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Abstract: Copper alloys containing chromium and hafnium combine elevated mechanical strength
and high electrical and thermal conductivity. For the simultaneous enhancement of both material
properties, precipitation hardening is the utilized mechanism. Therefore, the aim is to analyze
the influence of chromium and hafnium in binary and ternary low-alloyed copper alloys and to
compare the precipitation processes during temperature exposure. Atom probe tomography (APT)
and differential scanning calorimetry (DSC) measurements enable to understand the precipitation
sequence in detail. CuCr0.7 starts to precipitate directly, whereas CuHf0.7 is highly influenced by
prior diffusion facilitating cold rolling. Within the ternary alloy, hafnium atoms accumulate at the
shell of mainly Cr-containing precipitates. Increasing the local hafnium concentration results in the
formation of intermetallic CuHf precipitates at the sites of mainly Cr-containing precipitates. Indirect
methods are utilized to investigate the materials’ properties and show the impact of cold rolling prior
to an aging treatment on binary alloys CuCr and CuHf. Finally, ternary alloys combine the benefits
of facilitated precipitation processes and decelerated growing and coarsening, which classifies the
alloys to be applicable for usage at elevated temperatures.

Keywords: copper-hafnium CuHf; copper—chromium CuCr; CuHfCr; atom probe tomography APT;
differential scanning calorimetry DSC; precipitation hardening; precipitation mechanism; cold working;
cold rolling; conductivity improvement; high-performance copper alloy; conduction materials;
electrical and automotive engineering

1. Introduction

Copper alloys for high-performance applications require a favorable combination
of high electrical and thermal conductivity as well as enhanced mechanical properties.
Precipitation hardening enables increase in these properties during an aging treatment
simultaneously. For high electrical conductivity, the solute amount of alloying elements
is the most crucial factor due to conduction electron scattering [1-3]. Therefore, target-
oriented usage of precipitation hardening is an important hardening mechanism for current
and future applications of copper alloys in the automotive and electronic industries.

In general, precipitation hardening alloys need to have a limited and with temperature
decreasing solubility in the copper matrix [4]. This is why CuCr1Zr is a commonly used
low-alloyed copper alloy for challenging applications [5]. Additions of hafnium appear to
provide beneficial mechanical properties [2,6,7]. Nevertheless, the precipitation sequence
has not been analyzed in-depth for ternary copper alloying concepts.
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1.1. Precipitation of Binary Alloys: CuCr

Chromium enables beneficial precipitation reactions with a maximum solubility of
0.65 wt.% in copper at 1075 °C, decreasing with temperature [8,9].

A similar atomic radius of chromium and copper supports the diffusion and the
nucleation of spherical mainly Cr-containing precipitates, which grow rapidly and are
homogenously distributed without preferred sites [10,11]. During the reaction, the activation
energy for a growth-capable fcc nucleus is beneficial [12], whereas the continuously growing
precipitates later strive for their stable bec equilibrium structure [10,11,13,14]. For larger
incoherent precipitates (8-10 nm), the Orowan mechanism contributes to the strengthening
effect, whereas the cutting mechanism dominates for smaller particles (3—4.5 nm) [15-17].

For CuCr0.7, it is possible to follow precipitation reactions during DSC measure-
ments [6,18,19], including several exothermic peaks related to solid-state reactions. Op-
tional cold rolling prior to the aging process is beneficial for accelerated reactions, but
generally, the most significant impact during heat treatments is the aging temperature [6].

Resulting properties span the possible hardness in the range of 150 HV to 180 HV and
electrical conductivity of 40 MS/m to about 54 MS/m, which underlines the usage of CuCr
systems in a wide field of applications [2,5,20,21]. The usage of further alloying elements
will provide elevated properties and advanced performance.

1.2. Ternary Alloys: CuCrZr

CuCrZr is an industrially commonly used alloy due to its favorable combination of me-
chanical properties, electrical conductivity, and relaxation behavior at elevated temperatures.
Alloying with zirconium mainly affects the growth of Cr-containing precipitates [22-24]
because the Zr atoms tend to diffuse into the interface between the Cr-containing precipitate
and the Cu matrix [22,24]. Because of the accumulation of foreign atoms at this interface,
the elastic stresses are reduced due to the geometric misfit, which improves the mechan-
ical properties and helps the thermal stability against Ostwald ripening with decreasing
mechanical properties [25]. A comparable behavior is reported for magnesium, iron, and
silicon [24].

1.3. Precipitation of Binary Alloys: CuHf

Hafnium has, with 0.84 wt.% at 963 °C, a limited and, with temperature, rapidly
decreasing solubility in copper [26,27]. Due to a similar thermomechanical behavior, CuHf
alloys are often compared with CuZr and CuTi alloys [28-30].

The latest research on the precipitation mechanism in a binary CuHf0.9 alloy shows
how Guinier Preston (GP) zones form during aging treatments (for example, 1 h at 450 °C)
and result in spherical CusHf phases which are coherent to the surrounding copper matrix
(1) cu/ / (B11)cysps with [011]cy/ /[011]cusne) [25]. Continuing aging treatment results
in growing precipitates which change their crystallographic structure in an exothermic
solid state reaction [6] from cubic CusHf to hexagonal closed-packed Cus;Hfj4 phase ata
critical radius of 9.5 nm [25]. This second phase grows in rod-shaped morphology, losing
its coherency to the copper matrix [25].

Higher aging temperatures and facilitated diffusion are beneficial for the precipitation
processes [2,6], and cold rolling accelerates precipitation reactions at lower temperatures [6].
In many cases, cold deformation of supersaturated metals is applied before aging heat
treatments. This results in homogenously distributed precipitates of smaller size [31].
Numerous crystallographic defects provide heterogeneous nucleation sites, lower the
necessary activation energy [32-35], and facilitate diffusive atom movement along disloca-
tions [32,36].

