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Abstract: 

Microstructural heterogeneity is a feature of common occurrence in alloys additively 

manufactured using techniques such as laser powder bed fusion (LPBF). Additionally, 

chemical heterogeneities can arise both at micro- and meso-scales, especially when powder 

mixtures are used. While such chemical heterogeneities are considered undesirable hitherto, 

recent studies show that they may be beneficial in tailoring for the desired mechanical 

property combinations. In this study, we fabricated a graded alloy coupon with the mixed 

powders of the CoCrMo alloy and elemental Ni and investigated the microstructural and 

mesoscopic chemical heterogeneities in it. Chemical heterogeneities, which are either rich in 

Ni or CoCrMo, were observed due to the incomplete mixing of the powders. Banded patterns, 

with alternating layers that are enriched with different chemical species, were also observed. 

Distinct stacking fault energies between these chemical heterogeneities result in distinct 

deformation mechanisms; while planar slip and strain-induced martensitic transformation 

occur in the CoCrMo-rich heterogeneities, homogenous deformation associated with the 

wavy slip occurs in the Ni-rich ones. Detailed mechanical property characterizations show 

that the microscale chemical segregation not only strengthens the matrix but also improves 

the work hardening ability of the bulk material through kinematic hardening mechanism. 

These findings substantiate the key design principles for exploiting chemical segregations 

that form during in situ alloying for simultaneous enhancement of the strength and ductility in 

AM alloys. 
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1. Introduction  

The microstructures of additively manufactured (AM) alloys using techniques such as the 

laser powder bed fusion (LPBF) are often heterogenous and hierarchical [1-4], which are 

increasingly being acknowledged as pathways to impart unique combinations of mechanical 

properties to the AM alloys [4]. Due to the fabrication freedom available in AM, i.e., flexible 

feedstock options and adjustable process parameters, it is further feasible to convert these 

serendipitous findings of heterogeneities into reliable design principles [5-7]. A particularly 

promising aspect is chemical heterogeneity, which inevitably occurs irrespective of the form 

of the powder feedstock, i.e., pre-alloyed or mixed. When using pre-alloyed powders, the 

chemical heterogeneity is typically limited to the inter-dendrite regions or the boundaries of 

the cellular structures (if present), due to the elemental partitioning at the liquid/solid 

interface during solidification [8,9]. On the other hand, mixing of two or more types of 

elemental or pre-alloyed powders can generate more pronounced (both in terms of the 

composition and length scale) chemical heterogeneity, due to the inadequate mixing of 

powders, size variations between powders, and the differences in the melting temperatures of 

the constituent components [4,10-12]. Hence, in situ alloying (using mixed powders) holds 

greater promises in the studies aiming at designing and modulating the chemical 

heterogeneity. 

Until recently, the pursuit of both microstructurally and chemically homogeneous AM 

parts implicitly assumes that chemical heterogeneities are ‘undesirable’. Therefore, additional 

processes or specific conditions are often mandated to avoid or mitigate heterogeneity. For 

example, the electrostatic assembly technique of zirconium on the pre-alloyed Al alloy 

powders was utilized to achieve homogenous mixture [13]. Similarly, a special combination 

of the fabrication parameters of high power and high speed top-hat laser was utilized to melt 

the refractory Nb powders (and in that process reduce the chemical inhomogeneity) during in 

situ alloying to fabricate a Ti-Nb alloy [14]. However, recent developments point to the fact 

that the chemical heterogeneities formed during the in situ alloying can be utilized to 

modulate the phase variations and, in the process, enhance the mechanical properties of the 

alloys [6,7,15]. For example, it was demonstrated that the heterogeneous clusters of ′ 

and  phases in a hybrid Ti alloy can result in a combination of high strength, work hardening 

capability, and ductility [15]. By utilizing the discrete distribution of minor Ni powders, a 

new multiphase microstructures in a duplex steel in the as-fabricated condition is reported [7].  
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Inspired by the biological materials with spatial gradients in the local chemical 

compositions, chemical heterogeneity has been introduced into engineering materials to 

enhance the functional and mechanical properties [16,17]. In these studies, the spatial 

distribution, volume fraction, and morphology of the heterogeneous microstructures 

constituting hard and soft regions are found to play a significant role in affecting the 

generation of back-stress/kinematic hardening and therefore the mechanical properties of the 

bulk parts [18-20]. Nevertheless, current understanding on the chemical heterogeneity in the 

alloys produced using LPBF is constrained by the premise that the in situ alloying induced 

segregations are random in their distributions, leaving the modulation of it largely unexplored. 

Indeed, varying physical properties (e.g., melting point, thermal conductivity, and 

absorptivity of laser) and different characteristics of the powders (size, morphology, and 

flowability) can result in complex thermal history during in situ alloying and then relatively 

randomized micro- and meso-structures. Prima facie, chemical heterogeneities seem chaotic. 

For gaining insights into the role played by them, if any, on the mechanical behavior of the 

AM alloys, modulation of such heterogeneities at the meso-scale is essential. Such a 

knowledge could eventually enable the development of reliable and powerful design 

principles for broader classes of alloys. 

