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a b s t r a c t 

In this work, laser welding of a rolled CoCrFeMnNi high entropy alloy to 316 stainless steel was per- 

formed. Defect-free joints were obtained. The microstructure evolution across the welded joints was as- 

sessed and rationalized by coupling electron microscopy, high energy synchrotron X-ray diffraction, me- 

chanical property evaluation, and thermodynamic calculations. The fusion zone microstructure was com- 

posed of a single FCC phase, and a hardness increase at this location was observed. Such results can be 

attributed to the formation of a new solid solution (arising from the mixing of the two base materials). 

Moreover, the incorporation of carbon in the fusion zone upon melting of the stainless steel also aids in 

the strengthening effect observed. The welded joints presented good mechanical properties, with fracture 

occurring at the fusion zone. This can be ascribed to the non-favourable, i.e., large grain size, microstruc- 

ture that developed at this location. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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High entropy alloys comprise a relatively recent class of metal- 

ic materials which possess remarkable thermophysical properties. 

y escaping from the conventional paradigm of alloys with one or 

wo major elements, typical of several engineering alloys, high en- 

ropy alloys use at least four principal elements [1–3] . As a result 

f these shifts in terms of alloy design and development, outstand- 

ng mechanical properties are obtained for multiple high entropy 

lloy systems, in a wide range of operating conditions and envi- 

onments [4–7] . The remarkable features exhibited by these alloys 

ake them potential candidates to be used as structural compo- 

ents in diverse engineering applications. 

Given the unconventional nature of high entropy alloys there 

re still several open questions that need clarification [8] . Several 

f these open questions are closely linked to the microstructure 

volution and impact on the mechanical properties [9–11] . How- 

ver, understanding their processability is also of major importance 
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ince good or poor processability can support or prevent the usage 

f these extraordinary materials into functional and/or structural 

pplications. 

One of the most used manufacturing processes industrially is 

elding, especially via fusion-based methods. The non-equilibrium 

olidification conditions found during fusion welding can promote 

he formation of metastable and/or detrimental phases depending 

n the material being processed [12] . 

Understanding the weldability of high entropy alloys is cur- 

ently underway [13] . Preferential attention has been given to the 

quiatomic CoCrFeMnNi alloy using laser, electron beam, and tung- 

ten inert gas welding processes [14–19] . Overall, the CoCrFeMnNi 

lloy presents good weldability, although most of the research 

round this topic has been focused on similar welding. Dissimilar 

elding of high entropy alloys is yet scarce. The ability to couple 

ultiple properties of interest in a single structure is the major 

riving force for dissimilar welding. During fusion-based dissimi- 

ar welding, mixing of the two base materials (and filler material 

f present) can promote the formation of detrimental phases de- 

ending on the fusion zone composition and thermal cycle experi- 

https://doi.org/10.1016/j.scriptamat.2021.114219
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
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nced. Understanding the effect of the weld thermal cycle on the 

icrostructure evolution of a dissimilar welded joint is, therefore, 

ey to optimize its performance and prevent defect generation or 

ormation of undesirable phases. 

Recently, dissimilar laser welding of the CoCrFeMnNi high en- 

ropy alloy to a duplex stainless steel was successfully achieved by 

domako et al. [20] . In the present work, we further expand the 

urrent state of the art on dissimilar welding of high entropy alloys 

y employing laser welding to join a CoCrFeMnNi high entropy al- 

oy, in its as-rolled state, to commercially available 316 stainless 

teel. Laser welding is known for its reduced heat source dimen- 

ions which allow reducing the extension of the thermally affected 

egions [21] , which often are the weakest points of a welded joint. 

y combining electron microscopy, high energy synchrotron X-ray 

iffraction, and mechanical property characterization, we perform 

 thorough assessment of the microstructure evolution due to the 

eld thermal cycle and its impact on the joint performance. Ther- 

odynamic calculations were also employed to rationalize the so- 

idification path experienced by the fusion zone. 