Overall, CuHf alloys appear to provide interesting properties such as 130 HV 0.1 to
190 HV 0.1 at 35 MS/m to 45 MS/m [7,27,37].
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1.4. Ternary Alloys: CuCrHf

Alloying CuCr with small amounts of hafnium has generally resulted in promising
mechanical performance and good electrical conductivity, especially in combination with
thermal and mechanical processing [38,39], which correlates well with the behavior of a
ternary CuCrZr alloy. Increased concentrations of hafnium have advantages for mechanical
strength, less weakening, and better fatigue strength [40—43].

Exothermic precipitation processes of ultra-fine grained (UFG) materials have been
analyzed during DSC experiments indicating independent precipitation of mainly Cr-
containing and intermetallic CuHf phases [38—40], but the precipitation sequence is not
investigated in depth in the literature yet.

To sum up, the gap of CuCrHf alloys processed in industrially applicable manufac-
turing processes is the main focus of this work [44—-46]. Providing a direct comparison of
different alloying concepts is of special interest to evaluate the alloys’ potential. The prop-
erties of materials currently used in the industry should be expanded with a target oriented
ternary alloy composition. The scope of the present investigation mainly covers structured
analysis to understand the alloying effect of chromium and hafnium in low-alloyed copper
alloys and the precipitation process in the case of less intense mechanical treatments prior
to aging at moderate temperatures. Afterwards, combined ternary alloys are investigated,
contrasted and analyzed in-depth.

2. Materials and Methods

Identically processed alloys CuCr0.7, CuH{f0.7, CuCr0.7H£0.35, CuHf0.7Cr0.35, and
CuHf0.7Cr0.7 were the basis of investigations. The 500 g weighing specimens were cast in a
gravity die casting process with a VC400 casting machine (Indutherm Blue Power Casting
Systems, Walzbachtal, Germany). Raw material Cu-OFE with the individual amount
of master alloys (CuHf60 and CuCr10) was melted in a boron nitride-covered graphite
crucible and was cast at 1300 °C in a graphite die (5 mm thick bar). Melting and casting were
conducted under vacuum conditions. The alloy composition and maximum derivation of
0.05 wt.% from the target composition was proven with a calibrated optical emission spark
spectrometer (Spectrotest, SPECTRO Analytical Instruments GmbH, Kleve, Germany).
Then, a 120 min solution treatment in a preheated furnace (ME65/13, Helmut ROHDE
GmbH, Prutting, Germany) followed by water quenching resulted in a supersaturated
solid solution. All steps of heat treatments are visualized in Figure 1. With respect to
maximum solubility in copper, CuCr0.7 was annealed at 1000 °C, CuHf0.7 at 960 °C, and
ternary alloys at individual temperatures. Therefore, the first experiments analyzed the
lowest electrical conductivity after annealing at different temperatures between 1000 °C and
960 °C, guided by metallographic investigations to evaluate the process for the maximum
solution. Consequently, CuCr0.7Hf0.35 was heat-treated at 1000 °C, and CuHf0.7Cr0.7 and
CuHf0.7Cr0.35 used 970 °C.

Afterwards, some of the binary alloy specimens were cold rolled with a thickness
reduction of 25%, 50%, and 75%, respectively, with a deformation ratio of up to ¢ = 1.4,
using a duo roll stand (0.25 mm equidistant feed rate, roll diameter 110 mm, rotation speed
27 min~') (Biihler, Pforzheim, Germany). Material processing was generally identical to
the related research [6,47-49].

All specimens were then aged up to 24 h at 400 °C or, respectively, 500 °C accompanied
by measurements of electrical conductivity with an eddy current test (Sigmascope SMP10,
with TF100A for temperature compensation, Helmut Fischer GmbH, Sindelfingen, Germany)
and hardness tests with a microhardness tester (HV 0.1) (NEXUS 412A equipped for DIN
EN ISO 6507-1:2018 Vickers hardness test, Innovatest GmbH, Selfkant-Heilder, Germany).
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Figure 1. Schematic temperature profile for the production of the copper alloys and the different
conducted experiments.

All experimental approaches were supported by metallographic analysis in a scanning
electron microscope (Gemini Sigma VP with the used NTS BSD (Carl Zeiss Microscopy
Deutschland GmbH, Oberkochen, Germany)).

Following the precipitation process, the differential scanning calorimetry (DSC)-
method was utilized (STA 449 F3 Jupiter equipped with a platinum oven for usage up
to 1500 °C, NETZSCH-Geradtebau GmbH, Selb, Germany). The solution-annealed and
quenched cylindric specimens (117 mg) were heated with a rate of 10 K/min up to 800 °C,
where the temperature was held for 1 min, followed by cooling with the same temperature
gradient. The heating rate was chosen with respect to mainly used experimental setups for
visualizing precipitation processes in aluminum, magnesium, and copper alloys [6,49-52].
A higher heating rate shifts visible exothermic peaks to higher temperatures during the
experiment, pointing out the thermally activated and kinetically controlled solid-state reac-
tions [32,35,49]. For metallographic investigations, the experiment was conducted up to a
chosen relevant temperature, followed by 1 min of holding and cooling. The atmosphere in
the used ceramic crucibles with a lid was argon (50 mL/min), and the measuring device
was calibrated with this setup for temperature and enthalpy. The used baseline of each
signal was measured multiple times initially and regularly during the experiments with
empty crucibles and a Cu-OFE reference during every experiment.

