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a b s t r a c t

Due to the rising demand and carcinogenic effect of cobalt, alternative metal matrixes need

to be developed for hot-pressed diamond tools. Due to this reason High-Entropy alloys

without cobalt were calculated via phase fraction diagrams. Three alloys of the AleCueFe

eMneNi system Al30Cu30Fe5Mn25Ni10, Al11.25Cu35Fe5Mn20Ni28.75 and Al5Cu20-

Fe25Mn25Ni25 were chosen due to their different crystal structures ranging from pure bcc,

eutectic fcc-bcc to pure fcc crystal structure. Cr5Cu20Fe25Mn25Ni25 was chosen to verify

the change of one element on the consolidation properties. The alloys were mechanically

alloyed and hot-pressed at 800 �C for 3 min without and at 900 �C for 3 min with diamonds.

Porosity increased with the fraction of bcc solid solution in the investigated alloys of the Al

eCueFeeMneNi system. Samples consisting of Cr5Cu20Fe25Mn25Ni25 showed the lowest

porosity, which was attributed to precipitation of a second copper-rich fcc solid solution

around the remaining pores. At a process temperature of 800 �C and 3 min isothermal hold

the samples featured a porosity of only 2.72%. Within the XRD patterns and SEM images of

the hot-pressed samples with diamonds no graphitization or formation of carbides could

be observed. Therefore, Cr5Cu20Fe25Mn25Ni25 was identified as a promising cobalt free

metal-matrix candidate for diamond tools.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

High-entropy alloys (HEA) are a new alloying concept devel-

oped by two different research groups in the year 2004. Cantor

et al. melted two alloys containing 16 and 20 elements

respectively. In both alloys a single face-centered cubic (fcc)

structure with equimolar ratios of Co, Cr, Fe, Mn and Ni were
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y Elsevier B.V. This is an o
identified [1]. Yeh et al. used a theoretical approach to HEAs.

They explained their findings with Boltzmann's hypothesis on
the interaction between entropy and the complexity of the

alloys constitution to reduce the possibility of intermetallic

phases. The configurational entropy rises logarithmically with

the number of elements in equimolar or near equimolar ratio.

Alloys with different amounts of equimolar transition metals

were cast with face-centered cubic, body-centered cubic
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structure or a mix of both. But no intermetallic phases were

developed in any of the cast alloys. This confirms the hy-

pothesis, that a higher entropy stabilizes solid solutions [2].

Due to the point that HEA are relatively new, there is no uni-

form definition. In this publication the definition by the

German Research Foundation (DFG) of the priority program

„Compositionally Complex Alloys - High Entropy Alloys (CCA-

HEA)” (SPP 2006) is utilized. HEAs are defined as an alloy with

at least 5 elements with an atomic fraction between 5% and

35% randomly occupying the sites of one crystal structure.

While CCA are defined in the same compositional range with

more than one crystal structure. HEA and CCA show superior

properties in different fields depending on the crystal struc-

ture and elements used. The variation of the Al content of the

AlxCoCrCuFeNi alloy led to a transition from a fully fcc HEA to

a bcc crystal structure with a mix of both in between. The

hardness increased from 200 HV to 600 HV [3]. The tempera-

ture dependent hardness loss is less in face centered cubic

HEAs. The hardness value of the fcc-HEA Al0,3CoCrFeNi was

reduced from 300 HV at room temperature to 190 HV at 1000 �C
[4]. Additionally, by optimizing the compositional design of

the alloys high wear resistance [5,6], high temperature

oxidation [7] and high corrosion resistance [8] can be achieved.

Due to these properties HEAs are a promising candidate as

metal matrix for diamond metal matrix composites (MMC).

Diamond MMCs are used for machining hard construction

materials like granite basalt or concrete [9]. These are manu-

factured via powder metallurgical methods as grinding seg-

ments which are joined via brazing or laser welding to core

drills, buzz, wire or gang saws [10,11]. For a long period of time,

cobalt dominated as themetal part for diamondMMCs [12] but

due to high fluctuations in the price of raw cobalt [13] and the

identification of the that cobalt powder has a carcinogenic

effect in mammals [14] the demand for alternatives arose.

Therefore, blended powderswith reduced or no cobalt content

are frequently used [15]. The mechanical properties of the

used puremetals and blended powders are significantly lower

to those of the diamond grains which limits the performance

capability of diamond tools [16]. Due to this point the current

research focuses on the usage of pre-alloyed powders asmetal

matrix for diamond MMCs with a base of iron or copper to

increase the mechanical and wear [17e19]. Non-metallic ele-

ments like phosphorous are also used to reduce the sintering

temperature. These non-metallic melting point depressants

tend to form brittle intermetallic phases reducing the ductility

of the metal matrix [20]. Elements like manganese and tin are

also used to reduce the sintering temperature. These pre

alloyed powders show a significant rise in hardness compared

to pure cobalt from 107 HV [21] to 352 HV [22].

While mechanical alloying and consolidation via hot

pressing or spark-plasma sintering (SPS) is common process-

ing route for HEAs [23e25] only two research groups investi-

gated these as metal matrixes for diamond tools. Zhang et al.

[26e28] and Peng et al. [29] investigated the alloy CoCrFeNi

with the addition of Mo. They investigated the alloy Co24.1-

Cr24.1Fe24.1Ni24.1Mo3.6 which does not match the above-

mentioned definition of a HEA, but it is the only alloy inves-

tigated for the application in diamond tools which is close to

the HEA composition. SPS was utilized to manufacture the

diamond segments. A relative density of 98,8% was achieved
at 1100 �Cwith 40MPa pressure in vacuum. The alloy had only

one fcc solid solutionwith a hardness varying between 460 HV

and 520 HV [26]. SPS experiments with diamonds showed that

at a sintering temperature below 900 �C the regular shape of

the diamonds could be maintained. At 950 �C amorphous

carbon phases and complex structures at nanoscale formed.

