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The effects of copper addition on phase composition in (CrFeCo)1-yNy 
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A B S T R A C T   

The Cantor alloy CrFeCoMnNi is generally fcc structured, but moderate changes in the composition can have a 
large influence on the phase formation. The aim of this study was to understand the changes brought on in low- 
nitrogen-containing (CrFeCo)1-yNy thin films with y = 0.19 on the addition of copper, an interesting metal in 
terms of atomic size and nitride formation enthalpy. (CrFeCoCux)1-yNy films were grown by reactive magnetron 
sputtering. The amount of copper in the films was increased from x = 0 to x = 0.15 to study competitive phase 
formation. Without Cu, two-phase fcc + bcc films were obtained. The addition of Cu was found to stabilize the 
bcc structure despite the fact that Cu as a pure metal is fcc. Nanoindentation tests showed slight increase in 
hardness with initial Cu addition from 11 GPa to 13.7 ± 0.2 GPa. The occurrence of pile up as opposed to 
cracking is an indication of the film’s ductility.   

1. Introduction 

Multicomponent alloys, a concept which includes but is not limited 
to high entropy alloys (HEA), have been gaining interest due to their 
solid solution structure as well as the interesting properties they exhibit 
[1,2]. The Cantor alloy, an equimolar mixture of Fe-Cr-Mn-Ni-Co 
exhibiting an fcc crystal structure was one of the first multicomponent 
systems to be studied and now serves as a model system. The opportu-
nity with these materials lies in tailoring the crystal structure to better 
the material properties. 

Addition of alloying elements is one way to promote phase trans-
formations in materials while maintaining the growth parameters. An 
important aspect when alloying is the atomic radii differences (δ), 
calculated from 

δ = 100
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where, ci and ri are the atomic percentage and atomic radius of the ith 

element, respectively and r the average atomic radius [3]. Multicom-
ponent systems which have smaller atomic radii difference between 
constituent elements, such as the Cantor alloy, tend to be fcc structured 
while systems with larger δ are usually bcc, due to the lower packing 
factor of a bcc (68%) in comparison to an fcc structure (74%). The less 

dense structure of a bcc, allows the larger atoms to occupy the lattice 
positions without causing distortions [4]. Cantor et al. discussed the 
effects of Nb, Ge, Cu, Ti and V in equimolar FeCrMnNiCo [5]. The base 
alloys were able to dissolve significant amounts of Nb, Ti and V resulting 
in fcc structured materials with an increased lattice parameter. Cu and 
Ge, having filled d-orbitals, were less soluble and moved to the inter-
dendritic regions. High Cu content in the system can lead to cluster 
formation and phase separation due to a higher formation enthalpy with 
other elements in the bulk [6,7]. In the AlxCoCrFeNi alloy system, 
addition of Al is known to transform the crystal structure from fcc to as a 
consequence of the lattice distortion effect [8,9]. Adding elements such 
as Al and Ti to the Cantor alloy increases δ, while elements with smaller 
atomic radii such as Cu do not affect δ as much. Yet, they do influence 
the material properties. 

The aim of this study was to develop a structurally stable Cantor- 
based thin film that could be considered as a protective coating in in-
dustry applications. Many of the materials that we use for building 
machines undergo stamping or deforming processes. This implies that 
the film/coating needs to be ductile enough to withstand the stamping 
process without cracking. Additions of Cu in small quantities could help 
to increase the ductility of the films while maintaining the crystal 
structure. 

Obtaining single phase solid solutions is much easier in bulk alloys in 
comparison to thin films. The only route to stabilizing a metastable 
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phase is through quenching the bulk alloy. In thinfilm deposition, 
however, it is much easier to stabilize metastable phase along with 
additional new phases. This is due the sensitivity of the process to 
several factors such as the substrate, its temperature, ion flux and en-
ergy. Introducing a reactive gas, such as nitrogen or oxygen, further 
complicates this process. Depending on the ability of the cations to 
interact with the anions, various structures may be formed. For example, 
when considering the group 4 and 5 transition metal elements, nitrogen 
would occupy interstitial positions thus maintaining the NaCl structure 
[10,11]. However, the group 6–10 transition metals are weak nitride 
formers and more complex crystal phases such as intermetallic sigma 
phases and or combination of phases can be expected [12]. 