Atom probe tomography (APT) with a LEAP 4000XR device (CAMECA Instruments,
Inc., Madison, WI, USA), including laser pulsing equipment and an energy compensating
reflectron lens, was utilized to analyze active precipitation processes in-depth. Precise
preparation of the specimen tip was mandatory because it needs to be sufficiently sharp
to enable the corresponding field emission during APT measurement. For this purpose,
multistage electropolishing (10 V followed by 2.5 V with a Struers D2 electrolyte (aqueous
solution containing 25-50% phosphoric acid, 15-25% ethanol, and less than 5% propan-1-ol))
was performed. During the gradual evaporation of the specimen at 55 K, position-related
flight time was measured for the later reconstruction of the 3D model [53]. The identification
of present elements in the specimen was realized by calculating the mass-to-charge ratio
of the recognized events due to the impact of accelerated ions on the 2D detector [53].
During the measurements, Cu, Cr, Hf and H were mainly detected (H-ions were present
due to impurities in the chamber [54]). A laser pulse with 50 pJ and 250 kHz was used to
trigger the field evaporation on the tip. Overall, the detector reached about 37% efficiency.
After measurement, reconstruction was performed with Software Ivas 3.6.8 (CAMECA
Instruments, Inc., Madison, WI, USA), and further data manipulation and analysis was
conducted with the Matlab (The MathWorks, Inc., Portola Valley, CA, USA) APT-toolbox of
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P. Felfer [55]. In particular, the present precipitates were of special interest, and rooms of
interest (ROI) were added manually in the 3D model to regard the elements’ concentration
along the z-axis of these areas. In addition, cluster analyses of closed structures in the tip
were conducted with the Toolbox of P. Felfer, which adjusts the clustering parameters using
Voronoi volumes to the present distribution of atoms [55,56]. Generally, only clusters that
were fully within the analyzed volume of the tip were investigated in detail.

3. Results

First, a brief comparison of binary alloys CuCr0.7 and CuHf0.7 highlighted principal
differences between the alloying concepts and their precipitation kinetics influencing the
macroscopic properties. Aging experiments were used to evaluate hardness and electrical
conductivity development for isothermal heat treatments, and DSC measurements char-
acterized exothermic reactions during continuous heating processes. Furthermore, the
influence of cold rolling prior to the aging process was compared and discussed for the
binary alloys showing that CuHf0.7 was affected much more than CuCr0.7. Choosing
different ternary alloys containing chromium and hafnium resulted in the precipitation
formation of mainly Cr-containing particles influenced by hafnium atoms as well as in-
termetallic CuHf phases influenced by the chromium particles. Therefore, precipitation
kinetics were highly modified by the presence of the chosen alloying elements and the
utilized processing methods.

3.1. Binary Alloys
3.1.1. CuCr0.7

Benchmark alloy CuCr0.7 showed fast precipitation reactions for specimens with and
without cold working prior to the aging heat exposure (400 °C and 500 °C). The hardness
(Figure 2a) and electrical conductivity (Figure 2b) increased directly within the first hours
of aging time for all specimens’ treatments.
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Figure 2. Aging heat treatment of CuCr0.7: (a) Hardness; (b) Electrical conductivity characterizing
precipitation process acceleration due to higher aging temperature (1), due to prior cold rolling (75%
thickness reduction) (2) and faster overaging at higher aging temperatures (3).

Especially electrical conductivity appeared to be a sensitive parameter for precipitation
processes as it increased with the utilized aging temperature (Figure 2b—Arrow 1). With
increased temperature, the process was significantly accelerated in the early stages, and
maximum values of the macroscopic property were enhanced (Figure 2b) with 49.7 MS/m
at 400 °C and 54.5 MS/m at 500 °C aging temperature. Similar effects were visible in the
case of pre-deformation (cold rolling with a thickness reduction of 75%). At both investi-
gated aging temperatures, the maximum conductivity was higher for the pre-deformed
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specimens (Figure 2b—Arrow 2) with 53.6 MS/m and 56.4 MS/m at 400 °C and 500 °C
aging temperatures, respectively.

Regarding hardness, a similar picture can be drawn. Higher aging temperatures signifi-
cantly accelerated precipitation reactions resulting in hardness increases (Figure 2a—Arrow 1),
and pre-deformation shifted the peak hardness to appear earlier as well (Figure 2a—Arrow 2).
Cold rolling before heat treatment increased peak hardness at both aging temperatures from
154 HV 0.1 to 169 HV 0.1 (400 °C aging temperature) and 143 HV 0.1 to 161 HV 0.1 (500 °C
aging temperature). The maximum hardness showed the benefits of a lowered aging tempera-
ture as both specimens (with and without pre-deformation) reached higher values at a 400 °C
aging temperature. Furthermore, the higher aging temperature resulted in faster and sharper
overaging effects. Especially the cold worked specimen in Figure 2a showed overaging during
heat treatment as hardness dropped by about 58 HV 0.1 (500 °C: from peak condition after
1 h to 24 h aging) and 35 HV 0.1 (400 °C: from peak condition after 8 h to 24 h aging) from its
peak value.

3.1.2. CuHf0.7

Binary CuHf0.7 showed high potential for precipitation processes as high hardness
values were measurable (Figure 3a) with a maximum of 195 HV 0.1 (400 °C for 2 h).
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Figure 3. Aging heat treatment of CuHf0.7: (a) Hardness; (b) Electrical conductivity characterizing
precipitation process acceleration due to higher aging temperature (1), due to prior cold rolling (75%
thickness reduction) (2) and faster overaging at higher aging temperatures (3).

