
In-situ Modification of a High Entropy Alloy With 2.4% Molybdenum Using LPBF, 

and its Effect on Microstructure and Corrosion Resistance 

 

M. Ritchie*, S. Mehraban, S. G. R. Brown, D. Butcher, J. Cullen, M. Calvo-Dahlborg and N. 

P. Lavery 

 

Abstract 

Laser powder bed fusion (LPBF) components display higher porosity compared to parts 

made by conventional processes and these pores act as preferential initiation sites for pitting 

corrosion to occur. In stainless steels such as 316L, molybdenum is 3.5X more effective at 

enhancing the pitting resistance than chromium, without adding unwanted nitrides to the alloy. 

In this work, the effect on corrosion resistance is reported for an Al-Cr-Mn-Ni-Fe high entropy 

alloy (HEA) gas atomised specifically for LPBF, as well as the effects of modifying the alloy 

by blending the HEA with molybdenum. In-situ LPBF processing, even for low levels of 

additions has made the comparison difficult, as the pitting resistance is so strongly linked to 

the porosity, which is higher in the in-situ process. Pitting resistance for both the original HEA 

and the doped HEA will be compared between samples processed by casting and by LPBF. 
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Introduction 

The LPBF process continues to grow as an important additive manufacturing (AM) 

process for a diverse set of critical applications where high density is required. Porosity 

occurring from the LPBF process has been shown to reduce the mechanical properties of 

metals, from tensile strength and elastic modulus to elongation [1–4]. This is particularly 

relevant in aerospace and automotive industries where failure in critical components could 

result in loss of life. Aerospace manufacturing is therefore subject to extensive quality control, 

a hurdle for the AM industry as many studies report disparities in mechanical properties due to 

the many parametrical influences on component quality [3,5–7]. Unlike other ways of 

manufacturing net-shape parts, LPBF offers much greater design freedom, with an increasing 

palette of alloys, mostly based on traditional alloys used in specific applications [8,9]. These 

alloys were developed a long time ago for other processing routes such as casting such as 

AlSi10 and AlSi7 or forging with Ti-6Al-4V, where the cooling rates are much lower than 

LPBF. Even when traditional alloys can be used, the high cooling rates result in heterogeneous 

microstructures with long columnar grains, leading to different mechanical properties to what 

might be expected, such as higher hardness at the expense of lower ductility [10,11]. An added 

consideration is the porosity levels, which although increasingly low in new generations of 

machines, still affects properties such as corrosion and fatigue strength, with surface pores 

operating as preferential sites for pitting corrosion [12,13]. However, not all alloys can be 

successfully used in LPBF, and those with poor weldability such as Ni based alloys like 

Hastelloy X often having the narrowest process operating windows making it difficult to make 

parts without defects, namely porosity and/or solidification cracking [14]. 

 

H13 is a good example of an alloy which is difficult to process by LPBF. As a steel 

used in tooling such as injection moulding it is expected to have good thermal fatigue strength 

and an acceptable level of corrosion resistance. H13 is currently being modified to process 

better, both during LPBF and after building, with integrated heat treatments [15–17]. Because 

of this, there is an increasing body of work going into deriving AM specific alloys (e.g. 

Scalmalloy aluminium alloy), or modified traditional alloys (e.g. H13) [18,19]. However, there 
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are still many areas where more work needs to be done such as alternatives to high grade 

aluminium alloys. 

 

HEAs are generally accepted to be a system of 5 or more principal elements, the 

concentrations of which fall between 5 and 35at.% [20–22]. This differs from the standard 

makeup of stainless steels for example, which use Fe to make up the bulk of the composition, 

with additional elements added in smaller quantities to provide preferential characteristics. The 

compositions of HEAs can be equimolar or not, either way, the vast number of possible 

combinations is one of the main reasons for the interest in the field along with the simplicity 

of their design and the ability to tailor constituent elements to achieve desired characteristics 

[20]. The majority of HEA creation has occurred in arc melters or induction coils, and LPBF 

is only just being researched as an alternative manufacturing method. HEA production can be 

a complex process with high levels of control required to manufacture them. Therefore, the 

parameter control and fast cooling rates generated by LPBF suggests that the process could be 

suitable replacement to create components from HEAs [20]. Work on HEAs processed by laser 

cladding and LPBF is increasingly being published, but this method of production is still in its 

infancy [20,23]. 

 

The pitting resistance equivalent number (PREN) is used to predict a stainless steels 

resistance to pitting corrosion, with it equating to the wt.%Cr + 3.3 × wt.%Mo + 16 × wt.%N. 