At 1000 �C the diamond was reduced to half its initial size and

chromium carbides formed in the interlayer [27]. Coating the

diamonds with nickel and titanium prevented its degradation

at 950 �C and increased the hardness of themetal matrix from

342 HV to 370 HV [28]. Peng et al. used vacuum hot pressing at

1200 �Cwith 15 MPa for 60min to create diamond segments. A

relative density of 94.5% could be achieved. The high sintering

temperature led to an interactionwith the graphite punch and

die which caused the massive formation of molybdenum and

chromium carbides [29]. The investigated alloy Co24.1Cr24.1-
Fe24.1Ni24.1Mo3.6 is not that well suited as an alloy for diamond

tools due to the high sintering temperature and the degrada-

tion of the diamonds. Additionally, the alloy includes cobalt.

Concluding the state of the art, HEA and CCA are very

promisingmetalmatrixes fordiamondMMCs.Thehighentropy

of these alloys enables the combination of elements in higher

amounts which would normally create intermetallic phases.

Additionally, the number of possible alloys due to the possible

element combinations enables alloys without cobalt. But the

mainpoint is the increasemechanical propertieswhichdepend

highly on the resulting crystal structure of the one ormore solid

solutions. Due to these points four HEA and CCA based on the

CueFeeMneNi system were developed by CALPHAD calcula-

tionswithThermo-Calc to identify the influenceofa fcc, bccand

both crystal structures depending on the constitution. The four

alloys based on the CueFeeMneNi system used in this paper

were chosen due to their high-temperature crystal structure in

theirphase fractiondiagrams.Thesealloyswere synthesizedby

mechanical alloying out of pure metal powders. Crystal struc-

ture (XRD) and melting range (DTA) were analysed and

compared to the simulation results. Thealloyswerehot pressed

and the crystal structure (XRD), chemical composition (EDS),

hardness and porosity were identified. The consolidation ex-

periments were done at 800 �C to identify the influence of the

crystal structureonthe consolidationproperties andat900 �Cto

provoke a reaction between the diamonds and the carbide

forming and catalytic acting elements.
2. Materials and methods

The thermodynamic simulations were performed with

Thermo-Calc 2017a [30] and the TCHEA2 [31,32] database. To

investigate the broad constitutional range of HEAs a script was

written inorder to generate numerousphase fractiondiagrams.

Per iteration the atomic fraction of one particular element was

decreasedby5%while itwas increasedforanotherelement.The

whole script contained 513 different combinations with the

thresholds of A20B20C20D20E20 and A35B35C20D5E5, where A-

E are different elements, and the number represents the atomic

percentage of the element. Al, Cr, Cu, Fe, Mn, Ni, Si and Ti were

chosen as elements in the simulation.

To investigate the chosen alloys experimentally, elemental

powders are needed for the mechanical alloying process. In

https://doi.org/10.1016/j.jmrt.2023.08.272
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Table 1 the contaminations and the particle sizes of the used

elemental powders are noted.

The ball mill used in this research was a Fritsch GmbH Pul-

verisette 5/4 with four 500 ml hardened chromium steel vials.

10 mm hardened chromium steel balls were used. 50 g of the

blended powder mixture and 400 g of steel balls were put into

each vial, resulting in a ball to powder ratio of 8:1. Additionally,

stearic acid was added as a process control agent with an

amountof2wt.%of themetalpowder.Thevialswerefilledupto

25 vol.-% in total. Argon was utilized to prevent oxidization

during thealloyingprocess.Asmillingparameters300 rpmwere

used for24h.Theseparametersarebasedontheexperienceand

were verified by different research groups using these parame-

ters for synthesizing HEA via mechanical alloying [33,34].

The mechanically alloyed materials were consolidated by

an CSP100 hot press (Dr. Fritsch GmbH). A punch and die

systemmade of graphite was used to produce the samples. In

every process four samples with a diameter of 15 mm were

manufactured. 5 g of the different alloys were used per sam-

ple. The graphite dies and punches were coated with a boron

nitride spray to prevent a mutual reaction and fusing with the

graphite. During the whole process a constant pressure of

37 MPa was maintained on every sample. A constant flow of

argon with 1000 l/h was utilized to protect the samples from

excessive oxidization. Due to the unknown influence of the

varying crystal structure of the HEA and CCA, a hot-pressing

temperature of 800 �C was used to identify the consolidation

properties. This was done to ensure a measurable porosity via

light microscopy to identify the clear differences between the

alloys and to gain insight on the consolidation properties. The

holding time for every process were 3 min in accordance with

industrial standard processes. After adding the diamonds, the

temperature was raised to 900 �C to provoke reactions be-

tween the carbide forming and catalytic parts of the metal

matrix alloys and the diamonds. The heating time was fixed

on 10 min for every process. The samples were removed from

the punch and die once the temperature dropped below 200 �C
which was achieved after 30 min. 10 vol.-% of SDB1055 4050

mesh was added to the investigated alloys to create the dia-

mond MMC samples.

The hardness of the consolidates HEA and CCA samples

were performed after ISO 6507. The macro hardness was

measured with HV10 and themicro hardness with HV0.1. Five
Table 1 e Chemical composition by the certificate of analysis o

Element (wt.%) Al Cr

Powder Provider Alfa
Aesar

Dr.
Fritsch

Particle size <45 mm <45 mm

Al Bal. e

C e 0.02

Cr e Bal.

Cu e e

Fe 0.105 0.2

Mn e e

N e 0.02

Ni e e

O e 0.2

Undefined metal impurities e e
measurements were taken for the macro and ten measure-

ments for the micro hardness respectively.

To identify the melting ranges a Linseis STA PT 1600 dif-

fential thermal analysis system was utilized. The maximum

temperaturewas set to 1400 �Cwith a heating rate of 10 K/min.

In this process argon was also used as shielding gas.

Due to the lack of reliable data on the density of the chosen

alloys, the Archimedes method to identify the relative density

was not used in this research. Light microscopy was used

instead to identify the porosity of the hot-presses samples.

Ten optical micrographs were taken from each alloy and

investigated by means of digital image analysis. The software

takes advantage of the different contrast of the lighter

consolidated samples and the darker pores.

Scanning electron microscopy (SEM) was performed using

a field emission scanning electronmicroscope (JSM 7001F, Jeol

GmbH) with secondary electron (ETD), backscattered electron

(BSE) and energy dispersive x-ray (EDS) detectors.

Furthermore, X-ray diffraction was utilized to identify the

crystal structure of the powders and the hot-pressed samples.