Figure 3a shows how sensitively the alloy reacted to cold rolling prior to an aging
process, as the reachable hardness level was mainly affected by this processing. For speci-
mens without pre-deformation, higher aging temperature helped to introduce precipitation
reactions and increasing physical properties, characterized by electrical conductivity in
Figure 3b. Overall, the cold rolled specimen reached significantly higher electrical conduc-
tivities (44.8 MS/m for aging at 400 °C, 51.8 MS/m for aging at 500 °C) compared to the
specimen of the directly aged solid solution (32.9 MS/m for aging at 400 °C, 45.9 MS/m for
aging at 500 °C); see Figure 3b. The development of electrical conductivity and hardness
showed how precipitation processes were accelerated by an increased aging temperature
(Figure 3—Arrow 1) and the introduction of pre-deformation (Figure 3—Arrow 2).

Utilizing cold working and the subsequent precipitation reactions resulted in high
reachable hardness conditions followed by significant overaging (decrease from a 2 h peak
condition to 24 h at 400 °C: 30 HV 0.1), which became even more evident at elevated
temperatures (500 °C: 31 HV 0.1); see Figure 3a (Arrow 3). The 500 °C aging temperature
combined with the provoked pre-deformed state of the quenched solid solution resulted
in declining hardness values directly after 1 h of aging treatment due to the interaction of
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hardening mechanisms. For the specimen without cold rolling before aging treatment, no
overaging was visible during the applied temperature exposure, but the reachable hardness
level was insufficient.

3.1.3. Comparison

Binary CuHf0.7 reacted with a remarkably different characteristic to applied heat
treatments than benchmark alloy CuCr0.7.

Overall, alloy CuCr0.7 precipitated fast and showed significant effects referred to
heat treatment. A higher aging temperature had a remarkable effect on the alloy as it
accelerated the changes in the resulting properties. The hardness increases were significant
for all processing options, and high electrical conductivities were reachable. Especially
conductivity showed similar results for all processing options, but it appeared to behave
sensitively to aging temperature.

The binary CuHf0.7 alloy required more effort for precipitation processes as the
sensitive electrical conductivity started to react slower and was highly influenced by prior
cold rolling. As mechanical treatment was introduced, the following heat treatment affected
the resulting properties faster and more effectively. Whereas 400 °C aging temperature was
not enough to reach beneficial properties for the specimen without pre-deformation, 500 °C
was too high for the specimen with 75% thickness reduction, and a very fast overaging
occurred. On the other hand, CuHf0.7 showed great potential to achieve high mechanical
and good electrical properties, particularly noticeable for cold rolled specimens. This
potential needs to be further exploited.

3.2. Ternary Alloys

Both alloying concepts, CuCr0.7 and CuHf0.7, highlighted their benefits in binary
alloys. In the following, ternary combinations are investigated for specimens directly aged
from their quenched solid solution without any influence of pre-deformation.

3.2.1. Hardness and Electrical Conductivity

For an aging treatment at 400 °C, Figure 4 displays resulting properties and visualizes
the differences of binary alloys in contrast to several ternary combinations: CuHf0.7Cr0.7,
CuHf0.7Cr0.35, and CuCr0.7Hf0.35.
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Figure 4. Aging heat treatment at 400 °C: (a) Hardness; (b) Electrical conductivity for the binary and
ternary alloys.

Generally, the enhanced alloying content affected the solution annealed condition by
slightly increasing hardness (Figure 4a) and significantly lowering electrical conductivity
(Figure 4b). These properties were highly modified during the aging treatments.
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Alloying CuHf0.7 with chromium dramatically changed the precipitation reaction dur-
ing heat treatment, directly visible in the resulting hardness (Figure 4a). All ternary alloys
followed and further exaggerated the behavior of CuCr0.7 with its fast hardness increase.
Reachable peak values were 190 HV 0.1 (CuH{0.7Cr0.7), 204 HV 0.1 (CuH£0.7Cr0.35), and
163 HV 0.1 (CuCr0.7H{0.35) for the three alloying options. Both alloys with higher hafnium
content (CuHf0.7Cr0.7 and CuHf0.7Cr0.35) showed the highest hardness values (Figure 4a)
and confirmed the high hardening potential of CuHf0.7.

Regarding electrical conductivity (Figure 4b), higher alloying content resulted in
lower conductivities, and CuCr0.7 was the most beneficial option. During the proceeding
temperature exposure, electrical conductivity continuously increased for the ternary alloys
ending up around 30 MS/m, wherein CuCr0.7Hf0.35 was the best ternary option with a
maximum of 37.6 MS/m (Figure 4b).

Aging treatment at an elevated temperature of 500 °C resulted in further enhanced elec-
trical conductivities (Figure 5b). For ternary alloys, the differences between the three options
became obviously smaller with 46.1 MS/m (CuHf0.7Cr0.35) to 46.6 MS/m (CuCr0.7Hf0.35)
after 24 h of aging. Compared to the binary CuHf0.7, all Cr-containing alloys verified the
accelerated property changes due to precipitation processes.
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Figure 5. Aging heat treatment at 500 °C: (a) Hardness; (b) Electrical conductivity for the binary and
ternary alloys.

Whereas higher temperature was beneficial for the physical properties, hardness
(Figure 5a) was significantly influenced by overaging effects. This drop of mechanical prop-
erties was a critical disadvantage for binary CuCr0.7, whereas CuHf0.7 did not reach the
hardness level of its pre-deformed options. Alloying copper with hafnium and chromium
shifted all of these effects in a favorable direction, as the ternary alloys reached high hard-
ness values fast (at this temperature, after 2 h 183 HV 0.1 for CuHf0.7Cr0.7, after 1 h 189 HV
0.1 for CuHf0.7Cr0.35 and after 1 h 154 HV 0.1 for CuCr0.7Hf0.35) in combination with
slower and less distinctive overaging (Figure 5a). Whereas hardness sharply dropped for
CuCr0.7 after its peak aged condition, the ternary options mitigated this disadvantage at a
higher absolute hardness level.