In a previous study, we studied the effects of nitrogen (~15 at. % to 
~ 30 at. %) on the crystal structure of a simplified Cantor variant 
(CrFeCo) thin film where, as the amount of nitrogen increased the 
structure changed from fcc to bcc [13]. The stabilization of the bcc in the 
nitrogen containing films could be a consequence of lattice distortions, 
changing electronic concentrations and/or, the sputter deposition pro-
cess which could result in the stabilization of phases that are in non- 
equilibrium conditions. The addition of an element such as Cu which 
does not necessarily form bonds with any of the group 6–10 metals or 
nitrogen due to its filled d-orbital should influence the phase formation 
and lattice distortion. In the present study, we aim to understand the 
effect of Cu addition on phase formation in low-nitrogen-content 
(CrFeCo)1-yNy (y = 0.19) thin films grown by magnetron sputtering. 

2. Experimental details 

A lab-scale ultrahigh vacuum magnetron sputtering system evacu-
ated to a base pressure < 9 × 10-7 Pa was used to deposit CrFeCo-based 
nitride films. Details of the chamber can be found in reference [14]. 
Coatings were co-sputtered onto 2-inch diameter Si(100) substrates 
using four individual targets in a Ar:N2 atmosphere with a fixed pressure 
of 0.4 Pa (3 mTorr) (Ar:N2 flow ratio 54 sccm:11 sccm). The DC 
discharge of each magnetron (2-inch diameter target of Cr, Fe and Co) 
was adjusted to obtain a quasi-equimolar composition when the Cu 
target power was set at 2 W. The DC power for Cr, Fe, and Co was then 
fixed at this value for all other depositions where the Cu target power 
was changed (0, 2, 4.5, 7, and 15 W) (Power density of Cr, Fe and Co ~ 
4.933 W/cm2, Cu- 0 to 0.74 W/cm2). Prior to deposition, the substrates 
were cleaned by immersion in acetone and then iso-propanol for 10 min 
in an ultrasonic bath and blow-dried with nitrogen gas. Depositions were 
carried out for 30 min at a substrate temperature of 300 ◦C and bias − 50 
V. 

X-ray diffraction (XRD) was carried out using a PANalytical X’Pert 
PRO diffractometer. All scans were performed using Cu-Kα radiation (λ 
= 1.5406 Å) operated at a voltage of 45 kV and a current of 40 mA in a 
Bragg-Brentano configuration. Residual stress measurements were car-
ried out in a PANalytical Empyrean X-ray diffractometer. The stresses 
were calculated from the curvature of the substrate by measuring the 
shift in the peak of a certain symmetrical reflection (Si 004 at 69.3◦) 
while the angle (ω) between the incident beam and sample is changed. 
The Stoney equation was used to relate the curvature of the Si(100) 
substrate to the average stress in the film [15]. 

The surface and cross-section morphology of the films were charac-
terized using a Scanning Electron Microscope (SEM Leo 1550 Gemini, 
Zeiss) operated at an acceleration voltage of 8 kV and using in-lens 
detector. The chemical composition of the films was obtained from 
time-of-flight elastic recoil detection analysis (ToF-ERDA). ToF-ERDA 
measurements were carried out at a 45◦ angle between the 36 MeV 
127I9+ primary beam incident at 67.5◦ and a gas ionization chamber 
detector in a 5 MV NEC-5SDH-2 Pelletron Tandem accelerator at 
Uppsala University, Sweden. The software package Potku 2.0 was used 
to obtain the elemental depth profiles form ToF-ERDA time and energy 
coincidence spectra [16]. 