Additionally, the interaction between the elements of the alloy

with the diamonds were investigated in order to detected

whether graphite and carbides have formed. The structural

analysis was performed at the DELTA (Dortmund Electron

Accelerator) Beamline 9 (BL9) [35]. A photon energy of 27 keV

(l¼ 0.4592�A)was utilizedwith anMAR345 image plate detector

with a beam size of 0.1 mm � 1 mm and an angle of 5�. The
achieved data was integrated to a diffraction pattern via the

FIT2D program [36]. To ensure comparability with other XRD

measurements ofHEAandCCA the 2-theta scalewas converted

to thewavelengthof l¼ 1.5406�A.Thiswavelength equateswith

theKaspectrumofacopperanode.TheDELTAwasusedinother

publications for the verification of graphitization or the forma-

tion of carbides between the metal matrix and diamonds in

diamondMMCs [37e40].

3. Results and discussion

3.1. Thermodynamic simulation

The alloys were chosen based on the variation of the crystal

structure and rather low melting points. Four alloys based on

CueMneFeeNi with Al or Cr as the fifth element were chosen.
f the elemental powders used for mechanical alloying.

Cu Fe Mn Ni

Dr.
Fritsch

Dr.
Fritsch

Alfa
Aesar

Dr.
Fritsch

<63 mm <7 mm <45 mm <7 mm

e e e e

e 0.04 e 0.1

e e e e

Bal. e e e

e Bal. e 0.1

e e Bal. e

e 0.01 e 0.005

e e e Bal.

0.17 0.33 e 0.15

e e 0.7 e
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Table 2 e Calculated configurational entropy, enthalpy of
mixing and atomic size difference calculated with
equations from [43] with thermodynamic data from [44].

DSKonf DHmix d

[R] [kJ/mol] [%]

Al30Cu30Fe5Mn25Ni10 1.45 �7.74 5.65

Al11.25Cu20Fe5Mn20Ni28.75 1.44 �3.28 4.29

Al5Cu20Fe25Mn25Ni25 1.51 �0.94 3.10

Cr5Cu20Fe25Mn25Ni25 1.51 1.88 1.17
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These alloys were Al30Cu30Fe5Mn25Ni10, Al5Cu20-

Fe25Mn25Ni25, Al11.25Cu35Fe5Mn20Ni28.75 and Cr5Cu20-

Fe25Mn25Ni25. The phase fraction diagrams of these alloys

are shown in Fig. 1.

The three alloys of the AleCueFeeMneNi system were

chosen due to their varying high temperature crystal structure

of pure bcc, eutectic fcc and bcc and pure fcc. These are

Al30Cu30Fe5Mn25Ni10, Al11.25Cu35Fe5Mn20Ni28.75 and

Al5Cu20Fe25Mn25Ni25 respectively. Additionally, Cr5Cu20-

Fe25Mn25Ni25 was chosen due to the same high temperature

crystal structure as Al5Cu20Fe25Mn25Ni25. A comparison

between the consolidation properties of both alloys enables

an insight of the influence of a single element on the sintering

properties. Except for Al30Cu30Fe5Mn25Ni10 every alloy de-

velops a second fcc phase between 600 �C and 800 �C. Addi-
tionally, the exchange of Al to Cr in Cr5Cu20Fe25Mn25Ni25

enables a sigma-phase to precipitate at around 800 �C while

the CUB_A13 intermetallic phase precipitates below 650 �C in

the Al30Cu30Fe5Mn25Ni10 alloy. Thermodynamic character-

istics used by Yeh et al. to categorize HEAs and their crystal

structure were calculated to verify the thermodynamic

simulation with Thermo-Calc [41]. Every alloy used is close to

the threshold of 1.5 times the ideal gas constant which was

also introduced by Yeh, shown in Table 2. The enthalpy of

mixing changed significantly due to the different elements

and their amounts. Higher values of Al and reduced Fe con-

tents increased the negative value of the mixing enthalpy in

the AleCueFeeMneNi system. The system changes with Cr
Fig. 1 e Phase fraction diagrams of the chosen alloys with a Cu

Al30Cu30Fe5Mn25Ni10; b) Phase fraction diagram Al11.25Cu35

Al5Cu20Fe25Mn25Ni25 and d) Phase fraction diagram of Cr5Cu
instead of Al varied the enthalpy of mixing to positive values.

Zhang et al. used the entropy of mixing and the atomic size

difference to predict the microstructure of HEAs. The bulk of

the fcc HEA analysed had slightly positive or negative en-

thalpies of mixing and an atomic size difference below 5%.

With rising enthalpies of mixing and atomic size differences

fcc-bcc dual phased alloys develop. Beyond a border of 6.6% in

the atomic size difference intermetallic phases will form. The

simulated high temperature crystal structure of the solid so-

lutions is comparable with the data by Zhang et al. [42].
3.2. Mechanical alloying

The particle size and melting range is significant in sintering

processes. Lower particle sizes and melting ranges have a

positive effect on the consolidation. In Table 3 the data for the
eFeeMneNi base: a) Phase fraction diagram of

Fe5Mn20Ni28.75; c) Phase fraction diagram of

20Fe25Mn25Ni25.

https://doi.org/10.1016/j.jmrt.2023.08.272
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Table 3 e Particle size and melting range of the mechanically alloyed powders.

Melting range

Particle size Simulation DTA

d10 d50 d90 TL TS TL TS

Alloy [mm] [�C]

Al30Cu30Fe5Mn25Ni10 0.38 0.52 1.14 1206 939 1142 988

Al11.25Cu20Fe5Mn20Ni28.75 3.97 6.32 11.91 1022 975 1070 1020

Al5Cu20Fe25Mn25Ni25 4.71 7.8 16.89 1267 1070 1287 1079

Cr5Cu20Fe25Mn25Ni25 3.76 6.23 13.44 1201 1100 1258 1051
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chosen alloys is given. The fractions describe the percentage

of particles with a size lower than the noted value.