In this work, sheets of a cold-rolled equiatomic CoCrFeMnNi 

igh entropy alloy and commercially available 316 stainless steel 

ere used as the base materials. The CoCrFeMnNi base material 

hickness was 1.5 mm, which was obtained after a 50% thick- 

ess reduction performed at room temperature by rolling. The 316 

tainless steel was 1.6 mm thick, which was obtained after hot 

olling at 1050 0 C from a thickness of 10 to 3 mm, followed by

old rolling to the final material thickness. The stainless steel was 

hen annealed at 1050 0 C for 1 minute followed by water quench- 

ng. While for the CoCrFeMnNi alloy the starting base material was 

omposed by pancaked-shaped grains with a width of approxi- 

ately 2 μm, the stainless steel base material was composed by 

ear equiaxed grains with an average grain size of ≈ 8 μm. Prior 

o laser welding, the sheets were cut into 30 × 30 mm 

2 parts, 

hich were then butt joined using a Miyachi Unitek LW50A pulsed 

d:YAG laser system. Pulsed laser welding along the joining inter- 

ace was performed with a peak pulse of 2.25 kW, which had a 

uration of 10 ms and a total energy of 17.9 J. Prior to welding, the

heets were cleaned with alcohol and acetone to remove potential 

mpurities that could be detrimental to the joint performance. 

After welding, dog-bone samples were cut using electrical dis- 

harge machining and prepared for microstructure characterization 

ia electron microscopy, synchrotron X-ray diffraction, microhard- 

ess mapping, and tensile testing. Because of the different base 

aterials thicknesses, the welded samples were machined down to 

 uniform thickness of 1.1 mm. Electron microscopy observations 

ere done using a JEOL JSM-7800F PRIME high-resolution field 

mission scanning electron microscope (SEM) equipped with dual 

nergy-dispersive X-ray spectroscopy (EDS) and backscattered elec- 

ron detectors. Electron backscattered diffraction analysis (EBSD) 

as used to determine the crystallographic texture of the welded 

amples using an FEI XL-30S FEG SEM. Processing of the raw EBSD 

ata was performed using TSL OIM Analysis 7. Synchrotron X- 

ay diffraction measurements were performed at P07 High Energy 

eamline of PETRA III/DEST. Working in transmission mode with 

 beam energy of 0.14235 Å and a sample-to-detector distance of 

432 mm, a 25 × 25 μm 

2 beam was used to scan the sample 

rom one base material to the other with 25 μm between consec- 

tive analysed spots. A 2D Perkin Elmer detector with a pixel size 

f 200 × 200 μm 

2 was used, and the raw diffraction data were 

reated with a combination of Fit2D [22] and an in-house devel- 

ped python routine. Microhardness mapping was used to evaluate 

ow the weld thermal cycle impacted the local hardness across the 

eat affected zones and fusion zone of the welded joints and com- 

ared with the non-affected base materials. A load of 100 g and a 

pace between indentations of 50 μm in both the longitudinal and 

ransverse directions was used. Finally, tensile testing until failure 
2 
as performed to determine the strength and ductility of the dis- 

imilar laser welded joints and their suitability for structural appli- 

ations. 

Thermodynamic calculations to predict the non-equilibrium so- 

idification experienced by the fusion zone were performed based 

n the Scheil model available in ThermoCalc. These calculations 

ere performed for both the base materials and fusion zone com- 

ositions for the sake of comparison. Due to the presence of carbon 

n the stainless steel base material, this element was selected as a 

ast diffuser in these thermodynamic calculations. The TCHEA4 and 

CFE11 databases of ThermoCalc were used. 

Defect-free and full penetration joints were obtained as detailed 

n the SEM/EBSD images of Fig. 1 a. Distinct microstructure features 

an be clearly observed at the different regions of the joint. The 

old-worked CoCrFeMnNi base material is comprised of a highly 

eformed, pancaked shaped microstructure as detailed in the SEM 

nd EBSD images (refer to Fig. 1 d and f, respectively), where in the 

atter pattern indexation was almost non-existent due to the previ- 

usly massive deformation imposed prior to welding. Approaching 

he fusion zone boundary from the CoCrFeMnNi side, a small heat 

ffected zone is evidenced (refer to Fig. 1 c and e). Here, grain re- 

rystallization occurred as a result of the welding thermal cycle. 

he previously deformed base material locally increased its tem- 

erature by conduction from the melt pool, thus promoting recrys- 

allization and minor grain growth (refer to Fig. 1 f). It must be no- 

iced that the width of the heat affected zone is rather small (only 

50 μm wide), which can be related to the reduced heat source 

imensions, as typical of laser welding. 