Three samples were selected for (Scanning) Transmission Electron 

Microscopy [(S)TEM] measurement. Cross-sectional TEM specimens 
were prepared by manual polishing down to a thickness of approxi-
mately 60 μm, followed by Ar + ion milling at 5 keV, with a 5◦ incidence 
angle, on both sides while rotating the sample in a Gatan precision ion 
polishing system. All analyses were performed using a FEI Tecnai G2 TF 
20 UT instrument operated at 200 kV. STEM images were collected with 
the annular detector spanning the range 80 to 260 mrad. Elemental 
mapping was carried out by Energy dispersive Spectroscopy (EDS) 

Nanoindentation and scratch testing was performed in a Hysitron 
Triboindenter 950 equipped with a 2D transducer. Indents were made 
on the film surface using a Berkovich tip (100 nm radius) while keeping 
the indentation depth below one tenth of the thickness of the coating. 
The hardness (H) and reduced elastic modulus (Er) of the films were 
calculated according to the Oliver-Pharr method [17]. Prior to mea-
surements, the instrument was calibrated along the indentation axis 
using a standard fused silica reference sample. A set of 20 indents was 
carried out by setting a constant load of 1.5 mN with a hold time of 5 s 
and delay of 30 s between each event. 

The electrical resistivity of the samples was determined from the 
sheet resistance of the films, as measured using a four-point probe 
(Jandel RM3000 station). The obtained sheet resistance values were 
multiplied with the corresponding film thickness measured by SEM. The 
relevant correction factor for 50-mm-diameter substrates was used. 

3. Results 

3.1. Bias selection 

The aim of the present study was to understand the effects of Cu on 
the structure of the multicomponent films. Towards this end, it was 
important to determine to what degree films deposited at different 
conditions show competition of formation between the phases. As a 
preliminary study, (Cr0.20Fe0.26Co0.35) N0.19 thin films were deposited 
on Si substrates with different substrate bias. This composition was 
chosen from our previous study [13] on the effect of nitrogen content on 
the properties of (CrFeCo)1-yNy thin films. Fig. 1 shows the θ-2θ X-ay 
diffractograms and corresponding SEM images of the surface of 
(Cr0.20Fe0.26Co0.35)N0.19 samples deposited in a floating potential (I), 
with a bias voltage of − 20 V (II), and − 50 V (III). All films show a mix of 
fcc + bcc structures. A complete study on the competition of phases 
upon the addition of nitrogen can be found in our previous work [13]. 
The peaks at approximately 45◦ and 48◦ are identified as a bcc (110) 
and fcc1 (200) structure reflections, respectively. The d-spacing of the 

Fig. 1. X-ray diffractogram depicting the effect of substrate bias on (CrFeCo)1- 

yNy thin film. Inset SEM micrographs of the surface of corresponding films. 
Enlarged images are available in the supplementary information. 
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bcc 110 and fcc1 200 were calculated and are represented graphically in 
Fig. 2a and 2b respectively. 

As mentioned earlier the aim of the study with addition of copper 
into the Cr-Fe-Co nitrogen containing system was to study the stabili-
zation of, and competition between, phases. Since these results show 
that a bias voltage of − 50 V induces higher crystallinity, higher 
preferred orientation, and lower stress along with the possibility to 
observe changes easily, this was used a starting point of the introduction 
of copper. 

3.2. Composition 

The quantification of individual metal ratios as well as estimation of 
nitrogen content was carried out by ToF-ERDA. Table 1 shows the 
changes in atomic percentages of all elements in the films as the Cu 
target power increased. The increase in power of the Cu target from 0 to 
15 W resulted in a change in the Cu content from 0 at. % to 15 at. % in 
the film. For short, the samples are denoted as Cu0 to Cu0.15 following 
the Cu content x in (CrFeCoCux)1-yNy. The measured variations in 
composition of Cr and Fe are within experimental error. The Co content, 
however, decreases from 35 at. % to 24 at. % as Cu is added into film. 
The nitrogen content was found to remain constant in all films. 