Al11.25Cu20Fe5Mn20Ni28.75, Al5Cu20Fe25Mn25Ni25 and

Cr5Cu20Fe25Mn25Ni25 are with slight variations within the
Fig. 2 e XRD patterns of the mechanically alloyed powders: a) A

c) Al5Cu20Fe25Mn25Ni25 and d) Cr5Cu20Fe25Mn25Ni25.
same size class. The particle size of the bcc HEA Al30Cu30-

Fe5Mn25Ni10 is one magnitude lower than the rest of the

mechanically alloyed particles. This is contributed to the

higher hardness and lower cold working capabilities of bcc
l30Cu30Fe5Mn25Ni10; b) Al11.25Cu35Fe5Mn20Ni28.75;

https://doi.org/10.1016/j.jmrt.2023.08.272
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Fig. 3 e BSE images of cross sections including the mechanically alloyed powders: a) Al30Cu30Fe5Mn25Ni10;

b) Al11.25Cu35Fe5Mn20Ni28.75; c) Al5Cu20Fe25Mn25Ni25 and d) Cr5Cu20Fe25Mn25Ni25.
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HEAs. Additionally, it is the only alloy with a reduced liquidus

temperature compared to the simulation. Overall, the liquidus

and solidus temperature of the mechanically alloyed particles

is about 50 �C higher then calculated by the phase fraction

diagrams.

Fig. 2 shows the diffraction patterns of the mechanically

alloyed powders. In exception of Al30Cu30Fe5Mn25Ni10 the

peak with the highest intensity was determined to be a fcc

crystal structure. Al11.25Cu20Fe5Mn20Ni28.75 and Al5Cu20-

Fe25Mn25Ni25 show additional peaks identified as a bcc and

a-Mn crystal structure. While Al11.25Cu20Fe5Mn20Ni28.75

should crystallize with a fcc and bcc crystal structure as

shown in the phase fraction diagram Al5Cu20Fe25Mn25Ni25

shows only a fcc structure at high temperatures. This in-

dicates the point, that the bcc and a-Mn peaks weremeasured

due to residue of unalloyed powders. Cr5Cu20Fe25Mn25Ni25

shows a less intense bcc and a-Mn peaks, which indicate a

better homogenization in comparison with the alloys with Al

content. Al30Cu30Fe5Mn25Ni10 on the other hand shows a-

Mn as its highest peak and bcc as its secondary peak. In

comparison to the other three alloys Al30Cu30Fe5Mn25Ni10

shows very broad peaks. This can be caused by smaller grain
Table 4 e EDS measurements of the mechanically alloyed pow

Al Cr

Alloy

Al30Cu30Fe5Mn25Ni10 42.3 ± 1.2 e

Al11.25Cu35Fe5Mn20Ni28.75 16.1 ± 0.7 e

Al5Cu20Fe25Mn25Ni25 9.3 ± 1.7 e

Cr5Cu20Fe25Mn25Ni25 e 5.1 ± 0.2
sizes in comparison to the other alloys. The main a-Mn and

bcc peaks cannot be distinguished from each other. This in-

dicates a very low grain size in these particles, which is typical

for mechanically alloyed powders [45]. But overall, the exis-

tence of the bcc and a-Mn peaks in the Cr5Cu20Fe25Mn25Ni25

and Al5Cu20Fe25Mn25Ni25 powders show, that the condi-

tions of themechanical alloying process didn't suffice for a full

homogenization.

To identify the possible variation between the calculated

crystal structure, cross-sections of the mechanically alloyed

powders were manufactured and analysed via SEM and EDS.

Fig. 3 displays cross section BSE images of the mechanically

alloyed powders. Every particle inherits pores of varying sizes

and shapes. The pore sizes and distribution increased in the

bcc HEA Al30Cu30Fe5Mn25Ni10. Due to the small particle size

some of the particles seem to be completely hollow. The

porosity in the particles indicate a not fully homogenized

state. In Fig. 3 b) particles with a rectangle shape and a

lamellar texture can be seen also indicating a not fully ho-

mogenized state.

Table 4 shows the arithmeticmean and standard deviation

of three EDS measurements of the powders shown in Fig. 3. A
ders.

Cu Fe Mn Ni

[At.-%]

32.0 ± 1.4 5.4 ± 0.2 9.8 ± 2.4 10.5 ± 0.1

34.1 ± 2.4 6.0 ± 0.6 15.9 ± 5.3 27.9 ± 1.8

20.8 ± 2.5 25.5 ± 1.1 21.2 ± 5.8 23.2 ± 3.4

20.2 ± 0.8 26.1 ± 0.7 23.0 ± 2.4 25.6 ± 0.8

https://doi.org/10.1016/j.jmrt.2023.08.272
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significant variation is seen in the alloy Al30Cu30FeMn25Ni10.

While the contents of Cu, Fe and Ni are in or near the nominal

state, the contents of Al and Mn vary significantly. The Al

content is 12.3 At.-% higher than the nominal state while the

Mn content is up to 15 At.-% lower. The other alloys vary also

in the Mn content but not as severe as the Al30Cu30-

FeMn25Ni10 powder. The low Mn content explains the a-Mn

peaks in the mechanically alloyed powders, especially the

intense peak of the alloy Al30Cu30FeMn25Ni10. The reduced

Mn content of the alloys in combination with the XRD pattern

confirms the hypothesis that some of the particles weren't
alloyed at all. Additionally, in the left-hand side of Fig. 3 b) a

particle with a lamellar structure can be seen. These struc-

tures are common in mechanically alloyed powders, which

are not fully homogenized [46]. In contrast the chemical

composition of the Cr5Cu20Fe25Mn25Ni25 powder deviates

only in small amounts compared to the alloys of the

AleCueFeeMneNi system. Despite the increased difference
Fig. 4 e XRD patterns of the hot-pressed powders at 800 �C for

b) Al11.25Cu35Fe5Mn20Ni28.75; c) Al5Cu20Fe25Mn25Ni25 and
in the chemical composition of the alloys in the

AleCueFeeMneNi system the variation of the melting inter-

val between simulation and experiment shown in Table 3 is as

high as Cr5Cu20Fe25Mn25Ni25.

3.3. Hot-pressing

The mechanically alloyed powders were consolidated by the

means of hot pressing. To analyse the change in crystal

structure additional XRD-patterns are shown in Fig. 4.