In the fusion zone, large columnar grains developed. These 

tarted to solidify from the heat affected zone/fusion zone inter- 

ace. No major preferential grain orientation is observed within 

he fusion zone. Although the fusion zone microstructure within a 

oint is often characterized by large grains, the physical dimensions 

f this region also impact the maximum dimensions of the solidi- 

ed grains. In fact, the reduced width of the fusion zone (between 

400 μm and ≈200 μm at the face and root of the weld, respec- 

ively), as typical of laser welding, prevents that more significant 

rain growth can occur. This effect is opposite to that observed 

n arc-based welding processes, where the fusion zone width is 

ignificantly more massive, thus allowing for larger grains to form 

18] . It should be noted that in the fusion zone towards the root of

he joint and near the 316 stainless steel side of the joint (refer to 

ig. 1 e), grain refinement in the fusion zone microstructure existed. 

his can be related to the different thermal cycle conditions aided 

y the distinct thermophysical properties of the two base materi- 

ls used in this work, which have promoted different solidification 

ehaviours at this location. Finally, at the heat affected zone of the 

16 stainless steel, minor grain refinement was observed (refer to 

ig. 1 b and e). 

High energy synchrotron X-ray diffraction was performed to 

robe the existing phases across the welded joint, starting on the 

16 stainless steel base material, crossing the heat affected and fu- 

ion zones, and finishing on the CoCrFeMnNi base material. Rep- 

esentative X-ray diffraction patterns from the two base materi- 

ls and fusion zone are depicted in Fig. 2 . The equiatomic CoCr- 

eMnNi high entropy alloy base material, when conventional pro- 

essing routes are employed, is also known to be composed of a 

ingle FCC phase, except for the potential presence of minor oxides 

nclusions that can arise from contamination during alloy produc- 

ion. From the X-ray diffraction patterns corresponding to this re- 

ion of the CoCrFeMnNi alloy, only a FCC phase is indexed ( Fig. 2 a).

16 stainless steel is an austenitic stainless steel. In the represen- 

ative diffraction pattern corresponding to the 316 stainless steel 

ase material (refer to Fig. 2 b), both FCC austenite ( γ ) and BCC 

errite ( α) are indexed. Ferrite is the minority phase (its low in- 

ensity diffraction peaks are detailed in the insert of Fig. 2 b) with 
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Fig. 1. (a) Cross section of the dissimilar joint; (b) base material/heat affected zone interface at the 316 stainless steel side; (c) heat affected zone/fusion zone interface at 

the CoCrFeMnNi side; (d) rolled CoCrFeMnNi base material; (e) EBSD maps of the joint; (f) EBSD detail of the base material/heat affected zone interface at the CoCrFeMnNi 

base material; (g) EDS mapping. 
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 volume fraction of 3% as determined via Rietveld refinement. For 

he sake of clarity, the FCC phases of the CoCrFeMnNi high entropy 

lloy and of the stainless steel are described as FCC and FCC- γ
hases, respectively, as usually described in the literature for each 

aterial. 

In the fusion zone, only diffraction peaks corresponding to an 

CC phase are indexed (refer to Fig. 2 c). Although both base mate- 

ials are primarily composed of an FCC phase, their mixing within 

he fusion zone will change the overall chemical composition of 

his region, which can potentially modify the solidification path 

nd existing phases. Thermodynamic calculations were performed 

o evaluate the solidification path under non-equilibrium condi- 

ions using the Scheil model. For the sake of comparison, the solid- 

fication paths for both base materials and for the average compo- 
3 
ition of the fusion zone were determined. According to the EDS 

aps performed in the fusion zone of the laser welds (refer to 

ig. 1 g), there is no evidence of significant segregation, and a rela- 

ively uniform composition is obtained throughout the fusion zone, 

ence the reason to consider the average composition of the fu- 

ion for the Scheil calculations. The existing phases in both base 

aterials, as determined by the synchrotron X-ray diffraction mea- 

urements, are in good agreement with the predicted thermody- 

amic calculations following the Scheil model: while for the CoCr- 

eMnNi base material only FCC is expected, for the 316 stainless 

oth FCC- γ austenite and BCC- α ferrite were predicted (refer to 

ig. 3 a and b, respectively). The differences between the Scheil cal- 

ulations and the starting microstructure of the stainless steel can 

e rationalized based on the thermomechanical processing experi- 
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Fig. 2. Representative high energy synchrotron X-ray diffraction patterns of: (a) 