3.3. Crystal structure of copper-containing films (XRD) 

Fig. 3 shows the X-ray diffractograms obtained from (CrFeCoCux)1- 

yNy films with increasing Cu content. Similar to Fig. 1, substrate peaks 
are observed at 2θ values of 32.9◦ and 69.3◦. The system without Cu 
displays a mixed fcc + bcc structure with the fcc1 200 peak at 49.0◦ and 
the bcc 110 peak at 44.6◦. This mixed structure is also seen in Cu0.03. 
With further addition of Cu, the 200 peak of the fcc1 (NaCl B1-type) 
structure is supressed while the bcc 110 peaks are stronger in intensity 
and shifted towards smaller angles caused by an increase in the cell 
parameter (see Table 2). The bcc structure dominates for films with x  =
0.08 and 0.15 (Cu0.08 and Cu0.15). These films were identified to be 
preferentially oriented along the [110] direction of a bcc structure. The 
Cu0.15 film also exhibits a peak with low intensity at 37.9◦ which may 
correspond to the (111) plane of a secondary metallic fcc structure 
(fcc2). 

Fig. 2. Calculated d-spacing of bcc 110 peak (2a) and fcc 200 peak (2b) with 
increasing applied bias. (2c) Average stress of films obtained from wafer cur-
vature measurements. 

Table 1 
Composition of (CrFeCoCux)1-yNy films estimated from ERDA.  

Cu DC target power (W) ERDA composition Thickness (nm) General formula Sample name 

(± 2.00 at. %) 

Cr Fe Co Cu N 

0 20 26 35 0 19 520 

(CrFeCoCux)0.81N0.19 

Cu0 

2 23 29 28 3 17 520 Cu0.03 

4.5 22 27 27 5 19 520 Cu0.05 

7 21 26 26 8 19 510 Cu0.08 

15 20 25 24 15 17 500 Cu0.15  

Fig. 3. X-ray diffractograms showing the effect of Cu addition into (CrFeCo)1- 

yNy thin films. Increasing Cu from bottom to top. 
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3.4. Morphology 

Fig. 4 shows the SEM images of the surface and cross-sectional 
morphology of (CrFeCoCux)1-yNy thin films. The film Cu0 shows a 
columnar structure. The film has large grains with an apparent lateral 
average size of ~ 80 nm which are tightly packed and with well-defined 
grain boundaries. On addition of Cu (Cu0.03, Fig. 4b), a change in 
morphology is noticed along with a drop in the average grain size to ~ 
50 nm. With further addition of Cu (Fig. 4c-4e), the surface of the films 
becomes visually smoother with smaller grain sizes. Along with the 
change in surface morphology, changes in the film cross section are also 
observed. As Cu is added into the multicomponent system the apparent 
density increases. 

3.5. TEM 

Fig. 5a-c show the cross-sectional TEM images obtained from the 
films Cu0, Cu0.03, and Cu0.15, respectively, along with inset EDS maps. 
Selected area electron diffraction (SAED) patterns of Cu0, Cu0.03 and 
Cu0.15, as well as their corresponding HRTEM micrographs are presented 
in Fig. 5d–i. 

The film Cu0 shows a columnar growth structure (Fig. 5a). The SAED 
pattern is consistent with a mixed fcc + bcc structure (Fig. 5d). On 
addition of Cu, the bcc reflections become prominent and are identified 
as the (110), (200), and (211) reflections with a lattice parameter of 
2.92 ± 0.02 Å. The change from spots to more continuous rings is an 
indication of the change in orientation of grains from preferential 
orientation to random as well as increasing polycrystallinity of the films 
(Fig. 5e and 5f). Cross-sectional TEM and HRTEM micrographs of Cu0.03 
and Cu0.15, show a dense film with no prominent columns or pores as 
observed in the SEM cross sections (Fig. 4b-e). In the case of Cu0, no 
apparent inhomogeneity in the composition is observed. Cu0.03 also 
shows a homogenous distribution of elements along the film as seen in 
the inset in Fig. 5b. However, the Cu0.15 film presents the segregation of 
copper (inset, Fig. 5c). 