Keeping the above issues in mind, in this study, we modulated the formation and 

distribution of chemical segregations via manipulating the duration available for powder 

mixing and scanning strategy. For this purpose, pre-alloyed Co29Cr6Mo and elemental Ni 

powders were chosen as an example system. The following are the reasons behind. (i) This 

combination of alloy powders can lead to the formation of a single FCC phase in the as-

deposited state. (If more than one phase is present in the microstructure, it could complicate 

the deciphering of the chemical heterogeneity’s role on the mechanical behavior.) (ii) The 

melting points of the both the powder constituents are similar [21,22]. This helps in avoiding 

cracking/delamination during the LPBF of the graded alloy. (iii) The distinct stacking fault 

energies (SFEs) [23,24] and mechanical properties (hardness) [25,26] of the two constituents 

can potentially highlight the contrast brought forth by the chemical heterogeneities. A 

continuous compositional gradient was created (Ni content varying from ~26.8 to 98.8 at.%) 

and chemical segregation into distinct bands was observed. The mechanism behind such band 

formation and the effect of the presence of such bands in the microstructure of the alloy on 

the local and overall mechanical behaviors are examined in detail and discussed. 
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2. Materials and Experiments 

Commercially available powders of the alloy Co-29.4Cr-6Mo-0.8Si-0.75Mn-0.26Fe-0.15C 

(composition in wt.%), referred to simply as CoCrMo hereafter, and pure Ni, both spherical 

in shape and having diameters in the range of 13 to 53 μm, were used to fabricate the 

CoCrMo-Ni compositionally graded alloy (CGA). Figure 1 schematically illustrates the 

purpose-built LPBF system for fabricating the CGA with a continuous gradation. The powder 

deposition system in it comprises of the hopper, the mixer, and the re-coater [27,28]. A 

separator is placed along the diagonal of the powder hopper, which provides separate spaces 

for the feedstock CoCrMo and Ni powders, such that a lateral compositional gradation can be 

created. Underneath the feeding hopper, a mixer is utilized to mix the two component 

powders quickly before deposition on the substrate. A block with the size of 120 × 60 × 10 

mm3 (length, width, and height) was fabricated in an argon atmosphere by utilizing this setup. 

The following printing parameter combination was utilized: laser spot size = 35 μm, laser 

power w = 305 W, hatch spacing l = 90 μm, scan speed v = 960 mm/s, layer thickness t = 40 

μm, and bi-directional scan strategy with a rotation (ϕ) of 67° between successive layers. This 

combination was arrived at after a prior process parameter optimization study, whose primary 

objective was to eliminate solidification cracking and minimize porosity (instead of trying to 

obtain homogeneous microstructure). The volumetric energy density (J = w/lvt) for the 

process parameter combination used is 88.3 J/mm3. The fabricated CGA was sectioned at 

different positions along the gradient direction (GD), which is perpendicular to the build 

direction (BD), and then mechanically polished to mirror finish for the microstructural 

characterization. Optical microscope (OM) and scanning electron microscope (SEM, JEOL 

7800F), equipped with an energy-dispersive X-ray spectroscope (EDS) and an electron 

backscatter diffraction (EBSD) detector, were utilized to study the chemical compositions, 

phases, and microstructures in the build (B-plane) and side (S-plane) planes of each sectioned 

specimen. 
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Figure 1. Schematic of the LPBF process employed in this study to fabricate samples with 

lateral compositional gradation. 

 

Dog-bone-shaped tensile test specimens, whose gauge length, thickness, and width 

are 6, 1, and 2 mm, respectively, were extracted from 12 different equi-spaced locations of 

the fabricated CGA. Uniaxial tensile tests were performed (on five samples extracted from 

each region) at a nominal strain rate of 10-3 s-1 using an electro-mechanical tensile testing 

machine. Micro-scale hardness mapping (20 × 20 matrix, with 20 μm interspacing) using a 

Berkovich indenter was conducted using the Anton Paar MCT3 Micro Combi Tester with a 

maximum load of 100 mN and loading/unloading rates of 200 mN/s. Micro-scratch tests were 

performed using the same instrument but with a Rockwell C indenter (spherical tip with 100 

μm radius), a constant load of 1 N, and scratch speed of 66.7 μm/s over a total length of 10 

mm. Before each scratch test, the profile of the surface to be scratched was measured. After 

the test, it was subtracted from the scratch profile, so as to ensure the measured penetration 

depth is not affected by the prior surface undulations (if any). In addition, nanoindentation 

hardness mapping (20 × 20 matrix, with 3.5 μm interspacing) was performed using a Bruker 

TI980 TriboIndenter equipped with Berkovich tip at a maximum load of 200 μN and 

loading/unloading rates of 500 μN/s.  
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3. Results 

3.1. CoCrMo-Ni compositionally graded alloy 

3.1.1 Chemical composition and microstructure 

An EDS line scan made across GD of CGA is displayed in Figure S1 of the supplementary 

information (SI). It shows that a smooth compositional gradation is successfully created, with 

the Ni content varying from 98.8 to 26.8 at.% and the CoCrMo content complementing it (Co, 

as an indicator of CoCrMo alloys, varied from 0.7 to 46.6 at.%). To examine the variations in 

the chemical compositions along BD, EDS line scans were also performed along BD in each 

of the extracted samples. By assuming a normal distribution of the chemical composition, 

statistical analyses with the Kernel density estimates (KDEs) were performed to obtain the 

mean compositional values (𝑐̅), which are displayed in Figure 2(a) with the full width at half 

maximum (FWHM) represented as the error bars [29]. The full chemical compositions are 

listed in Table 1, and the designations of the samples are given. Examples of the KDEs of Co 

and Ni contents in the (CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, and (CoCrMo)68.5Ni31.5 samples 

are shown in Figure S2 of SI. It is seen that both the Ni and Co contents follow unimodal 

distributions in all the samples. Due to the local chemical heterogeneities formed during the 

in situ alloying process, significant FWHMs are noted in all of them. This observation is 

consistent with the significant compositional fluctuations observed in the plots of Co and Ni 

contents (Figure S1). 

 

Table 1. Average chemical compositions and designation of samples. 