The addition of 2.4% Mo to the HEA in this paper was based on its theoretically larger 

influence on the pitting resistance than Cr [24,25]. 

 

Materials and Methodology 

 

 The 316L and HEA1 analysis and corrosion specimens were produced from virgin 

15µm - 45µm powder provided by Sandvik in a Renishaw AM400 machine on full sized build 

plates after running parameter optimisations studies. To create the HEA1 + 2.4% Mo mixture, 

122.951g of powdered Mo (<5µm) was added to 5Kg of HEA1, and put into a LFA V-type 

blender for 2 hours at an agitation speed of 60r/min to allow for homogenous distribution of 

the Mo. Compositional analysis was undertaken on the resultant blend to confirm the target 

levels of Mo had been reached before it was loaded into a reduced build volume (RBV) within 

the AM 400 to produce samples for analysis and corrosion using parameters based on those 

used for HEA1. Table 1 shows the target and achieved compositions of the blended mixture 

with Figure 1 showing SEM images of the powder at 550x (a) and 1100x (b) magnification. 

HEA1 particles appear much larger due to the size of the particles used.  

 

Table 1. Target and achieved compositions for HEA1 and HEA1 + 2.4% Mo (all in wt.%) 
 Fe Cr Ni Mn Al N Si C Mo 

HEA1 (Measured) 33.97 27.3 25 10.3 2.8 0.20 0.4 0.02 - 

Target HEA1+2.4 Mo  33.15 26.64 24.40 10.05 2.73 0.20 0.39 0.02 2.4 

Achieved HEA1+2.4 

Mo 
31.45 26.39 25.36 10.46 3.20 0.24 0.54 0.03 2.33 
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Figure 1. HEA1 + 2.4% Mo at 550x (a) and 1100x (b) magnification 

 

Cast samples were created from a combination of feedstock and weighed approximately 

40g. These feedstocks were re-melt samples produced through LPBF, or powder weighed out 

and compacted using a Baileigh hydraulic press. All the feedstock produced stemmed from the 

same 15µm - 45µm powder referenced previously, as did the Mo. The feedstock was melted 

under argon (>99.9% pure) in an induction heater in 15mm diameter crucibles. Once molten, 

the 316L was held at temperature for 1 minute whilst the HEA samples held for 5. The extra 

duration for the HEAs was to allow the elements to diffuse uniformly through the sample. Two 

samples of each alloy were produced, one to section for compositional, microstructural, and 

porosity analysis, and another for corrosion testing. 

 

All samples for analysis were subjected to a 5-stage grinding and polishing regime, 

resulting in a 1µm finish. Porosity analysis was conducted on AM samples using a Biolin 

Scientific Sigma 700 force tensiometer and Archimedes calculations. All samples were then 

imaged using a Zeiss Observer inverted light microscope, with its stitching function used to 

map the full sample area. The images were put through ImageJ to analyse the porosity and in 

the case of the AM samples, compare this data to that obtained from the tensiometer. 

Microstructure and compositional analysis were performed on a JEOL JSM-6010 Secondary 

Electron Microscope with Energy Dispersive X-ray Spectrometry SEM-EDS. EDS maps were 

used to verify the bulk chemistry with the target chemistries with point analysis used to acquire 

the compositions of different phases within the microstructure. All SEM and EDS images used 

are taken of horizontal slices, in the case of the AM samples, these were perpendicular to the 

build direction. 

 

Corrosion specimens of approximately 1.5mm thickness were cut from the AM and cast 

samples, soldered to electrical wiring and subsequently cold mounted. These were then 

polished as previously discussed. Once complete, they were exposed to an open circuit 

potential (OCP) scan and a cyclic polarisation test, with multiple tests were carried out per 

sample. 

 

Results 

 

Microstructure Analysis 

 

Figure 2 shows the cast microstructures of HEA1 (a) and HEA1 + 2.4% Mo (b). These 

images show that initially HEA1 has two dominant phases, and the addition of the Mo creating 

Mo 

HEA1 

(b) (a) 

375



a third. Thermocalc predicts that the lighter phase in HEA1 is FFC_L12, with the darker region 

being BCC_B2. 

 

  
Figure 2. Cast microstructure of HEA1 (a) and HEA1 + 2.4% Mo (b) 

 

The EDS mapping of HEA1 in Figure 3 shows a high Cr level present in the darker 

BCC phase, which coincides with a lower Ni reading. The inverse is true in the lighter FCC 

phase, with the Ni being comparatively higher than the BCC phase and Cr levels dropping. 