The first obvious changes in comparison with the

measured powders are the less broad peaks and the existence

of MeIIeOxides and boron nitride. The latter is measured due

to the usage of boron nitride as parting agent in the hot-

pressing process. In every investigated XRD-pattern some

peaks of oxide structures and boron nitride can be seen. The

oxygen needed to form the detected oxides could come from

different sources. Some oxygen is dissolved in the powders
3 min: a) Al30Cu30Fe5Mn25Ni10;

d) Cr5Cu20Fe25Mn25Ni25.

https://doi.org/10.1016/j.jmrt.2023.08.272
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Fig. 5 e BSE images of the hot-pressed alloys at 800 �C for 3 min: a) Al30Cu30Fe5Mn25Ni10; b) Al11.25Cu35Fe5Mn20Ni28.75;

c) Al5Cu20Fe25Mn25Ni25 and d) Cr5Cu20Fe25Mn25Ni25.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 6 : 5 5 1 8e5 5 3 4 5525
used for the mechanical alloying. It is known that mechanical

alloying can produce amorphous structures. Therefore, the

oxides could have been in the mechanically alloyed particles

but would not be detected by the synchrotron radiation.

Additionally, a very low percentage of oxygen is in the argon

protection gas stream. The reason why oxides peaks were

detected in the alloys Al30Cu30Fe5Mn25Ni10 and Al5Cu20-

Fe25Mn25Ni25 but not in the alloy Al11.25Cu35-

Fe5Mn20Ni28.75 cannot be explained yet and needs further

investigations. Comparing the powder and hot-pressed XRD-

patterns of the alloy Al30Cu30Fe5Mn25Ni the a-Mn peaks are

completely vanished and only a bcc solid solution remains.

Additionally, the MeIIeOxide peaks are the most intense in

this alloy. The high amount of remaining pure Mn in the

powder in addition to the very low particle size can increase

the formation of oxides. Additionally, the high porosity of this

alloy seen in Fig. 5 and noted in Table 5 indicate, that these

hot-pressed samples have an open porosity. This can also
Table 5 e Hardness and porosity of the hot-pressed alloys and

Microhardness

HV0.1

x s

Al30Cu30Fe5Mn25Ni10 623.49 81.1

Al11.25Cu35Fe5Mn20Ni28.75 373.89 90.94

Al5Cu20Fe25Mn25Ni25 429.63 77.85

Cr5Cu20Fe25Mn25Ni25 458.48 32.08

Diacob 1600 (Pure cobalt) [21] e e
increase the formation of oxides, due to the higher availability

of oxygen out of the argon stream. Overall, comparing the XRD

patterns of the hot-pressed alloys with the phase fraction di-

agrams shown in Fig. 1, the high temperature solid solutions

simulated with Thermo-Calc could be verified.

Fig. 5 displays the cross-sections of the hot-pressed sam-

ples. The corresponding microhardness, macrohardness and

porosity are displayed in Table 6. Al30Cu30Fe5Mn25Ni10 with

its full bcc solid solution and Al11.25Cu35Fe5Mn20Ni28.75

with its partially bcc eutectic structure have the highest

porosity. The results of the porosity should always be read

with the particle size and melting interval in mind.

Al30Cu30Fe5Mn25Ni10 showed a smaller particle size distri-

bution than the other powders, which can lead to pores filled

with small particles, which can distort the measurement. As

mentioned in thematerials andmethods section, the porosity

was measured by the means of light microscopy. Due to the

small particle size, not every small pore could be detected, so
cobalt at 800 �C for 3 min.

Macrohardness Porosity

HV10 [Vol.-%]

x s x s

425.22 3.68 11.59 2.94

227.34 22.73 11.05 1.65

264.66 33.34 8.56 1.07

407.01 30.83 2.72 1.64

107 e 1.35 e
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Table 6 e EDS measurements of the-hot pressed alloys.

Al Cr Cu Fe Mn Ni

Alloy [At.-%]

Al30Cu30Fe5Mn25Ni10 34.6 ± 0.48 e 27.7 ± 0.36 5.4 ± 0.08 22.9 ± 0.12 9.5 ± 0.06

Al11.25Cu35Fe5Mn20Ni28.75 15.4 ± 0.24 e 32.4 ± 0.32 5.8 ± 0.15 19.3 ± 0.09 27.2 ± 0.14

Al5Cu20Fe25Mn25Ni25 7.5 ± 0.09 e 19.8 ± 0.10 24.5 ± 0.18 23.8 ± 0.22 24.4 ± 0.17

Cr5Cu20Fe25Mn25Ni25 e 5.1 ± 0.10 19.8 ± 0.17 25.7 ± 0.21 24.7 ± 0.14 24.7 ± 0.07

Table 7 e Phase composition of the three phases which
exist at 700 �C in the phase fraction diagram of
Cr5Cu20Fe25Mn25Ni25 shown in Table 1 d).

Cr5Cu20Fe25Mn25Ni25 Cr Cu Fe Mn Ni

Phase Vol.-% [At.-%]

FCC_L12#1 91 2.14 20.90 24.59 24.47 27.90

FCC_L12#2 3 0.15 65.68 2.54 17.44 14.19

SIGMA#1 6 30.13 e 34.56 31.48 3.83
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the porosity might be higher than the measured value. These

results show that a higher value of the bcc solid solution or a

fully bcc HEA has reduced consolidation properties than an

alloy with a higher amount or only fcc structures. The high

standard deviation of the hardness measurements of the al-

loys in the AleCueFeeMneNi system can be attributed to the

high porosity. Some hardness indents were distorted by

nearby pores. Al30Cu30Fe5Mn25Ni10 had a high overall

porosity, but the pores have a fine distribution resulting in a

less varyingmacrohardness. Nonetheless, themacrohardness

is lower than the microhardness. Cr5Cu20Mn25Fe25Ni25 on

the other hand showed a significant lower porosity than

Al5Cu20Fe25Mn25Ni25, resulting also in a lower standard
Fig. 6 e EDS measurements of Cr5Cu20Fe25M
deviation in the hardness measurements and a higher mac-

rohardness. As shown in Fig. 5 d) a second phase precipitated

in the microstructure. Around every pore in the shown BSE

image of Cr5Cu20Fe25Mn25Ni25 this second phase precipi-

tated. Additionally, the hardness and porosity of pure cobalt

(Diacob 1600 by Dr. Fritsch) is shown in Table 5. The porosity of

this alloy was measured by the Archimedes method. This

method includes every pore and oxide in the sample, resulting

in a higher and more accurate value of the porosity than the

optical measurements done for the HEA and CCA. This shows,

that pure cobalt has better consolidation properties then the

HEA and CCA but lacks significantly in hardness.