3.6. Mechanical properties (nanoindentation) 

Measured residual stresses are shown in Fig. 6a. The film with no Cu, 
Cu0 had a compressive stress of 0.2 GPa. On addition of copper the stress 
increase reaching a maximum ~ 0.5 GPa for Cu0.05. The stress is seen to 
reduce with further increase of Cu as in the case of Cu0.08 and Cu0.15. 
Fig. 6b shows the hardness values as a function of the Cu content in the 
(CrFeCoCux)1-yNy films. An indentation creep of approximately 5 nm 
was observed between Cu0.03 and Cu0.15. Load-displacement curves can 
be found in the supplementary information. All films have hardness 
values ranging between 10 and 14 GPa, as expected for Cantor alloy thin 
films and their variants [2,18,19]. The film with no Cu exhibits a 
hardness of approximately 11 ± 1 GPa. On addition of Cu, the hardness 
is seen to increase to 13.7 ± 0.2 GPa (Cu0.05). Youngs modulus of the 
films is also seen to reduce on the addition of Cu from 208 ± 0.2 to 180 
± 0.5 GPa (Fig. 6c). 

Fig. 7 is a SEM image of Cu0.05 after an indentation event. The image 
shows the plastic deformation that has taken place by the presence of 
pile up of material along the outer edges of the indent. 

The resistivity of the films was measured by four-point probe. The 

films Cu0 along with the lowest hardness also displayed the highest re-
sistivity of 28 ± 1 μΩcm. On addition of Cu the resistivity was seen to 
drop to 26 ± 1 μΩcm for Cu0.03 and 17 ± 1 μΩcm for Cu0.15. 

4. Discussion 

4.1. Phase stabilization 

In our previous study on the nitrogen containing Cr-Fe-Co system, 
thin films with a mixed fcc + bcc structure were observed [13]. The 
stabilization of the bcc in low-nitrogen-content films may appear sur-
prising at first sight; however, it is not in it itself unlikely. On addition of 
Cu, the first change observed is the reduction in the amount of Co in the 
film. The initial suppression of the fcc 200 as seen in film Cu0.03 could be 
a consequence of the decreasing Co as well as the addition of Cu. This 
argument, however, holds only for Cu0.03. Further increase of Cu in the 
film (Cu0.05-Cu0.15) does not have as much effect on the individual metal 
ratios. Therefore, it is possible that the phase stabilization taking place is 
in fact due to the introduction of Cu. As the amount of Cu is increased 
from x  = 0.08 to 0.15, a secondary phase is observed with the 
appearance of a peak at ~ 37◦ corresponding to the (111) plane of an fcc 
structure (Fig. 3) from Cu segregating in the film. A comparative study 
on CrCoCuFeNi bulk as well as thin films showed similar results where 
no segregation occurred in thin films up to 8 at.% [20]. The limit of Cu 
solubility into the multicomponent matrix followed a similar trend. In 
the case of Cu0.15 the segregation may be due the inability of Cu to bond 
with the other elements in the thin film thus forming a secondary 
metallic fcc structure. The appearance of a ring with d spacing of 2.44 Å 
on Cu0.15 along with STEM images provides further evidence for the 
segregation and secondary fcc structure formation (inset Fig. 5c and 5f). 