For further in-depth investigations, CuHf0.7Cr0.35 with an aging time of 8 h was
defined to display not the early stages of precipitation but a further developed condi-
tion to investigate time-dependent interactions between alloying elements and resulting
precipitation phases.

3.2.2. Differential Scanning Calorimetry (DSC)

As a next step towards a comprehensive overview of the alloys” precipitation be-
havior, exothermic peaks related to precipitation reactions were displayed within DSC



Metals 2024, 14, 258

9 of 22

DSC /(mW/mg)
T exo Peak: 562.7 °C
Peak: 602.8 °C
- e e e e i
A R e - L e e
= CuHf0.7 . W
= I - T e—e
E Peak: 4735°C T
S
(=)

measurements. For this comparison, only the options without pre-deformation are shown
in Figure 6.

CuCr0.7

CuHf0.7Cr0.35

CuHf0.7Cr0.7

CuCr0.7Hf0.35

Peak: 548.1 °C
Peak: 589.8 °C

+

—— + ye

Peak: 527.2 °C
Peak: 633.6 °C

Reak’ 506.3°C peak:578.3°°0
Peak: 436.7 °C /'|< ’_Z Peak: 606.7 °C

- -.\.‘\*“’“__ ¢ =" —_\_*‘ R __*

v —— e at e e -t

300

400 500 600 700 800
Temperature /°C

Figure 6. DSC measurement of all binary and ternary alloys without cold rolling prior to the DSC
measurement and conditions (stars) for metallographic analysis.

A thorough analysis of the resulting microstructures was conducted to evaluate the
interpretation of significant exothermic peaks. Therefore, the experiments were repeated
with freshly supersaturated specimens up to the termination of a significant exothermic
peak in the DSC profile (marked with a star symbol in Figure 6).

The highest wt.%-ratio of Hf/Cr was observed in CuH{0.7Cr0.35, which characterized
the effect of alloying CuHf0.7 with small amounts of chromium. The first visible exothermic
peak of the DSC curve shifted to 533 °C, whereas the first visible peak of the binary
CuHf0.7 alloy was at 563 °C (Figure 6). With the information of correlating metallographic
analysis in Figure 7, this first peak could be evaluated. The brightly contrasted enhanced
hafnium concentrations could be referred to intermetallic CuHf phases in Appendix A,
Figure A1 utilizing EDS. Furthermore, Figure 7 shows that hafnium atoms tend to migrate
into the intergranular space (1) resulting in a precipitate-free zone (4) next to the grain
boundary. Within the grains, homogenously distributed precipitates (3) were visible
and arranged in some areas on preferred crystallographic planes (2). In conclusion, the
first peak of the DSC curve could be related to precipitation reactions with intermetallic
CuHf phases. The condition after the first peak showed fine and homogenously distributed
precipitates (Figure 7a—Detail 3) within the grains and a slight tendency of these structures
to nucleate and grow with preferred orientations (superordinate visible line structures in
Figure 7a—Detail 2). Furthermore, a second peak appeared for the ternary alloy at 633 °C,
which was after the exothermic effects of binary options (Figure 6). The corresponding
metallographic analysis after heating up to 700 °C (Figure 7b) showed coarsening of the
already known precipitates. With identical magnification, the visual impression fitted to the
trend of growing and coarsening precipitates (Figure 7b—detail 5) as some of them were
already in a rod-like shape (Figure 7b—detail 6) and seemed to disappear at the expense of
fine earlier-stage precipitates (Figure 7a—Detail 3). Corresponding to the EDS analysis of
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Appendix A, Figure A1, no further statement about accumulations of chromium could be
made at this point.

500 nm
—

(b)

Figure 7. CuHf0.7Cr0.35 microstructure evolution during DSC measurement: (a) Heating up to
590 °C; (b) Heating up to 700 °C with intermetallic CuHf phases in the intergranular space (1),
intermetallic precipitates with preferred crystallographic planes for nucleation (2), finely distributed
intermetallic CuHf precipitates (3), less Hf concentration next to grain boundaries (4), coarsened
intermetallic CuHf precipitates (5) and ripened intermetallic CuHf phases in a rod-like shape (6).

With an enhanced alloying content of chromium, CuHf0.7Cr0.7 continued this trend
of the previously analyzed CuHf0.7Cr0.35 alloy. The first exothermic reaction occurred
at 527 °C, which was only slightly shifted (5 K) to lower temperatures (compared to
CuHf0.7Cr0.35). The second occurring peak remained nearly constant at 634 °C and showed
a lower dependency on the higher alloying content. In this context, the metallographic
analysis of Figure 8 fitted the underlying trend and showed a slightly further intensification
of the observed effects at CuHf0.7Cr0.35. A lot of homogenously distributed CuHf precip-
itates became visible within the grains (Figure 8a—detail 3), and due to hafnium atoms
migrating into the intergranular space (Figure 8a—detail 2), a Hf-depleted area was visible
next to the grain boundary (Figure 8a—detail 4). Because of the higher alloying content
in this option, some as-cast Cr-containing particles were visible in the grains or at grain
boundaries. Hf-containing phases grew at such phase boundaries during aging treatments
(Figure 8a—Detail 1). Heating up to 660 °C after ending the second exothermic peak of this
alloy in the DSC signal of Figure 6 resulted in coarsening precipitates (Figure 8b—Detail 5)
and ripening to rod-like morphologies (Figure 8b—detail 6). Resolving Cr-containing
precipitates with EDS analysis was impossible. Based on the ways in which chromium
as-cast phases appear in the BSD contrast, some ripened Cr-containing precipitates could
be visible after extended heat treatment (Figure 8b—Detail 7).