Point scans of each phase confirm this observation, with the Cr and Ni rich phase readings 

being 12.98wt.% and 13.04wt.% higher respectively than their depleted counterparts. These 

readings are similar to those predicted by Thermocalc.  

 

  
Figure 3. Cr (a) and Ni (b) EDS maps for cast HEA1  

 

As with HEA1, the EDS analysis of HEA1 + 2.4% Mo in Figure 4 shows Cr abundance 

and Ni depletion and in the BCC phase, with the inverse true in the FCC phase. The addition 

of Mo does not appear to have affected this relationship, with the EDS map of Mo suggesting 

a similar phase relationship to Cr, with a greater abundance in the BCC phase compared to the 

FCC. The third phase not apparent in HEA1 appears to be another that is richer in Cr and Mo 

and depleted of Ni. Again, point scans of these areas confirm this prediction, with an even 

larger compositional differential between the phases when compared to HEA1 observed. 

Analysis shows a 15.94wt.% and 2.15wt.% increase in Cr and Mo levels respectively in the 

BCC phase compared to the FCC. Conversely, Ni is observed at 15.81wt.% higher in the FCC 

phase compared to the BCC. The elements in the third phase occur at levels similar to those in 

the BCC with the other elements remaining relatively constant between each phase. 

(a) (b) 

(a) (b) 
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Figure 4. Cast microstructure (a) and EDS maps of Ni (b), Cr (c), and Mo (d) for HEA1 + 

2.4% Mo 

 

Figure 5 shows the AM microstructures of HEA1 (a) and HEA1 + 2.4% Mo (b). 

Comparing these to the microstructures seen from the cast specimens of the same alloys in 

Figure 2, the dendritic structure looks to have disappeared at 500x magnification, leaving 

behind more defined grain boundaries. The white spots seen in (b) are likely due to charging 

from the electron beam. 

 

  
Figure 5. Microstructure of AM HEA1 (a) and HEA1 + 2.4% Mo (b) 

 

(a) (b) 

(c) (d) 

(a) (b) 
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Similar to the cast microstructures, different phases appear to occur in the 

microstructure, however, EDS mapping and point scans show that these different regions are 

compositionally comparable, with a maximum elemental deviation of 0.28wt.% between each 

region. EDS maps of Cr and Ni are where this is seen most prominently as shown in Figure 6. 

When compared to their cast counterparts in Figures 3 and 4, there are no distinct areas of 

richness, depletion, or segregation as there were in the cast samples.  

 

 

   
Figure 6. EDS maps of Cr and Ni for AM HEA1 (a,b) and HEA1 + 2.4% Mo (c,d) 

 

Corrosion Analysis  

 

Figure 7 shows the result of cyclic polarisation scans on cast and AM samples of 316L, 

HEA1 and HEA1 + 2.4% Mo. First observations show that, whilst the 316L test specimens 

have a clear pitting potential (Epit), the HEA alloys corrode at a steadier rate with a much less 

obvious Epit. Other graphed aspects between 316L and the HEAs can also be compared, such 

as the metastable pitting phase that occurs after the corrosion potential (Ecorr) is reached. With 

316L, the current measured remains fairly consistent as the voltage applied continues to 

increase, until the Epit is reached. The HEAs current however consistently increases, with only 

minor evidence of any metastable pitting. Key data from these graphs has been extracted and 

is displayed in Table 2.  

(d) (c) 

(b) (a) 
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Figure 7. Cyclic polarisation graphs for cast and AM samples of 316L (a), HEA1 (b), and 

HEA1 + 2.4% Mo (c) 

  

Table 2. Corrosion data extracted from Figure 7 

 
Ecorr (V) Epit (V) 

Epit - Ecorr 

(V) 

Re-passivation 

potential (V) 

316L Cast -0.058 0.376 0.434 -0.191 

316L AM -0.047 0.927 0.974 -0.183 

HEA1 Cast -0.199 0.231 0.430 -0.208 

HEA1 AM -0.254 -0.047 0.207 -0.294 

HEA1 + 2.4% Mo 

Cast 

-0.274 0.100 0.374 -0.298 

HEA1 + 2.4% Mo AM -0.208 0.159 0.367 -0.324 

 

Discussion 

 

The differences in microstructure observed between the AM and cast samples imaged, 

as well as the differences in phase formation and elemental segregation are often attributed to 

the rapid rate at which the AM process heats and cools the part. The HEA castings were held 

at molten for 5 minutes to allow for full diffusion of the elements within the alloy, and the 

cooling happens over a number of minutes. The AM process conducts the fusion of an entire 

layer of a density cube within a second, with the heat created being rapidly dissipated through 

the adjacent, unmelted powder and the baseplate. This facilitates minimal diffusion and 

subsequently, no areas of rich and depleted elemental abundance like that which is seen in the 

cast samples.  