Additionally, to hardness and porosity the chemical

composition was measured by EDS. Three EDS area mea-

surements were taken at a magnification of �200. The arith-

metic mean and standard deviation are displayed in Table 7.

The results show a better homogenization which was ex-

pected due to the diffusion in the hot-pressing process. But

the Al content of the alloys in the AleCueFeeMneNi system is

still significantly increased compared to the nominal compo-

sition. Additional EDS-spots were taken to identify local dif-

ferences in the chemical composition, except for

Al11.25Cu35Fe5Mn20Ni28.75 due to the two solid solutions, no
n25Ni25 hot-pressed at 800 �C for 3 min.
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Table 8 e EDS measurements of Cr5Cu20Fe25Mn25Ni25.

Cr5Cu20Fe25Mn25Ni25

No. Cr Cu Fe Mn Ni

[-] [At.-%]

1 0.67 40.89 10.69 22.76 24.99

2 0.91 42.16 10.83 22.34 23.76

3 0.46 42.11 9.21 23.21 25.00

4 4.51 16.16 28.94 24.39 25.99

5 4.24 14.71 30.34 24.62 26.09

6 5.47 15.32 29.62 24.64 24.95
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variation could be found that would explain the difference

between themeasurements in Table 6 in comparison with the

nominal composition. Cr5Cu20Fe25Mn25Ni25 on the other

hand shows almost the nominal composition. This leads to

the conclusion that Al has a different interaction with the

steel balls and the vial during the ball milling process. After

the process the balls and vials showed a patina. An explana-

tion for the varying chemical composition is, that Al has a

slightly smaller reaction withs the ball or vial material. This

results in a higher Al concentration in the resulting powders

and hot-press samples.

In the XRD pattern of Cr5Cu20Fe25Mn25Ni25 no additional

solid solution or intermetallic phase could be detected. The

second phase features most probably a fcc structure, as pre-

dicted in the simulation shown as line 4 in Fig. 1 d). Addi-

tionally, a sigma phase was also predicted which was not

detected via the XRDmeasurement. This confirms the theory,

that alloys with a higher entropy are more stable and tend to

form solid solutions over intermetallic phases. It is also to

mention, that the simulation calculates the thermodynamic
Fig. 7 e EDS measurements of Cr5Cu15Fe25M
equilibrium. This is at a theoretical infinite long annealing

process at the given temperature. Mechanical alloying and hot

pressing are two manufacturing processes far from the ther-

modynamic equilibrium. This can also attribute to the lack of

sigma phase in this alloy. Nonetheless, the simulation can

give a hintwhich crystal structure the second phase has. So, in

Table 7 the chemical composition of the three phases existing

in the phase fraction diagram shown in Fig. 1 d) is noted.

The results show, that the second fcc phase has a higher

concentration of copper. These type of copper rich fcc-

structures are also known in alloys like AlxCoCrCuFeNi or

CoCrCuFeNi [3,47]. To verify that this phase is rich in copper

EDS measurements were done. The point measurements are

shown in Fig. 6 with the results in Table 8.

Number 1e3 are measurements in the light grey phase. The

composition indicates a higher Cu and lower Fe and Cr content

compared to the nominal chemical composition. This effect is

based on the positive enthalpy of mixing of Cu with Cr and Fe

[44]. The darker grey phase has a lower Cu and an increased Fe

content confirming the hypothesis. This is indicated by the
n25Ni30 hot-pressed at 800 �C for 3 min.

https://doi.org/10.1016/j.jmrt.2023.08.272
https://doi.org/10.1016/j.jmrt.2023.08.272


Table 9 e Comparison of the particle size and melting range of Cr5Cu20Fe25Mn25Ni25 and Cr5Cu15Fe25Mn25Ni30.

Melting range

Particle size Simulation DTA

d10 d50 d90 TL TS TL TS

Alloy [mm] [�C]

Cr5Cu20Fe25Mn25Ni25 3.76 6.23 13.44 1201 1100 1258 1051

Cr5Cu15Fe25Mn25Ni30 4.99 8.27 17.57 1211 1128 1245 1096
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varying Cu, Fe and Cr contents between the two phases and

confirms the concentrations of the different phases by the

thermodynamic calculations. The copper rich phase pre-

cipitates around the pores of the hot-pressed sample. In rela-

tion with the higher porosity of Al5Cu20Fe25Mn25Ni25 which

lacks a second copper rich phase, the hypothesis emerges that

the copper rich phase is responsible for the good consolidation

properties of Cr5Cu20Fe25Mn25Ni25.

To verify this, a fifth alloy with a lower Cu content was

mechanically alloyed. This alloy is Cr5Cu15Fe25Mn25Ni30.

The higher Ni content was chosen due to the small variation

in the EDS measurements shown in Table 8 and the negative

enthalpy of mixing between Ni and Cu [44]. A BSE image with

EDS measurements of this alloy is shown in Fig. 7.

In the BSE image the porosity is increased while the light

grey copper rich phase measured in the EDX spots 1 to 3 is

decreased has a lower volume fraction in comparison with

Cr5Cu20Fe25Mn25Ni25. The spots marked with an X seem to

bemicrocracks, but at a highermagnification these lines show

the initial boundary of the powder particles. To validate that

the consolidation properties of Cr5Cu20Fe25Mn25Ni25 are

higher due to the higher copper content themelting range and

particle size need to be compared. In Table 9 the experimental

and simulated melting range as well as the particle size of

both alloys are noted.