Composition (at. %) Designation (at. %) 

Co0.7Cr0.4Mo0.1Ni98.8 (CoCrMo)1.2Ni98.8 

Co1.7Cr0.8Mo0.1Ni97.3 (CoCrMo)2.7Ni97.3 

Co2.5Cr1.3Mo0.2Ni96.0 (CoCrMo)4.0Ni96.0 

Co4.9Cr2.5Mo0.3Ni92.2 (CoCrMo)7.8Ni92.2 

Co8.3Cr4.3Mo0.5Ni86.9 (CoCrMo)13.1Ni86.9 

Co20.0Cr10.3Mo1.2Ni68.5 (CoCrMo)31.5Ni68.5 

Co28.2Cr14.4Mo1.7Ni55.7 (CoCrMo)44.3Ni55.7 

Co31.8Cr16.3Mo1.9Ni50.0 (CoCrMo)50.0Ni50.0 

Co39.0Cr19.9Mo2.3Ni38.8 (CoCrMo)61.2Ni38.8 

Co40.3Cr20.6Mo2.4Ni36.7 (CoCrMo)63.3Ni36.7 

Co43.6Cr22.3Mo2.6Ni31.5 (CoCrMo)68.5Ni31.5 

Co46.6Cr23.9Mo2.7Ni26.8 (CoCrMo)73.2Ni26.8 
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To gain further insights into the nature of the local (or microscopic) chemical 

heterogeneities, EDS mapping was conducted. Representative Co and Ni maps obtained on 

the S-planes of the (CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, and (CoCrMo)68.5Ni31.5 samples are 

shown in Figures 2(b), 2(c), and 2(d), respectively. In these maps, localized microscopic 

areas, with ribbon-like appearance, enriched in either CoCrMo or Ni are observed. These are 

hereafter referred to as Co- and Ni-ribbons, respectively. In the samples where Ni is the 

predominant alloying element (i.e., samples (CoCrMo)1.2Ni98.8, (CoCrMo)2.7Ni97.3, and 

(CoCrMo)4.0Ni96.0), only Co-ribbons are observed. With an increasing Co (average Ni content 

≤ 92.2 at.%), both Co- and Ni-ribbons are observed. In these samples, the ribbons appear to 

be arranged into homogeneous and heterogeneous bands; ribbons with chemical segregation 

are only observed in the latter.  

 

 

Figure 2. (a) Variations of the average values of the Ni and Co contents in the gauge areas of 

each of the 12 samples. Kernel density estimates (KDEs) methods were utilized to analyze 

the raw data and obtain the mean and full width at half maximum (FWHM) values; the latter 

are displayed as the error bars. (b–d) Representative localized inhomogeneities in the 

(CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, and (CoCrMo)68.5Ni31.5 samples, respectively. 
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The chemical composition (indicated by the Co content) and the area fractions of the 

Co- and Ni-ribbons are plotted against the average Ni content of each sample in Figure 3. 

(The area fractions are estimated in the following manner. The chemical compositions of the 

ribbons and taken from the EDS scan results on them. Then, the compositions that correspond 

to the ribbons are extracted from the extensive EDS line scan results.) As seen from Figure 

3(a), the compositions of the ribbons are closely related to that of the matrix. From Figure 

3(b), it is seen that the area fractions of Co- and Ni-ribbons in the samples with Ni content 

lower than 96 at.% remain nearly constant at 30 and 12%, respectively. In the 

(CoCrMo)1.2Ni98.8, (CoCrMo)2.7Ni97.3, and (CoCrMo)4.0Ni96.0 samples, approximately 25% 

Co-ribbons are found. 

 

Figure 3. (a) Average Co contents of matrix, Co- and Ni-ribbons in all the 12 samples, 

plotted against the average Ni content in the sample. (b) Area fraction of Co- and Ni-ribbons. 
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Characterization on the etched S-planes across GD shows alternating layers of 

heterogeneous and homogeneous bands in samples with Ni content lower than 96 at.%. No 

evidence for banded chemical distribution could be found in the (CoCrMo)1.2Ni98.8, 

(CoCrMo)2.7Ni97.3, and (CoCrMo)4.0Ni96.0 samples, probably due to the limited amount of the 

CoCrMo powder addition. Representative OM images of the (CoCrMo)2.7Ni97.3, 

(CoCrMo)44.3Ni55.7, and (CoCrMo)68.5Ni31.5 samples are displayed in Figures 4(a), 4(b), and 

4(c), respectively. The heterogeneous and homogeneous bands in them are marked by the red 

and blue blocks, respectively. The orientation maps (obtained using EBSD) of the areas 

marked by yellow dashed lines in Figures 4(a), 4(b), and 4(c) are shown in Figures 4(d), 4(e), 

and 4(f), respectively. Further analysis of the EBSD results revealed similar texture type 

(Figure 4(g)) and grain size (Figure 4(h)) across the compositional gradient. Above results 

show that the chemical heterogeneities do not significantly affect the size and morphology of 

the grains, i.e., there is no microstructural heterogeneity in the graded alloy. An example of 

the EBSD and EDS maps on both the S- and B-planes of the (CoCrMo)68.5Ni31.5 sample is 

shown in Figure S3.  
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Figure 4. (a–c) Representative optical micrographs showing the chemical heterogeneities on 

the etched S-planes of the (CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, and (CoCrMo)68.5Ni31.5 

samples, respectively. (d–f) Corresponding orientation maps obtained at areas marked by 

yellow dashed squares in (a–c), using electron backscatter diffraction (EBSD). (g) Inverse 

pole figures along BD. (h) Average grain sizes of each region obtained using EBSD. 