CoCrFeMnNi base material; (b) 316 stainless steel base material; (c) fusion zone. The 

insert in (b) highlights the presence of trace amounts of ferrite in the 316 stainless 

steel base material. 

e

t
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p

Fig. 3. Scheil calculations for: (a) CoCrFeMnNi base material; (b) 316 stainless base 

material; (c) average composition of the fusion zone. 
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nced by the material prior to welding. The Scheil calculations only 

ake into consideration the as-solidified microstructure, while the 

tainless steel was subsequently hot and cold rolled followed by 

nnealing. Moreover, upon solidification of certain stainless steels 

he driving force of the formation of ferrite and austenite is de- 

endent on the solidification velocity, which can also account for 
4 
hanges in the obtained volume fractions and solidification mi- 

rostructure. It is the previously detailed thermomechanical pro- 

essing of the stainless steel that renders its final dual phase mi- 

rostructure. As for the fusion zone, Fig. 3 c, only FCC phase is pre-

icted. Although the chemical composition of the fusion zone was 

nriched in Fe and Cr, with partial Mn depletion due to easy va- 

orization of this element, this region of the material can still be 



J.P. Oliveira, J. Shen, Z. Zeng et al. Scripta Materialia 206 (2022) 114219 

Fig. 4. (a) Microhardness map across the welded joint; (b) microhardness profiles obtained at the the top and bottom of the dissimilar joints (black lines across the hardness 

map). 
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onsidered as a high entropy alloy given the high number of prin- 

ipal elements that compose it. This can also justify the formation 

f a single FCC phase, similar to what occurs in multiple alloy com- 

ositions derived from the Co-Cr-Fe-Mn-Ni system. 

Although not shown here, it should be mentioned that upon the 

mplementation of the thermodynamic simulation is was observed 

hat for certain compositional ranges that are theoretically possible 

ithin the fusion zone of this dissimilar laser weld, precipitation 

f σ phase (below 0.3% volume fraction) was thermodynamically 

redicted although no evidence of such phase was observed in the 

ynchrotron X-ray diffraction measurements. 

Although the impact of the weld thermal cycle is limited to a 

arrow width, as characteristic of laser welding, these microstruc- 

ural changes also impact the microhardness across the joint, as 

epicted in Fig. 4 . The microhardness map clearly illustrate the 

one-like fusion zone, which is in good agreement with the pre- 

iously detailed electron microscopy measurements. The as-rolled 

oCrFeMnNi high entropy alloy is characterized by a high ( > 350 

V) microhardness, while the 316 stainless steel possesses a lower 

icrohardness ( ≈ 175 HV). However, when approaching the heat 

ffected zones and fusion zone, drastic changes are noted. In the 

eat affected zone of the high entropy alloy, there is a slight in- 

rease of hardness to ≈ 375 HV. This can be attributed to the re- 

rystallization effect induced by the weld thermal cycle, which re- 

ults in a strength increase in this region. A similar hardness in- 

rease in the heat affected zone of a welded CoCrFeMnNi high 

ntropy alloy was previously observed in [18] , and this was at- 

ributed to the newly formed equiaxed grains that formed due to 

he process heat input as observed in the electron microscopy im- 

ges in Fig. 1 . A similar effect occurs on the heat affected zone of

he stainless steel with a hardness increase to ≈ 200 HV. The fu- 

ion zone possesses a hardness in between those of the two base 

aterials ( ≈ between 220 and 340 HV). Since the crystal struc- 

ure in the fusion zone is solely composed of an FCC phase, it 

an be hypothesized that the mixing of the two base materials, 

ided by the almost negligible segregation observed, promoted a 

olid solution strengthening effect. The increased hardness in the 

usion zone can also arise from the incorporation of minor car- 

on additions upon melting of the 316 stainless steel and mixing 

ith the CoCrFeMnNi alloy. Previous work by Li [23] has shown 

hat minor additions of carbon in a CoCrFeMnNi high entropy al- 

oy can increase the strength of the material, although this is also 

ependent on the material grain size. These assumptions are fur- 

her corroborated by the fact that both base materials have an as- 

ast hardness around or below 200 HV [ 18 , 24 ], which greatly con-

rasts to the values measured at the fusion zone of the dissimilar 

oint. Moreover, these results also suggest that other compositional 
5 
anges within the Co-Cr-Fe-Mn-Ni base system can render higher 