The particle size of Cr5Cu15Fe25Mn25Ni30 is comparable

to the particle size of Cr5Cu20Fe25Mn25Ni25 as well as the

simulated and experimental melting range. So, the external

factors are nearly identical. The measured EDS spots in Fig. 7

are displayed in Table 10. The spots 1e3 measured the light

grey area. Some of these areas were very small, so some of the

surrounding dark grey areas were alsomeasured. But it can be

seen that the content of Fe and Cr are reduced as well as an

increased amount of Cu. The spot measures 4e6 show only a

slight increase in Cr and Fe. This is due to the low volume

fraction of the Cu rich phase. The hardness and porosity
Table 10 e EDS measurements, porosity, micro- and macrohar

Cr5Cu15Fe25Mn25Ni30 Mic

No. Cr Cu Fe Mn Ni

[-] [At.-%] x

1 0.99 34.45 11.43 23.60 29.54 442.1

2 1.24 31.63 11.89 24.53 30.70

3 2.10 30.08 14.46 22.82 30.54

4 5.89 13.16 27.87 23.93 29.15

5 5.39 13.96 26.84 24.63 29.17

6 6.44 11.53 28.64 25.84 27.54
values are on the same level as Al5Cu20Fe25Mn25Ni25. Both

alloys consist mostly of a single solid solution. So, the hy-

pothesis, that the increased volume of the Cu-rich phase in

Cr5Cu20Fe25Mn25Ni25 is responsible for the low porosity is

verified by these observations.

3.4. Diamond metal-matrix composites

In addition to the consolidation properties of the investigated

HEA and CCA, the interaction with diamonds was also

investigated. As mentioned in the materials and methods

section the hot-pressing temperature was raised to 900 �C to

simulate an industrial process and to investigate a potential

reaction with diamonds. The XRD patterns of the investigated

alloys hot-pressed at 900 �C for 3 min with diamonds are

shown in Fig. 8.

The XRD patterns show the same solid solution peaks for

the HEA and CCA as described for the hot-pressed samples

without diamonds in Fig. 4. Additionally, no peaks for dia-

mond, graphite or carbides were detected. The lack of dia-

mond peaks can be attributed to the mono crystallinity of the

used diamonds. The synchrotron radiation was emitted in

only one angle onto the samples. A diamond peak only occurs

if the crystal structure was aligned with the emitted radiation,

which was not the case in the investigated samples. But no

graphite or carbides could be detected. These structures are

polycrystalline and do not need to be aligned perfectly to

create a peak. It is also to mention, that only the surface of the

sample was tested, and it is possible that some amorphous

structures or nano-scale carbide layers would not be detected.

To get additional information about the reaction between the

diamonds and the different metal matrixes SEM analysed of

the samples were conducted. For this purpose, the samples

were cooled down by liquid nitrogen and broken instead of

cutting a machining cross section. The SEM analyses were

carried out on the fractured surfaces.
dness of Cr5Cu15Fe25Mn25Ni30.

rohardness Macrohardness Porosity

HV0.1 HV10 [Vol.-%]

s x s x s

4 92.33 317.96 13.07 8.21 0.87
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Fig. 9 shows the BSE images of all four hot-pressed alloys

with diamonds. The diamonds within the images feature

sharp edges, which is an indication for the absence of a su-

perficial formation of carbides of graphite in the hot-presses

state. Additionally, in Fig. 9 c) some areas are visible, in

which the diamonds fell out of the sample. This also indicates

that no reaction layer was formed between alloy and di-

amonds. The images b) and c) also show a remaining porosity,

which could also hinder the reaction between the diamonds

and the matrix. Due to the high consolidation properties of

Cr5Cu20Fe25Mn25Ni25 and the Cr content which is known to

form carbides in contact with diamonds [39,40] this alloy is

analysed further in the following section to gain additional

insights on the diamond interaction.
Fig. 8 e XRD patterns of the hot-pressed alloys with diamonds

b) Al11.25Cu35Fe5Mn20Ni28.75; c) Al5Cu20Fe25Mn25Ni25 and d
3.5. Cr5Cu20Fe25Mn25Ni25

In Fig. 10 varying BSE images are shown. These show samples

without diamonds and varying hot-pressing parameters to

identify the influence of longer holding times and higher

temperatures. The hardness values and the porosity of the

samples are noted in Table 11.

At a temperature of 900 �C no porosity could be measured

via optical microscopy. With a reduced porosity the hardness

increased. The highest hardness value was achieved at 5 min

at 900 �C with 462 HV. This exceeds the hardness of pure hot-

pressed cobalt [21] by factor 4.3 and an experimental Fe-Mn-

Cu-Sn [22] alloy by factor 1.31. At higher hot-pressing times

and temperatures, the hardness value is reduced. This can be
at 900 �C for 3 min: a) Al30Cu30Fe5Mn25Ni10;

) Cr5Cu20Fe25Mn25Ni25.
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Fig. 9 e BSE images of the hot-pressed alloys with diamonds at 900 �C for 3 min: a) Al30Cu30Fe5Mn25Ni10;

b) Al11.25Cu35Fe5Mn20Ni28.75; c) Al5Cu20Fe25Mn25Ni25 and d) Cr5Cu20Fe25Mn25Ni25.
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contributed to the slightly reduced amount of copper rich

phase in the samples. Also, at higher temperatures and hot-

pressing times the number of oxides increases. It is also to

mention, that the hardness values at 5 min for 800 �C and
Fig. 10 e BSE images of the temperature and time variat
900 �C vary only slightly. This could be interesting for a

possible application in industrial processes, where the

optimal hot-pressing parameters are in between this tem-

perature range for around 5 min isothermal consolidation.
ion of hot-pressed Cr5Cu20Fe25Mn25Ni25 samples.
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Table 11 e Macrohardness and porosity of the time and temperature variation of Cr5Cu20Fe25Mn25Ni25.

Cr5Cu20Fe25Mn25Ni25

Macrohardness Porosity

HV10 [Vol.-%]

3 min 5 min 10 min 3 min 5 min 10 min

800 �C 407 ± 27.6 455 ± 5.8 429 ± 11.7 2.72 ± 1.2 0.12 ± 0.03 0.62 ± 0.19

900 �C 428 ± 3.6 462 ± 4.6 410 ± 2.5 0.02 ± 0.03 0.01 ± 0.01 0.02 ± 0.01

1000 �C 436 ± 3.6 410 ± 3.7 405 ± 6.0 0.00 þ 0.01 0.00 ± 0.00 0.00 ± 0.00

Table 12e EDSmeasurements of Fig. 12with andwithout
the carbon content.