 

3.1.2  Mechanical properties 

Uniaxial tensile tests were performed on the samples extracted from 12 equi-spaced locations, 

and the representative engineering stress–engineering strain plots obtained on the 

(CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, (CoCrMo)61.2Ni38.8, (CoCrMo)63.3Ni36.7, and 

(CoCrMo)68.5Ni31.5 samples are shown in Figure 5(a). The variations in the instantaneous 

work hardening rates are plotted against the true plastic strain in Figure 5(b), and the yield 

strength (𝜎𝑦), ultimate tensile strength (𝜎𝑢), and strain to failure (𝜀𝑓) as a function of the Ni 

contents are displayed in Figures 5(c) and 5(d). The following are the key features that can be 

seen from Figure 5. (i) Both 𝜎𝑦 and 𝜎𝑢 depend on the chemical composition, such that they 

increase almost linearly as the Ni content decreases from 98.8 to 38.8 at.%. However, in the 

(CoCrMo)63.3Ni36.7, (CoCrMo)68.5Ni31.5, and (CoCrMo)73.2Ni26.8 samples, 𝜎𝑦  and 𝜎𝑢  remain 
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nearly invariant. (ii) A first order estimate of the work hardening ability of each alloy is made 

using the parameter Θ = (𝜎𝑢 − 𝜎𝑦)/𝜎𝑦. From its variation with the Ni content displayed in 

Figure 5(c), two distinct groupings in Θ, on either side of Ni content = 38.8 at.%, can be 

noted, wherein the samples within each group have rather similar Θ values. An abrupt jump 

in Θ is seen between these two groups, as highlighted in Figure 5(c). (iii) The tensile stress-

strain responses obtained from every sample that was tensile tested show continuously 

decreasing instantaneous work hardening rate (Figure 5(b)), indicating that the dislocation 

mediated plastic deformation governs the flow in all of them [30,31]. (iv) The average values 

of 𝜀𝑓 of all the 12 samples are above 20%, where the two end regions show higher 𝜀𝑓 than 

those in the middle of the CGA. This could be due to the differences in relative densities (ρ) 

as shown in Figure 5(d), where higher level of porosity is found in the middle regions.  

 

Figure 5. (a) Representative engineering stress-engineering strain plots of the 

(CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, (CoCrMo)61.2Ni38.8, (CoCrMo)63.3Ni36.7, and 

(CoCrMo)68.5Ni31.5 samples obtained from uniaxial tension. (b) Plot of instantaneous work 

hardening rate against the true strain. (c) The yield strength (𝜎𝑦), ultimate tensile strength 

(𝜎𝑢), and strain hardening ability (Θ) of different regions as a function of the Ni content in 

them. (d) Variations in the strain to failure (εf) and relative density (ρ) as a function of the Ni 

content. 
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3.2. Mechanical characterization of the banded mesostructure 

The effect of the chemical distribution into bands on the mechanical behavior is characterized 

using both the micro- and nano-indentation techniques. An example of the micro-indentation 

mapping on the (CoCrMo)68.5Ni31.5 sample is shown in Figures 6(a); another one for the 

CoCrMo)44.3Ni55.7 sample is displayed in Figure S4. The microhardness maps cover two 

heterogeneous bands (located at the top and bottom of the mapped area) and one 

homogeneous band (middle of the mapped area), demarcated by the white dashed lines. The 

average microhardness of the whole mapped area is 2.6 ± 0.4 GPa. As seen in the 

microhardness map (Figure 6(b)) and the corresponding Co and Ni EDS maps (Figures 6(c) 

and 6(d)), the Co-ribbons have a higher average microhardness than the rest of the area 

examined. Note that no perceptible effect of the Ni-ribbons on the microhardness could be 

seen, possibly because of the comparatively large interspacing of the indents (~20 μm). The 

average microhardness of the ‘heterogeneous band’ is higher than that of the ‘homogeneous 

band’, probably due to the strengthening effect from the Co-ribbons. 

Nanoindentation offers higher spatial resolution thanks to the small interspacing (~3.5 

μm) that it permits. It was, therefore, utilized to further examine the effects of the Co- and Ni-

ribbons on the nanohardness of local areas. An area with a Co-ribbon was intentionally 

selected for the nanohardness mapping. From Figures 6(e), 6(f), 6(g), and 6(h), it is clear that 

the nanohardness values are closely related to the relative chemical composition. The Co-

ribbon shows a higher nanohardness of ~6.5 GPa compared to that of the matrix (~4.5 GPa), 

whereas the Ni-ribbon (e.g., left bottom of Figures 6(f), 6(g), and 6(h)) exhibits a lower 

nanohardness of ~3.5 GPa. Note that the hardness values obtained with the nanoindentation 

are higher than those obtained with the micro-indentation due to the indentation size effect 

[32]. 
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Figure 6. Optical images of the indents, hardness, and EDS mappings of the 

(CoCrMo)68.5Ni31.5 sample on its S-plane, obtained using micro-indentation (a–d) and 

nanoindentation mapping (e–h). Dashed lines in (a–d) indicate the boundaries of 

heterogeneous and homogenous bands. 