trength in their as-cast condition, as it occurs here as a result of 

he mixing of the two base materials. 

To assess the suitability of any welded joint for structural appli- 

ations, it is necessary to evaluate its mechanical properties. Repre- 

entative tensile stress/strain curves of the laser welded joints and 

f the two base materials are depicted in Fig. 5 , while a summary 

f the mechanical properties is detailed in Table 1 . Minor inflec- 

ion points are observed within the tensile curve of the welded 

oint. Since the welded joints are comprised by the base materi- 

ls, heat affected zones and fusion zone, a complex mechanical be- 

avior can be expected. In fact, the welded joint will deform het- 

rogeneously given the different microstructure and local mechan- 

cal properties arising from either the starting base material condi- 

ion and/or impact of the weld thermal cycle on the heat affected 

ones and fusion zone. Therefore, the inflection points observed 

an be ascribed to different portions of the welded joint yield- 

ng prematurily. A follow-up work using in-situ tensile testing dur- 

ng high energy synchrotron X-ray diffraction is being prepared to 

urther elucidate on the different deformation mechanisms across 

he welded joint. Although less performing than the original base 

aterials both in terms of strength and ductility, the joint still 

xhibits an ultimate tensile strength of ≈450 MPa with a strain 

t fracture of ≈5%. Failure of the welded joints systematically oc- 

urred along the fusion zone. Although laser welding is known by 

ts low heat input, which can prevent excessive grain growth com- 

ared to other fusion-based welding processes, the unfavourable 

icrostructure at this region, composed of large columnar grains, 

an justify the fracture location. Although not show here, digital 

mage correlation was used during tensile testing of the joints. It 

as observed that the bulk of deformation is accommodated by 

he stainless steel base material and fusion zone. The cold-rolled 

igh entropy alloy experiences a very small deformation compared 

o the remaining regions of the welds due to its highly deformed 

icrostructure. Future work will address how the base material 

ondition (rolled vs. annealed, for example) and post-weld heat 

reatments impact the mechanical properties of these laser welded 

oints. 

In this work, dissimilar laser welding of a rolled CoCrFeMnNi 

igh entropy alloy to 316 stainless was performed. Detailed mi- 

rostructure characterization by means of electron microscopy, 

ynchrotron X-ray diffraction, aided by mechanical property analy- 

is, and thermodynamic calculations were used to understand and 

ationalize the microstructure evolution due to the weld thermal 

ycle and its impact on the joint performance. 

The fusion zone microstructure was composed of a single FCC 

tructure. Here, a hardness increase regarding the as-cast base 
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Fig. 5. Representative stress/strain curve of the laser welded joints. The inserts detail the representative stress/strain curves of the 316 stainless steel and CoCrFeMnNi high 

entropy base materials. 

Table 1 

Summary of the base materials and welded joints mechanical properties. 

Reference Yield strength [MPa] Ultimate tensile strength [MPa] Fracture strain [%] 

CrMnFeCoNi base material 587 ± 7 943 ± 6 9.5 ± 0.2 

316 stainless steel base material 223 ± 5 431 ± 3 56.8 ± 0.4 

Welded joints 317 ± 8 449 ± 11 5.0 ± 0.3 
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aterials was observed, and this is likely due to solid solution 

trengthening enabled by the mixture of the two base materi- 

ls and carbon incorporation from the 316 stainless steel. More- 

ver, large columnar grains developed in this region which ulti- 

ately will impact the joint mechanical performance. The welded 

oints presented a tensile strength of ≈450 MPa and elongation of 

5%, showcasing the potential application of these dissimilar laser 

elded joints for structural applications. 
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