Further decreasing of the wt.%-based ratio of Hf/Cr lead to the CuCr0.7H{0.35 al-
loy. Regarding the DSC signal in Figure 6, several characteristics of the binary CuCr0.7
alloy became obvious. After a minor early exothermic reaction with peak temperature at
437 °C, a further reaction at 506 °C followed, and another effect with stretched temper-
ature area covering several sub-peaks (579 °C and 607 °C) affiliated. In direct contrast
to the DSC signal of binary alloys, both characteristics of CuCr0.7 with its scattering
multiple peaks and the stretched exothermic effect of CuHf0.7 reflected within the DSC
signal of CuCr0.7Hf0.35. Further metallographic investigations followed for heating up
to 540 °C and 800 °C (Figure 9) to contextualize the exothermic reactions. As shown in
Figure 9a—Detail 1, only some undissolved chromium as-cast phases, sometimes attached
by hafnium phases, were detected. It was impossible to gain information on Cr- or Hf-
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containing phases in this temperature range, neither with the highly contrasting BSD
detector, nor the utilized EDS detectors.

(@)
Figure 8. CuHf0.7Cr0.7 microstructure evolution during DSC measurement: (a) Heating up to 570 °C;
(b) Heating up to 660 °C with chromium as-cast phases attached by a CuHf phase (1), Intermetallic
CuHf phases grew in the intergranular space because Hf atoms tended to migrate there (2) which
resulted, compared to the homogenously distributed CuHf precipitates (3), in a reduced density
of CuHf precipitates in the grain next to the boundary (4). Later, CuHf precipitates coarsened (5),

ripened in needle-shaped intermetallic CuHf phases (6), and intermetallic coarsened CuHf phases
next to a coarsened Cr-containing particle became visible (7).

(a) (b)

Figure 9. CuCr0.7Hf0.35 microstructure evolution during DSC measurement: (a) Heating up to
540 °C; (b) Heating up to 800 °C showing undissolved chromium phases within a grain (1), coars-
ened intermetallic CuHf precipitates (2), ripened intermetallic CuHf needles (3) and coarsened
Cr-containing precipitates (4).

Further heating up to 800 °C exaggerated place-taking effects for metallographic investiga-
tions in Figure 9b, where some coarsened intermetallic CuHf precipitates (Figure 9b—Detail 2)
and ripened rod-like Hf-containing needles (Figure 9b—Detail 3) were visible with bright
contrast. Contextualizing the dark contrasted phases, known as Cr-containing particles, en-
abled investigating smaller dark elliptic structures (Figure 9b—Detail 4) and referring them to
coarsened Cr-containing precipitates.

To sum up, a structured discussion of precipitation processes helped to draw a con-
sistent picture of place-taking effects during temperature treatment. Nevertheless, further
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in-depth investigations were necessary to analyze the essential phenomena and interactions
of hafnium and chromium in ternary alloys to understand and contextualize the resulting
beneficial properties of these alloys.

3.2.3. Atom Probe Tomography (APT)

For in-depth investigation of precipitation mechanisms, CuHf0.7Cr0.35 was aged for
8 h at 500 °C. For optimum probability to show different stages of precipitation, a slightly
overaged condition was chosen (refer to Figure 5). The first metallographic overview of this
condition showed that fine intermetallic Hf-containing phases, with their bright BSD con-
trast, were homogeneously distributed in the grains (Figure 10—Detail 2) of CuHf0.7Cr0.35.
Due to the migration of hafnium atoms to the intergranular space (Figure 10—Detail 1),
the region next to the grain boundary revealed a reduced amount of these structures
(Figure 10—Detail 4). Furthermore, in local effects, the precipitates tended to nucleate
on preferred crystallographic planes (Figure 10—Detail 3), resulting in visible ordered
elongated structures.

(a) (b)

Figure 10. CuH{0.7Cr0.35 microstructure after 8 h at 500 °C: (a) Overview; (b) Detail with hafnium
migrating to the intergranular space (1), fine and homogenously distributed intermetallic CuHf
precipitates (2), which locally tend to orientate on preferred crystallographic planes for nucleation (3)
and a reduced amount of intermetallic CuHf precipitates next to a grain boundary (4) as well as next
to a coarsened Hf-containing needle (5).

APT investigations were conducted in this condition to extend the knowledge of
these precipitating structures in CuHf0.7Cr0.35. Figure 11 visualizes the results of this
measurement with all hafnium and chromium atoms inserted and only 10,000 copper
atoms were not hidden (overall, the measurement included about seven million atoms).
Furthermore, Figures 12 and 13 refer to this measurement and the documented rooms of
interest (ROI).

In Figure 11, it is directly visible that CuHf structures were persistently localized next
to precipitates with high chromium content. Figure 12b illustrates the result of calculations
on five chromium clusters with a slightly elliptic shape. The size of these structures was
about 8 nm to 13 nm with an average volume of 290 nm?. These precipitates in the lower
nanometer scale were finely and homogenously distributed in the material. Comparing
different accumulation of precipitates offers the opportunity to follow the attachment of
hafnium atoms to the interface between the Cr-containing precipitate and the copper matrix
during the following aging treatment (Figure 12a). With further accumulation of hafnium
atoms, independent Hf-containing precipitates nucleated and grew, and their morphology
developed in an elongated shape (Figure 12a). For example, as shown in Figure 11, the
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upper and largest intermetallic CuHf precipitate had its origin of growth on the surface of
the precipitate with high chromium concentration.