 

To understand the fractions and length scales of these mesostructures more comprehensively 

and quantitatively, micro-scratch tests were conducted on each sample. As shown in Figure 7, 

which is a representative image obtained from the (CoCrMo)68.5Ni31.5 sample, a constant load 

of 1 N was utilized to scratch the S-plane over a length of 1 mm, which spans several 

heterogeneous and homogeneous bands (Figure 7(a)). The penetration depth (d) of the 

indenter during scratch test, which is an indicator of the local hardness, is plotted as a 

function of the distance (from the starting point of the scratch) in Figure 7(b). Note that a 

higher d indicates lower hardness, and vice versa. While d remains relatively constant in the 

homogeneous bands, it fluctuates significantly in the heterogeneous bands. Further EDS line 

scanning along the center of the scratch line (results shown in Figure 7(c)) reveals that 

chemical variation across the scratched length corresponds well with d: (ⅰ) areas that are rich 

in Ni (and hence poor in Co) have higher d, and vice versa; (ⅱ) heterogeneous bands show 

evident serrations in composition, while homogeneous bands are relatively smoother in terms 

of the compositional variations. 
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Figure 7. (a) Optical micrograph of micro-scratch test on the banded sample. (b) Resulting 

plot of penetration depth against location from scratch testing in (a). (c) Corresponding plots 

of Co and Ni compositions against location, obtained using EDS line scanning.   

 

We utilized the same method for each sample obtained from different regions of the 

graded alloy coupon over a larger scratch distance of ~10 mm and analyzed the data of d 

obtained in terms of a probability density function (PDF) plots. Such plots for the 

(CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, (CoCrMo)61.2Ni38.8, and (CoCrMo)68.5Ni31.5 samples 

are shown as representative ones in Figure 8. It is clear from these plots that the distributions 

in d are, in most cases, bi- or multi-modal. Assuming that the underlying distributions for all 

the peaks are Gaussian, the PDF plots are deconvoluted, as shown. The key observations 

from them are the following. (ⅰ) In the samples with Ni content ≥ 96 at.%, the PDFs indicate 

to a predominantly unimodal distribution (see for example Figure 8(a)). (ⅱ) Upon increasing 

the Co content (from samples (CoCrMo)7.8Ni92.2 to (CoCrMo)61.2Ni38.8), the distribution in d 

becomes bimodal (Figures 8(b) and 8(c)). (ⅲ) In the samples (CoCrMo)63.3Ni36.7, 

(CoCrMo)68.5Ni31.5, and (CoCrMo)73.2Ni26.8, the PDF plots follow a trimodal distribution 

(Figure 8(d)). 
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Figure 8. Probability density function (PDF) of penetration depth on S-plane of samples 

(CoCrMo)2.7Ni97.3, (CoCrMo)44.3Ni55.7, (CoCrMo)61.2Ni38.8, and (CoCrMo)68.5Ni31.5 obtained 

using scratch testing. Dashed lines are the fit peaks obtained via deconvolution of the PDF 

plots.  

 

Variations in the reciprocal of the mean penetration depth, 1/𝑑̅, which can be used as 

an indicator of the relative hardness, and the proportion of each deconvoluted peak of the 

PDF plots with the Ni content are shown in Figure 9. While the values of 1/𝑑̅ corresponding 

to the peak 1 are the lowest in each region, they are the highest for peaks 3 (when present). 

Further observations are the following. (i) The hardness increases monotonically with a 

decrease in the Ni content from 98.8 to 36.7 at.%. Upon reaching a peak in the 

(CoCrMo)63.3Ni36.7 sample, hardness reduces as the Ni content decreases from 36.7 to 26.8 

at.%. (ii) Except for the samples with 98.8–96.0 at.% Ni, where only one peak is present, the 

fraction of the soft peak 1 and hard peak 2 (or peaks 2 + 3) remain approximately constant at 

~60% and 40%, respectively. (iii) Peak 3 in the (CoCrMo)63.3Ni36.7 sample shows higher 

hardness yet lower fraction than those in the (CoCrMo)68.5Ni31.5 or the (CoCrMo)73.2Ni26.8 

samples. 
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Figure 9. Plots of (a) 1/𝑑̅ (the reciprocal of mean penetration depth) and (b) proportion of 

each peak obtained from probability density function plot in each region.  

 

4. Discussion 

Results of the microstructural characterization presented above establish that the in situ 

alloying that occurs during CGA fabrication leads to the formation of mesoscopic chemical 

segregation bands in the graded alloy (except at the Ni-rich end regions). Such a banded 

structure highlights the possibility of modulating chemical segregation into organized 

structures, in contrast to their seemingly randomized nature (as reported in some recent 

literature [6,15]). We believe that the banded structure initiates from the consistent scanning 

strategy across the entire area of the printed parts, which can retain the layer-by-layer 
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characteristics of the LPBF process. In the following section, the formation mechanism of the 

chemical heterogeneities and their effect on the mechanical properties are discussed. 

 

4.1. Chemical segregation into mesoscopic bands 

When the alloy constituents (components) have good solid solubility with each other and 

have similar melting points (which is the case here), the length scale of the chemical 

heterogeneities, and their degree of segregation within the alloy parts manufactured using 

LPBF largely depend on the nature of the powder feedstock, i.e., whether pre-alloyed 

powders, or well-mixed multiple types of powders, or mixed powders with initial clusters of 

segregation are used. (i) When pre-alloyed powders are used, the chemical segregation is 

induced by elemental partitioning at the liquid/solid interface upon solidification and is 

typically confined to the boundaries of the dendrite/cellular structures with limited amplitude 

[1,8,33]. For example, the chemical segregations at the cell boundaries of the LPBF 316L 

austenitic stainless steel are ~4 wt.% Cr and 1–3 wt.% Mn/Mo [9]. Depending on the size of 

cellular structures, these chemical heterogeneities are typically at the submicron scale [34]. (ii) 