 

The addition of 2.4wt.% Mo to HEA1 does appear to have added a third clear phase to 

the microstructure, although further work with Thermocalc and X-ray diffraction (XRD) is 

(a) 

(c) 

(b) 
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needed to confirm the details of this phase, and why the Mo appears to migrate towards the Cr 

rich regions. Along with this third phase, the phases in HEA1 + 2.4% Mo appear to be more 

irregular than those in HEA1. The phases of HEA1 are observed to form parallel or 

perpendicular to each other, whereas there is more of a branch-like structure with the Mo 

addition. This, however, could be due to processing, as every cast is different, so further repeats 

and analysis would be required to verify whether it is infact a characteristic induced by the 

addition, or simply variations in the manufacturing process.  

 

HEA1 + 2.4% Mo built in the RBV was more difficult to process than anticipated, but 

this could be down to multiple factors. Mo has a melting point of over 2600°C, compared to 

the alloyed HEA1 which is below 1800°C. The Mo powder was also not manufactured 

specifically for AM, and with its particle size being <5µm and with that of HEA1 being 

between 15µm - 45µm, the Mo could have increased the packing density, and therefore the 

amount of energy required per mm3. These combined suggest increasing the energy density 

when processing the alloy through AM could overcome the melting point differential, and any 

issues caused by the packing density. Also, due to the sphericity of the particles not being a 

target for the Mo in production, the subsequent lack of could decrease the flowability of the 

overall material when distributed by the wiper blade, leading to problems caused by an uneven 

supply.  

 

The corrosion of the HEAs appear to translate well between the different manufacturing 

processes when compared to that of 316L, which has a larger differential. In the regions 

between Ecorr and Epit for the HEAs and 316L, clear metastable pitting occurs in 316L along 

with minimal change in current, but with both HEAs, the current continues to increase in line 

with the voltage, with only marginal signs of the metastable phase. The metastable phase occurs 

due to the formation of a passive film on the surface of the metal, protecting the corrosion site 

from further attack. All the alloys have Cr present in similar quantities which is one of the 

elements responsible for the generation of the passive layer, however it appears more effective 

during that stage of the corrosion cycle in 316L than the HEAs. Having said this, the Epit - Ecorr 

for the three cast samples shown in Table 2 do not differ significantly, ranging from 0.434V 

for 316L to 0.374V for HEA1 + 2.4% Mo.  

 

The Mo addition to HEA1 does not appear to have had the desired effect when 

comparing the cast specimens, with the Epit – Ecorr actually decreasing by 0.056V. This could 

be due to the greater disparity between the Cr rich BCC phase and its depleted FCC phase, 

increasing from 12.98% in HEA1 to 15.94% in HEA1 + 2.4% Mo. With the Mo segregation 

also following this trend there are regions of the microstructure that have a significantly lower 

abundance of the elements associated with corrosion resistance. These depleted regions could 

therefore be acting as a preferential site for corrosion to occur. Conversely, when the addition 

is processed through the AM route, it does seem to have a preferential effect on the corrosion 

resistance, with the Epit – Ecorr rising by 0.160V. The EDS analysis of the AM specimens 

showed a much more homogenous elemental distribution, and therefore no regions that would 

act as a preferential site of corrosion when compared to the cast samples in the same fashion. 

This could explain why the Mo addition benefits the corrosion resistance in the AM sample, 

whilst not being seen in that of the cast. 

 

Conclusion 

 

To conclude, the microstructural changes by adding Mo to HEA1, including the third 

phase formation and the migration of Mo to the Cr rich phases in the cast specimens needs to 

380



be understood to a greater extent, as well as its effect on the corrosion performance. This is less 

relevant in the AM specimens where no significant depletion occurs in any of the grains or 

phases. The corrosion data extracted from the cyclic polarisation scans for the HEAs suggests 

a varying effect of the Mo addition on their pitting resistance that is dependent on their 

manufacturing method. However, the irregular nature of cast and AM surfaces necessitates 

further analysis on HEA1 and HEA1 +2.4% Mo to determine the effectiveness of the Mo 

addition at increasing the corrosion resistance of HEA1.  
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