4.2. Morphology 

The film Cu0, exhibited a columnar growth structure, which is 
generally associated with low surface diffusion of the accelerated par-
ticles and leads to the formation of dome shaped structures on the film 
surface as seen in Fig. 4a [21]. The HRTEM image of Cu0 (Fig. 5g) in-
dicates a possible interface between two other fibres. As copper is 
introduced into the (CrFeCo)1-yNy matrix the apparent density of the 
films increases (Fig. 5e-f) [21]. It is possible that, with the addition of 
Cu, the energy brought to the substrate increases thus promoting surface 
diffusion of the ions leading to small, densely packed, and randomly 
oriented grains. The stress in the films also increases with the initial 
addition of Cu. This may validate the fact that energy brought to the 
substrate is higher. Studies on polycrystalline Fe thin films suggest that 
smaller grains lead to higher compressive stresses [22,23]. On further 
addition of Cu, as in the case of Cu0.15, the film is almost stress free or 
under a small tensile stress. The change in stress from compressive to 
tensile with addition of Cu may be a result of grain boundary relaxation 
and a smaller number of defects and dislocations [24]. 

The question is: Would the same stabilization effect be observed if a 
different metal were used instead of Cu? As previously mentioned, the 
stabilization effect on bcc by the addition of Al or an element which has 
significantly larger atomic radius in comparison to the group 6–10 
metals is well known. The effects of higher concentration or addition of a 
group 6–10 metal are not as clear but would depend on their ability to 
form nitrides. The magnetic properties of these elements may also in-
fluence the phase formation [25–27]. However, it is known that variants 
of the Cantor alloy do not always form fcc structures and phase forma-
tion is very different in comparison to multicomponent alloys and thin 
films of the refractory metals [28]. 

4.3. Mechanical properties 

The mechanical properties of the films are clearly influenced by the 
morphology. As the amount of Cu in the films’ is increased the apparent 

Table 2 
Lattice parameters determined from the bcc 110 peak.  

Sample ID bcc ahkl ± 0.01 (Å) 

Cu0  2.87 
Cu0.03  2.87 
Cu0.05  2.88 
Cu0.08  2.88 
Cu0.15  2.95  
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Fig. 4. Top view and corresponding cross-section SEM micrographs of (CrFeCoCux)1-yNy films with Cu content increasing from a to e.  

Fig. 5. TEM bright field images of films (5a, 5b, 5c) with inset EDS maps; SAED patterns (5d, 5e, 5f), corresponding HRTEM images (5 g, 5 h, 5i).  
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density of the films increases while grain size reduces as seen in SEM 
images (Fig. 4c). The higher hardness observed in Cu0.05 and Cu0.08 may 
be a result of the decrease in the competition between phases and sta-
bilization of the bcc over the fcc and the increasing random orientation 
of the grains which may inhibit the propagation of dislocations resulting 
in grain refinement strengthening. As the Cu content is further increased 
to x  = 0.15 (Cu0.15) the hardness is seen to fall to ~ 11 GPa this indi-
cated the softening of the films. The segregation of Cu observed on the 

STEM-EDS maps may be a reason for the drop in hardness along with the 
decrease in the stress. The absence of cracks as well as pile up around the 
edges of the indent are an indication of the ductility of the films. 

5. Conclusion 

(CrFeCoCux)1-yNy films were grown on Si substrates by reactive 
magnetron sputtering. The copper content in the films was increased 
from x  = 0 to x  = 0.15 by controlling the target power. The changes in 
the thin film crystal structure and properties were studied. XRD revealed 
that as Cu is added into an originally fcc + bcc mixed phase film, the bcc 
is stabilised. SEM and TEM shows that the apparent film density 
increased with addition of Cu into the Cr-Fe-Co-N matrix. As the Cux 
increases content from x  = 0 to x  = 0.15 the energy brought to the 
substrate increases, promoting surface diffusion of the ions and leading 
to small, randomly oriented grains. The maximum hardness recorded by 
nanoindentation was found to be 13.7 ± 0.2 GPa for the sample Cu0.05. 
The present study showed that small amounts (0–5 at. %) of Cu in the 
multicomponent matrix could be beneficial in stabilizing phases as well 
as improving mechanical properties. 
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