Macroscale chemical homogeneity can also result from in situ alloying, when the powders are 

well mixed and the elements are miscible with each other [7,35,36]. Chemical segregation 

during in situ alloying is then induced by the different number of minor constituent’s particles 

captured by the melt pools [7]. Here, chemical heterogeneity occurs at the inter-melt pool 

level, while each melt pool is considered homogeneous. The length scale in this case is 

controlled by melt pool size and the degree of overlap between adjacent melt pools. The 

amplitude of segregation in this scenario is found to be rather limited (less than ~5% [7]). (iii) 

A prior existence of powder clusters, induced by insufficient powder mixing, can lead to a 

marked chemical segregation during the LPBF process [37]. In this work, the powder mixing 

was limited by the short time span the powders spend in the mixer. As a result, microscale 

chemical heterogeneity is seen throughout the graded alloy (Figure 2). As it originates from 

the powder clusters, the length scales of such a chemical heterogeneity are affected by—but 

not confined to—the melt pool. Their shapes result from the combined effects of the recoil 

pressure, Marangoni force, surface tension, melt pool shape, and diffusion [38]. Due to such 

complex, inter-dependent, and collective effects, the shapes and sizes of the Co- and Ni-

ribbons observed in the present work are irregular. More in-depth experimental and 

simulation work is required for a clearer understanding of their development (and how to best 



19 

 

control them). Here, we can only observe that most of the ribbons resemble the shape of the 

melt pool. 

Consequently, the chemical segregation in the present case is significantly affected by 

the melt pool characteristics. Its distribution would follow the moving melt pool and thus 

laser scan track [38]. Under such scenario, the morphology/distribution of the segregation 

depends on the angle between the scanning and viewing directions. More specifically, when 

viewed along the scanning direction, only the ends of the scan tracks are visible and thus a 

limited number of ribbons can be seen. When the viewing direction is perpendicular to the 

scanning tracks, on the contrary, the side surfaces of the scan tracks are exposed so that more 

Co/Ni-ribbons are observed. In this work, the heterogeneous and homogeneous bands appear 

to contain different amounts of Co- and Ni-ribbons on the S-plane, but this is only an artefact 

that results from a change in the viewing orientation. Note that 67º is utilized in this work 

because it is a prime number, which minimizes the overlap of the scan tracks and thus 

facilitates homogeneity of the thermal history. One can imagine that rotation angles that favor 

overlapping of scan tracks, e.g., 0º and 90º, would result in microstructures strongly confined 

by the scale of the scan tracks, instead of banded patterns, as reported in the literature [39,40]. 

Other scan rotation angles could also result in the banded pattern; this is a highly promising 

aspect that needs to be further investigated in the future.  

 

4.2. Effect of heterogeneities on the mechanical behaviors  

The superior strength and ductility combination that is often observed in the mechanical 

response of heterogeneous materials, with laminated [41], gradient [42], and duplex phase 

[43] microstructures, where both soft and hard domains coexist, is often rationalized by 

recourse to the back-stress mediated kinematic strain hardening [19,44,45]. During the plastic 

deformation of these heterogeneous materials, the strain would be inhomogeneous but 

continuous, which produces strain gradients that are accommodated by geometrically 

necessary dislocations (GNDs) [18,20]. Upon the partitioning of plastic strain between hard 

and soft domains, GNDs piled up against the interdomain interfaces would produce a back 

stress in the soft domain in a direction opposite to the applied shear stress, and a forward 

stress in the hard domain in the same direction of the applied stress [18]. To examine if such 

mechanism exists in the current context, we tensile strained (by 10% total) well-polished 

samples, which were extracted from the regions with the average chemical compositions of 

(CoCrMo)61.2Ni38.8 and (CoCrMo)68.5Ni31.5, before examining them. The observed slip traces 
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(using SEM) along with the chemical compositions (evaluated with the aid of SEM-EDS) are 

shown in Figures S5 and 10, respectively. It is observed that the slip traces in the Co-ribbons 

are deep with large spacing, while densely spaced, but shallow, slip traces are seen in the 

matrix and Ni-ribbons. These distinct morphologies of the slip traces in the Co- and Ni-rich 

ribbons can be attributed to the variation of the stacking fault energy (SFE) between them. As 

is well known, a low SFE leads to high slip planarity whereas a high SFE fosters cross-slip of 

screw dislocations and hence ‘homogenization’ of plasticity at the microscopic scale (‘wavy 

slip’) [46,47]. While Ni has high SFE (~150–300 mJ/m2 [48,49]), the FCC CoCrMo alloy is 

considered to have negative SFE [23]. This is because the additions of both Cr and Mo as 

solutes would decrease SFE of pure Co (~0 mJ/m2 [23,50]) to the negative territory [50]. 

When SFE is negative, the dissociation of a full dislocation into two widely separated partials 

is energetically favored. Due to the dominance of planar slip and the glide of larger number 

of dislocations on relatively fewer slip planes, the slip traces in the Co-ribbon are widely 

separated but with larger offsets as compared to those of the Ni-ribbon and the matrix. Note 

that, although the composition of the matrix and ribbons were obtained (Figure 3), the exact 

values of their SFE were not determined. The SFE of alloys can be reliably established 

through molecular dynamics (MD) or density function theory (DFT) simulations [50,51]. 

However, studying the SFE of quaternary Co alloys is highly complicated and beyond the 

scope of this work, especially with the presence of chemical heterogeneity. Furthermore, 

discussing the SFE qualitatively, on the basis that higher Co content leads to lower SFE, is 

sufficient to explain the phenomena here.  
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Figure 10. Morphologies of slip traces (a) on sample (CoCrMo)68.5Ni31.5 with the 

corresponding EDS line scan results (b). 