Overall, the copper matrix (without the clustered precipitates) appeared to be mainly
free of solute alloying atoms (only 0.13 at.% were still measured, Figure 12b).

g
c
S
40 ~ concentration:
Hf: 14.30 at.%
£ 50 - Cr: 0.14 at.%
= Cu: 85.56 at.%
60 -
70 - concentration:
Hf: 9.02 at.%
80 - Cr: 0.32at.%
Cu: 90.66 at.%
90
100 -
L concentration:

Hf: 14.80 at.%
Cr: 0.36 at.%
Cu: 84.84 at.%

Figure 11. Three-dimensional atom maps of CuHf0.7Cr0.35 after 8 h aging at 500 °C with 10,000 Cu
and all measured Cr and Hf atoms displayed. Overview of the specimen with three inserted ROI
and cluster analysis of three intermetallic CuHf precipitates. The tree-dimensional visualization is
supported by the Video S1.

® Cu Cr-precipitates

Early states:
ST e.s 2 ® Cr (5 full clusters):
+ Average lengh: 12.46 nm
Hf

* Average diameter: 7.916 nm
* Average volume: 290 nm?*

Atomic concentration of Hf und Crin
the copper matrix:

* 0.04 at.% Cr

+ 0.09 at.% Hf

(a) (b)

Figure 12. Details of results from APT measurement: Evolution of growing intermetallic CuHf next to
Cr-containing precipitates with the continuous attachment of hafnium atoms (a). Analysis of atomic
concentrations in clusters referred to Cr-containing phases and the copper matrix (b).
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Figure 13. Concentration profiles along the ROI referring to the APT measurement overview of
Figure 11 including the visualization of the Cr and Hf atoms within the ROL

Furthermore, Figure 11 illustrates the three investigated ROI which cover a mainly
Cr-containing and an CuHf precipitate each. Figure 13 visualizes the corresponding 1D
concentration profile plots.

Within concentration profiles of Figure 13, the concentration of chromium atoms in the
referred precipitate was comparably high, with a significant drop of copper concentration
in this area, which could be related to a mainly Cr-containing phase. Following the
concentration profile to the interface of this small precipitate, a fluent transition to the
Hf-containing phase followed within two to five nanometers. The concentration profiles
suggested concentrations between 18 at.% and 38 at.% Hf in these phases, which did not
enable identification of precipitate composition. Further approach was the analysis of
present atoms within the clustered shell. Both of the precipitate next to ROI 1 and that next
to ROI 2 showed concentrations of about 14.5 at.% Hf. The third and smallest precipitate of
APT measurement (12 nm thickness and 31 nm length) next to ROI 3 contained 9.0 at.% Hf.

4. Discussion

Following the scientific path from binary alloys containing chromium and hafnium,
with CuCr0.7 representing the industrial benchmark alloy, guided from the impact of
pre-deformation and following aging heat treatments to utilizing ternary alloy concepts
and in-depth investigations of precipitation effects.

4.1. Discussion of Binary Concepts and the General Utilization of Prior Cold Rolling

CuHf0.7 reached higher hardness values than CuCr0.7, underlining its potential for low-
alloyed copper alloys with high mechanical properties. Disadvantages of CuHf0.7 were slow
precipitation reactions and the necessity of pre-deformation by cold rolling for sufficient
precipitation reactions. Numerous crystallographic defects and potential precipitation sites
were beneficial for this alloy. Overall, the cold rolled CuHf0.7 specimen reached higher
electrical conductivities than the directly aged solid solution specimen (Figure 3b). As
the electrical conductivity is very sensitive towards solute alloying elements in the matrix
metal, this property can be transferred to place-taking precipitation processes and to the
precipitated volume fraction. Conduction electrons are scattered at solute elements in
the copper matrix and less influenced by precipitates as conductivity increases with the
continuing dissolution of alloying elements. This matches the known effects [2,17,57,58].

Generally, CuCr0.7 did not show the need for pre-deformation by cold rolling to
enable favorable outcomes during precipitation reactions (Figure 2), which helps this alloy
concept to be easily adjustable for industrial applications.
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Due to hafnium’s comparatively large atomic radius, its diffusion in the copper lattice is
more difficult, which results in the need for elevated temperatures (Figure 3) to introduce
precipitation reactions [2]. Paths of facilitated diffusion along the core of dislocations [4,59]
strongly promote the mobility of hafnium atoms in the surrounding copper matrix. Cold
rolling significantly increased the density of dislocations, resulting in the measured properties.
In contrast, chromium atoms can move more easily because of a similar atomic radius to that

of copper.

4.2. DSC Investigations with Binary Alloys Containing Hafnium or Chromium

DSC analysis underlined the investigated results of properties and concluded with a
coherent picture. Compared to the CuCr0.7 alloy, CuHf0.7 presented its exothermic DSC
precipitation reactions about 90 K higher. For CuHf0.7, the precipitation of CusHf and the
following solid-state reaction to Cus; Hf14 [25] blurred in one effect at the chosen heating
rate [6]. For CuCr0.7, multiple exothermic effects followed the first outstanding exothermic
reaction. Due to the processing of these specimens, only temperature-time-dependent
solid-state reactions related to the precipitation process needed to be considered [6].

Generally, good comparability to the already discussed temperatures of the benchmark
alloys was given. For a quenched solid solution of CuCr0.8Zr0.08, Dalan et al. [59] reported
an exothermic peak at 441 °C after solution annealing at 1020 °C and 493 °C after solution
annealing at 930 °C utilizing a comparable heating rate. During the measurement of the
present study, the binary CuCr0.7 showed a peak temperature of 468 °C after solution
annealing at 1000 °C, which underlines high comparability.

