 

Because the dissolution of Dievar tool steel, which 
contains a higher concentration of Mo and a lower 
concentration of Ni, was faster, EDS maps were made 
to see the type and density of formed carbides in the 
interaction layers, influencing the dissolution. The 
density of Mo-based carbides, presumably Mo6C-
type, is much higher in the interaction layer between 
Dievar tool steel and Al99.7 aluminium alloy. In both 
cases, V-based carbides, presumably of the VC-type, 
are also present [31]. In the interaction layer between 
RavnexHD tool steel and Al99.7 aluminium alloy the 
tiny layer with higher Ni content, which inhibits the 
dissolution, can be observed, whereas Ni is also 
dissolved in Fe-matrix. Regarding these results, 

dissolved Ni has a much bigger influence on forming 
the interaction layers between the tool steel and the 
molten aluminium alloy than  Mo in the form of 
carbides. 

 
Thermodynamic simulations - activity of 3.5.

the alloying elements 
 
Table 4 and Fig. 6 illustrate the activity of the 

alloying elements in the ferrite at 700 °C for both 
steels. Cr and Mo have almost identical activity 
values in both steels (Table 4); the thickness of the 
interaction layers is not influenced by them, while the 
Dievar steel shows slightly higher Al activity in the 
matrix at 700 °C (Fig. 6b). The key factor for the 
superior dissolution resistance of the RavnexHD steel 
remains its Ni content. Table 4 shows a significantly 
higher Ni activity in RavnexHD compared to Dievar 
steel at 700 °C. Thus, the Ni activity of RavnexHD is 
8.2 times higher at 0 wt.% Al, with this trend 
continuing at 1 wt.% Al (8.3 times higher) and 10 
wt.% Al (8.5 times higher). This is consistent with the 
mass fraction of Ni dissolved in the matrix for each 
steel as previously described. Fig. 6c visually 
confirms this trend and illustrates the significantly 
higher Ni activity in RavnexHD steel. As already 
mentioned, Ni stabilizes the matrix, inhibits the 
diffusion of iron and aluminium through the matrix 
and inhibits the dissolution of steel in Al alloys. 

 
Conclusions 4.

 
The resilience of two different tool steels Dievar 

and RavnexHD in molten Al99.9, Al99.7 and AlSi12 
aluminium alloy was investigated, and the following 
conclusions were drawn: 

The interaction layer between the investigated tool 
steels and the Al99.9 and Al99.7 aluminium alloy 
consists of an intermetallic and a composite layer. The 
interaction layer between the investigated tool steels 
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Figure 3. Thermodynamically calculated diagrams (fraction of all phases as a function of temperature) in the temperature 
range from 600 °C to 800 °C for Dievar (a) and RavnexHD (b) tool steels 
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Figure 4. EDS line-scan of the interaction layers of the Dievar (a, c, e) and RavnexHD (b, d, f) tool steel samples tested at 
700 °C in Al99.9 (a, b), Al99.7 (c, d) and AlSi12 (e, f) molten aluminium alloys. The corresponding EDS results 
are presented in at.%  

Table 4. The activity of alloying elements in investigated tool steels with different aluminium contents (0, 1 and 10 wt.%)

Steel type
Activity of a component in ferrite at 700 °C

Al Si Cr Ni V Mn Mo
Dievar / 0 wt.% Al / 1.66·10–10 0.125 1.5·10–3 2.3·10–4 8.0·10–3 9.1·10–2

Dievar / 1 wt.% Al 3.2·10–7 2.95·10–10 0.126 1.3·10–3 2.4·10–4 8.7·10–3 8.0·10–2

Dievar / 10 wt.% Al 1.5·10–4 4.92·10–9 0.087 0.1·10–3 5.3·10–5 5.4·10–3 4.5·10–2

RavnexHD / 0 wt.% Al / 2.22·10–10 0.112 12.4·10–3 1.7·10–4 6.7·10–3 7.5·10–2

RavnexHD / 1 wt.% Al 3.0·10–7 4.01·10–10 0.116 10.4·10–3 2.1·10–4 7.3·10–3 7.5·10–2

RavnexHD / 10 wt.% Al 1.2·10–4 4.94·10–9 0.087 0.9·10–3 5.5·10–5 4.7·10–3 4.5·10–2



and the AlSi12 aluminium alloy consists of three 
different interaction layers.  

The hot-work tool steel RavnexHD shows the 
better solubility resistance in various molten 
aluminium alloys. The main alloying element in the 
tool steels investigated, that affects the dissolution of 

tools in molten aluminium is Ni, which is present in 
higher amounts in RavnexHD.  

Ni incorporate in the matrix, inhibits the diffusion 
of iron and aluminium through the matrix. Mo, on the 
other hand, forms carbides in Dievar tool steel, 
allowing easier diffusion of these elements through 
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Figure 5. SEM micrographs of the intermetallic layer in samples Dievar-Al99.7 (a) and RavnexHD-Al99.7 (b) and its 
corresponding elemental maps (EDS) 



the Fe-matrix. 
There are still many other open questions and 

investigation options to be addressed. One of these is, 
for instance, the influence of other possible alloying 
elements in the presence of molybdenum and nickel in 
the tool steels. The second is the use of other 
investigation methods, e.g. XRD.  
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UTICAJ ELEMENATA ZA LEGIRANJE ALATNOG ČELIKA Mo I Ni NA 
FORMIRANJE SLOJA INTERAKCIJE IZMEĐU ALATNIH ČELIKA I 

RASTOPLJENIH LEGURA ALUMINIJUMA 
 

M. Vončina, T. Balaško, J. Medved, A. Nagode 
 

Univerzitet u Ljubljani, Prirodno tehnološki fakultet, Katedra za materijale i metalurgiju, Ljubljana, Slovenija
Apstrakt 
 
Legirajući elementi prisutni i u alatnom čeliku i u aluminijumu utiču na rastvaranje alatnih čelika u rastopljenim legurama 
aluminijuma. Ova studija ima za cilj da predvidi kako legirajući elementi u alatnom čeliku, posebno nikl (Ni) i molibden 
(Mo), utiču na formiranje sloja interakcije između alatnog čelika i rastopljene legure aluminijuma. Interakcioni sloj između 
ispitivanih alatnih čelika Dievar ili RavnekHD i legura aluminijuma Al99.9 i Al99.7 sastoji se od intermetalnog i 
kompozitnog sloja. Interakcioni sloj između ispitivanih alatnih čelika i legure aluminijuma AlSi12 sastoji se od tri različita 
interakcijska sloja. Alatni čelik za rad u toplom stanju RavnekHD pokazuje bolju otpornost na rastvorljivost u različitim 
legurama istopljenog aluminijuma. Glavni legirajući element u ispitivanim alatnim čelicima koji utiče na rastvaranje 
alatnog čelika u rastopljenom aluminijumu je Ni, koji je u većim količinama prisutan u RavnekHD. Ni se ugrađuje u matricu 
i inhibira difuziju železa i aluminijuma kroz matricu. Mo u Dievar alatnom čeliku formira karbide, omogućavajući lakšu 
difuziju ovih elemenata kroz Fe-matricu. Otpornost u rastopljenim aluminijumskim legurama pokazuje čelik za rad u 
toplom stanju RavnekHD. 
 
Ključne reči: Interakcija alatnog čelika i rastopljenog aluminijuma; Slojevi interakcije; Intermetalne faze; Rastvaranje; 
Termodinamika
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