 

The relative difference in the hardness of the hard and soft domains, viz. Co-

ribbon/matrix, Co-ribbon/Ni-ribbon, and matrix/Ni-ribbon, also plays a significant role in 

affecting the build-up of back and forward stresses. (ⅰ) When the hardness difference between 

the hard and soft domains is large, their boundaries would be effective in resisting the 

dislocation glide. Hence, the plastic deformation in the hard domain can only initiate when 

the back stress in the soft domain becomes high enough to facilitate continuous deformation 

in both the domains. This, in turn, would enhance the work hardening in the alloy [18]. (ⅱ) 

When the hardness difference is not substantial, the plastic deformation in the hard domain 

can be activated by either the leading dislocation being ‘pushed’ into the hard domain or 

dislocation emission from the domain boundary. The resulting back and forward stresses in 

this case would be limited [18]. This background information will be utilized in the context of 

rationalizing the observed mechanical property variations across the graded alloy, as 

following. 

In Figure 5, a trend of increasing strength with an increase in the overall Co content in 

the alloy (or conversely, with a decreasing Ni content) is seen. This is expected, as the 

CoCrMo alloy has higher strength than pure Ni [25,52]. While a linear relationship between 
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𝜎𝑦  (as well as 𝜎𝑈𝑇𝑆) and the Ni contents from (CoCrMo)1.2Ni98.8 to (CoCrMo)61.2Ni38.8 is 

indeed noted in Figure 5(b), an abrupt increase in 𝜎𝑈𝑇𝑆  and work hardening ability is 

observed in the alloys with the (CoCrMo)63.3Ni36.7, (CoCrMo)68.5Ni31.5, and 

(CoCrMo)73.2Ni26.8 compositions, while 𝜎𝑦  appears to be within the scatter band of the 

otherwise linear increase. The enhanced work hardening in (CoCrMo)63.3Ni36.7, 

(CoCrMo)68.5Ni31.5, and (CoCrMo)73.2Ni26.8 can be attributed to the appearance of the hard 

peak 3 from the analysis of micro-scratch testing (Figures 8 and 9). 

In samples with the Ni content ≥ 96 at.%, the observed unimodal distribution of d 

(Figure 8(a)) indicates relatively uniform hardness. From the regions in which the Ni content 

varies between 92.2 to 28.8 at.%, d is bimodal due to the hardening caused by the Co-ribbons 

in the heterogeneous band, as evidenced by the hardness maps displayed in Figures 6 and S4. 

To study the formation mechanism of peak 3 in the deconvoluted distribution of d in the 

regions with Ni less than 36.7 at.%, EBSD images obtained on the 10% pre-strained samples 

of (CoCrMo)68.5Ni31.5 and (CoCrMo)61.2Ni38.8 were compared in Figure 11. The latter region 

shows the same FCC phase before and after plastic deformation, i.e., no stress induced phase 

transformation takes place in it. In the deformed (CoCrMo)68.5Ni31.5, in contrast, minor 

quantities (5.1%) of a hexagonal close packed (HCP) phase were observed. Further EBSD 

characterization of the same alloy, (CoCrMo)68.5Ni31.5, which was subjected to only a 5% pre-

strain (in Figure S6), shows no sign of such a phase. On this basis, we surmise that the 

observed HCP phase is possibly a result of strain-induced martensitic transformation [53]. 

In the CoCrMo alloy, the ε-HCP phase is thermodynamically more stable than the γ-

FCC phase [54] due to the fact that the negative SFE would favor the motion of isolated 

Shockley partials over the paired motion of the leading and trailing Shockley partials [53]. 

Since Ni is a strong FCC stabilizer and possesses high SFE [55], its addition to the CoCrMo 

alloy stabilizes the FCC phase. Consequently, a single FCC phase is observed across the 

entire compositionally graded alloy that was examine in this study. However, due to the 

formation of the Co-rich ribbons, some local areas can still have negative SFE, which makes 

the FCC phase in them metastable. When such a sample is deformed to a critical strain, the 

metastable γ-FCC phase can undergo martensitic transformation to ε-HCP [53], which can 

contribute to additional work hardening of the alloy [56]. With an increasing Co content in 

the compositionally graded samples, the SFE of certain regions of the Co-rich ribbons in 

(CoCrMo)63.3Ni36.7, (CoCrMo)68.5Ni31.5, and (CoCrMo)73.2Ni26.8 can reach critical values that 

favor the strain-induced martensitic transformation, which accounts for the enhanced work 
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hardening ability observed in the tensile coupons extracted from those samples (Figure 5). 

Post-mortem EBSD characterization (Figure S7) on the samples after scratch testing also 

shows a combination of HCP and FCC phases in (CoCrMo)63.3Ni36.7, (CoCrMo)68.5Ni31.5, and 

(CoCrMo)73.2Ni26.8, with HCP phase fractions of 1.5%, 3.8%, and 3.6%, respectively. The 

fraction of HCP phase was determined using the following method. The scratched areas were 

first extracted from the original EBSD mapping, such that the total numbers of pixels within 

the testing areas can be obtained. Subsequently, the HCP phase fraction was calculated by 

dividing the number of pixels in the HCP phase by the total number of pixels in the scratched 

areas. Only FCC phase was seen in the rest of the samples. This observation confirms that the 

peak 3 in Figure 8 is closely related to martensitic transformation. 

 

Figure 11. Orientation and phase maps of samples (CoCrMo)61.2Ni38.8 (a–b) and 

(CoCrMo)68.5Ni31.5 (c–d) tensile samples that are deformed for 10% engineering strain. 