Cr5Cu20Fe25Mn25Ni25 with diamonds

No. C Cr Cu Fe Mn Ni

[-] [At.-%]

1 71.32 1.25 3.14 11.67 9.21 3.40

2 47.26 2.47 7.51 19.14 15.91 7.72

Normalised without C content

1 e 4.35 10.96 40.69 32.12 11.86

2 e 4.68 14.23 36.29 30.16 14.64

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 6 : 5 5 1 8e5 5 3 4 5531
On the first glance of the XRD pattern and the first SEM

pictures no interaction between the diamonds and the

investigated HEA and CCA could be seen. Fig. 11 shows a

higher resolution SE-image with residue and pores on the

surface of a diamond embedded in a Cr5Cu20Fe25Mn25Ni25

matrix hot-pressed at 900 �C.
The secondary electrons (SE) are from within a few nano-

metres below the surface. So, the SE image in Fig. 11 gives an

example of the surface topography of a diamond. There are

some darker areas which lie deeper within the diamond

indicating some kind of pores or fractured surface layer, while

the brighter spots can be residue of a reaction zone. Also the

pores an indicate some kind of reaction zone which broke off

while preparing the sample. To get deeper insight Fig. 12

shows a BSE image of the residue marked as Fig. 12 in Fig. 11.

The BSE image at a high magnification cements the

impression, that a reaction happened between the diamond

and the matrix. In the darker areas of the diamond there are

networks of brighter areas which indicate residues of the

matrix material. The darker areas show the pores identified in

Fig. 11. The network of residue shows that while the sample

was prepared via breaking the reaction layer fractured and
Fig. 11 e SE images of the Cr5Cu20Fe25Mn25Ni
created these pores. Two EDS measurements of the residues

were taken and are noted with and without the carbon con-

tent shown in Table 12. Without the carbon content it is clear,

that a higher Fe and Mn concentration are within the residue

in comparison with Cr, Cu and Ni. Fe and Mn can form car-

bides [48,49] but in contact with diamonds they increase the

graphitization instead of forming carbides [39]. For a clear

identification of carbides, a higher concentration of chromium

could be an indicator. But the normalised values are lower
25 sample hot-pressed at 900 �C for 3 min.

https://doi.org/10.1016/j.jmrt.2023.08.272
https://doi.org/10.1016/j.jmrt.2023.08.272


Fig. 12 e BSE images of the temperature and time variation of hot-pressed Cr5Cu20Fe25Mn25Ni25 samples.
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than the nominal concentration of the alloy. To confirm the

creation of carbides further investigation is necessary. A slight

graphitization can be seen due to the pores on the surface of

the diamonds.
4. Conclusions

The aim of this research was to identify a HEA or CCAwithout

cobalt for an application as metal matrix in diamond

impregnated tools. Within this investigation the focus was on

the selection of an appropriate alloy composition, the

consolidation properties by themeans of hot-pressing and the

interaction with diamonds of these alloys. Additionally, the

influence of varying crystal structures on the consolidation

properties were analysed as well. The alloys Al30Cu30-

Fe5Mn25Ni10, Al11.25Cu35Fe5Mn20Ni28.75, Al5Cu20-

Fe25Mn25Ni25 and Cr5Cu20Fe25Mn25Ni25 were chosen based

on the crystal structure and melting temperature shown in

phase fraction diagrams calculated with Thermo-Calc. The

results can be concluded in the following points.

(I) The alloys containing Al need a higher energy input for

mechanical alloying to achieve a fully homogenized

state or a concentration slightly below the nominal

state due to a reduced reactivity, in comparisonwith the

other used elements, with the ball and vial materials.

(II) Three of the four investigated alloys showed an almost

full fcc crystal structure after mechanical alloying with

slight indications of a bcc crystal structure. This was

due to residues of unalloyed powder particles.
(III) The hot-pressed samples showed a higher homogeni-

zation as the mechanically alloyed powders. The Al

containing alloys had a higher deviation in the chemical

composition.

(IV) The phase fraction diagrams of Al30Cu30Fe5Mn25Ni10

and Cr5Cu20Fe25Mn25Ni25 showed intermetallic phases

in the investigated temperature range, but none of these

phases precipitated. This is contributed to the high en-

tropy of these alloys.

(V) A higher bcc content in the alloy showed a higher

porosity. The best consolidation properties were shown

by Cr5Cu20Fe25Mn25Ni25. A second copper-rich fcc

phase precipitated around the pores resulting in a sig-

nificant reduction of the porosity. A fifth alloy Cr5Cu15-

Fe25Mn25Ni30was created to verify this point. It showed

almost none of the copper-rich phase resulting in a

porosity in the range of Al5Cu20Fe25Mn25Ni25.

(VI) Cr5Cu20Fe25Mn25Ni25 can be fully consolidated be-

tween 800 �C and 900 �C at 5 min isothermal holding

time. The hardness achieves a maximum value of 462

HV10 exceeding pure cobalt by factor 4.3.

(VII) The created XRD-patterns of the hot-pressed diamond

metal matrix composites showed no sign of carbide or

graphite formation, as well as low magnification SEM

images. At a higher magnification the samples with

Cr5Cu20Fe25Mn25Ni25 and diamonds hot-pressed at

900 �C for 3 min showed some kind of reaction with the

diamonds. Pores near the surface and residue if the

matrix material indicate some form of reaction. To

identify if carbides or graphite formed additional exper-

iments must be made.
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Cr5Cu20Fe25Mn25Ni25 showed the highest potential as a

metal-matrix for diamond tools. To clarify if carbides and

graphite form on the interface, an XRDmeasurement needs to

be taken without the matrix. This can be done by dissolving

the metal matrix via an acid. Additionally, three-point

bending tests can be done to identify the mechanical proper-

ties in addition to the hardness. The evaluation of a higher Cu

content can identify an alloy with even higher consolidation

properties due to an increased volume fraction of the copper

rich fcc phase. With a higher Cr content, a possible carbide

reaction layer can be created or increased to influence the

performance of these tools. All in all, fcc HEA and CCA seem to

have a great potential as cobalt free metal-matrixes for dia-

mond tools.
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