 

4.3. Insights from the in situ alloying induced chemical heterogeneities 

Compared to in situ alloying, using pre-alloyed powders during LPBF typically results in 

relatively well-defined microstructural characteristics, i.e., mesostructures that are 

reminiscent of the scanning strategies and cellular structures (in some alloys). Tailoring such 
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features is relatively straightforward and has been proven to be effective in tuning the 

mechanical properties of the fabricated parts [57-60]. For instance, one of the most widely-

explored methods is to modulate the size of cellular structures and then the mechanical 

performance of materials [34,61,62]. Furthermore, it is understood that the difference in 

thermal condition between the interior and boundary of the melt pool can result in various 

sizes of cellular structures [59] and grains [60]. However, appreciation for the potential of in 

situ alloying for modulating the meso-/micro-structures for enhancing the mechanical 

performance of the metallic parts started only recently [6,7]. Due to the complexity 

(especially the differences in the physical properties of multiple powders) of in situ alloying, 

precise control of the resultant microstructures is difficult (as compared to using pre-alloyed 

powders). Hence, it is more often used for the purposes of compositional design and rapid 

verification of unexplored alloys. Nevertheless, as illustrated through the present work, the 

unique features of in situ alloying (e.g., microscale chemical segregation) can in fact be 

potentially modulated to form desirable patterns (e.g., banded chemical distributions) to 

achieve superior mechanical property combinations. 

Needless to say, this work, while highlighting the promise of tuning the chemical 

heterogeneities for enhanced performance, can only be considered preliminary (in terms of 

the potential that in situ alloying during AM has to offer). Therefore, the following are some 

of the promising aspects that need to be further pursued. (i) The volume fraction, morphology, 

and relative hardness values of chemical segregations can be tailored (via modulating the 

powder mixing duration, relationship between melt pool depth and layer thickness, SFEs of 

the components, properties of the minor powders, etc.) to explore the conditions that can 

achieve desirable mechanical performance. Similar principles already exist for designing the 

metal-matrix composites, where the characteristics of the reinforcement play significant roles 

in the mechanical properties [63]. Adapting some of those principles for in situ alloying using 

LPBF might lead to interesting results and may open new avenues for alloy design that 

exploits some of the intrinsic features of AM. (ii) The length scale of the chemically 

heterogeneous bands and the thickness ratio between them can be manipulated. For example, 

different scanning rotation angles (in addition to 67º) can result in varying levels of scan 

direction repetition and thus the thicknesses of bands. (iii) Other patterned chemical 

distributions could also be pursued, e.g., gradient along BD or core-shell structure, and their 

effect on the mechanical properties of the parts can be examined and/or compared. 

Furthermore, by altering scanning strategy during the printing process at varying 

locations/build heights, more versatility to the heterogeneous mesostructures may be 
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accomplished, which could potentially lead to even better mechanical properties and/or other 

interesting phenomena. (iv) The applicability and effect of this method to a wide range of 

materials systems can be examined. For example, instead of the single FCC phase that is 

presented in the current study, dual phase alloy system can be explored, where the chemical 

heterogeneity patterns may act as the templates for phase transformation during fabrication or 

upon post processing. A relevant approach has been successfully utilized in conventionally 

manufactured steels [64]. 

 

5. Summary 

A compositionally graded CoCrMo-Ni alloy, with the Ni content ranging from ~26.8 to 98.8 

at.%, was fabricated using the LPBF process, and the gradations in the microstructure, 

mechanical properties, and distributions of chemical heterogeneities (Co- and Ni-ribbons) in 

it were examined in detail. The novel findings in this work are summarized as follows. 

1) Throughout the graded alloy coupon, chemically segregated bands are observed in 

samples with the average Ni content ranging from 92.2 to 26.8 at.%, which is a result 

of the incomplete mixing of the powders and 67° scan rotation. More specifically, 

chemical heterogeneities originate from the limited mixing time during fabrication 

while the continuous scan rotation affects their distribution in each layer, and 

eventually results in banded pattern with alternating homogeneous and heterogeneous 

bands. 

2) Micro- and nano-indentation characterizations revealed that the presence of Co- and 

Ni-rich ribbon-like microstructural features significantly affect the local mechanical 

properties of the alloy. While the Co-ribbons result in hardening and Ni-ribbons cause 

softening. Statistical analysis on the micro-scratch test results shows that the banded 

pattern of chemical heterogeneities leads to the bimodal distribution of local hardness 

in the samples with the overall compositions ranging from (CoCrMo)7.8Ni92.2 to 

(CoCrMo)61.2Ni38.8. Additional hard peaks in the probability density function plots 

were observed in (CoCrMo)63.3Ni36.7, (CoCrMo)68.5Ni31.5, and (CoCrMo)73.2Ni26.8 

samples. 

3) Co- and Ni-ribbons have distinct SFEs and favor different deformation mechanisms. 

Low SFE (negative) in Co-ribbons leads to dissociation of full dislocations and planar 

slip of partials; relatively high SFE in Ni-ribbons favors cross-slip of screw 

dislocations and ‘homogenization’ of plastic deformation. The strain partitioning 
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between ribbon-ribbon or ribbon-matrix results in the generation of back stress or 

kinematic hardening.  

4) Post-mortem EBSD characterization on the tensile and scratched samples confirmed 

that the superior properties of (CoCrMo)63.3Ni36.7, (CoCrMo)68.5Ni31.5, and 

(CoCrMo)73.2Ni26.8 samples are attributed to the strain-induced martensitic 

transformation. The Co-ribbons in these samples can reach critical SFE that makes the 

as-printed FCC phase metastable. Further plastic strain will trigger martensitic 

transformation and yield significant work hardening ability. 

Our work highlights the possibility of modulating the chemical segregations that form 

during in situ alloying and their critical role in simultaneously enhancing the strength and 

strain-hardening ability (via kinematic strengthening) in AM alloys. 
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