4.3. DSC Investigations with Ternary Alloys Containing Hafnium and Chromium

Alloying CuHf0.7 with small amounts of chromium (CuHf0.7Cr0.35) helps to signifi-
cantly shift these exothermic peaks about 30 K to lower temperatures (Figure 6). A further
increased chromium content (CuHf0.7Cr0.7) continues this trend slightly accelerating pre-
cipitation reactions. The first huge exothermic effect, related to the precipitation formation
and first growth in CuHf0.7Cr0.35, was further shifted by 5 K to lower temperatures due to
the higher chromium content in CuHf0.7Cr0.7, increasing the supersaturation and driving
force for precipitation reaction. This demonstrates that CuHf0.7Cr0.35 fully utilizes its
potential in terms of precipitation kinetics. In the context of the DSC signals related to
CuCr0.7 and CuHf0.7 (Figure 6), the first exothermic effects of CuHf0.7Cr0.35 were likely
related to solid-state reactions with chromium and accelerated reactions of hafnium, which
were approved by the metallographic investigations of Figures 7 and 8. Consequently,
this behavior fits very well with the experience from the measurements of hardness and
conductivity (Figures 4 and 5).

The second type of investigated exothermic DSC effects with less energy release, re-
lated to a visible coarsening of precipitates in both alloys (CuHf0.7Cr0.35 and CuHf0.7Cr0.7)
which could include further changes in precipitation structures, stayed nearly at the same
temperature during DSC measurement. Therefore, these processes were not influenced by
an elevated chromium content.

In direct comparison with DSC measurements carried out by Bochvar et al.
(CuHf0.9Cr0.7) [44], parallels to the experiments conducted in this work with the same
heating rate can be observed. Bochvar et al. [44] showed only the temperature range up to
600 °C. In the low-temperature range, Bochvar et al. observed only one exothermic effect
with peak temperature at 560 °C, which can be correlated to the first exothermic effect at
527 °C in this work. The differences could be explained by the chosen annealing temper-
ature. Bochvar et al. carried out solution annealing at lower temperatures resulting in a
lower supersaturation compared to the materials in this work. Furthermore, the exothermic
DSC effect of Bochvar et al. showed a sub-peak in the rising flank, which was not visible in
the present experiments. Based on the generated knowledge, this could be related to early
precipitation of Cr-containing precipitates as well, which were not visualized yet.
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4.4. APT with CuHf0.7Cr0.35

To investigate the active effects during precipitation processes in ternary alloys, APT
was a key factor to show how intermetallic CuHf structures are localized next to Cr-
containing precipitates (Figure 11). For geometrical comparison, Figure 12 shows good
correlation of the investigated clusters of mainly chromium and their known coffee been
shape [11] with a matching dimension (5 nm to 10 nm) to that of already investigated
sizes [11,12,14].

During aging heat treatment, hafnium atoms attached to the interface of the homoge-
nously distributed mainly Cr-containing precipitates and started to nucleate and grow
there to intermetallic phases with elongated morphology (Figure 12).

Here, the investigation of three ROI, which covered one of the precipitate specimens
each, revealed the corresponding integral profile of concentrations (Figure 13). Within the
Cr-containing precipitates, the concentration of chromium atoms was comparably high,
with a significant drop in the copper concentration, which could be related to the formation
of precipitates of mainly chromium [11,12,14]. Following the concentration profile to the
interface, a fluent transition to the Hf-containing phase became obvious within two to
five nanometers. The concentration profiles suggested concentrations between 18 at.% and
38 at.% Hf in these intermetallic structures. The identification of the concrete composition
was not possible at this stage. Further approach was the analysis of atoms within the
clustered shells. Both of the precipitates next to ROI 1 and ROI 2 showed concentrations
of about 14.5 at.% Hf. Direct relation to the possible intermetallic structures for these
precipitates, with 16.7 at.% for the CusHf and 21.5 at.% for the Cus;Hf14, was not easily
possible. The third precipitate next to ROI 3 contained 9.0 at.% Hf. Direct comparison to the
critical precipitate radius for this transition at 9.5 nm of Jiang et al. (binary CuHf alloy) can
provide further clues [25]. For the smallest precipitate of the APT measurement in this work
(12 nm thickness and 31 nm length), a reduced hafnium content was measurable. In this
size range, phase transformation could be realistic in case of the present crystallographic
structure with its inherent defects. Therefore, it could be indicated that precipitation
structures of both CusHf and Cus;Hf;4 were present (suggesting a deviation of about
7.5 at.% for the clustered hafnium concentrations that could fit the early-stage precipitate
of CusHf for ROI 3, whereas the two others could fit the Cus;Hfj4 phase) but could
not be finally identified for ROIs 1 to 3. At this point, further investigations to identify
the crystallographic structure are necessary. In-depth investigations with TEM on the
microstructure and distribution of shown precipitates will expand the knowledge on these
temperature-time-dependent processes.

Within the interface between the mainly Cr-containing particle and the copper matrix,
hafnium atoms obtain a favorable site to segregate and to reduce elastic distortion energy.
By accumulating in this local area, the further growth of these precipitates is possibly
hampered, which would correlate with the known and commonly used in the industry
effect of zirconium atoms in CuCr1Zr [22,24]. Due to the already increased hafnium con-
centration next to the interface, more hafnium atoms attach, and the barrier for nucleating
the referring precipitate is reduced. Therefore, the Hf-containing precipitates saddled at
the site of the existing Cr-containing phases within the conducted experiments. Due to
the homogenously distributed nanoscale mainly Cr-containing precipitates, a considerable
offer of potential nucleation sites for the Hf-containing precipitates was introduced in
the material. Many small intermetallic CuHf precipitates were evolving at the same time.
Therefore, target-oriented usage and fast introduction of the materials’ high hardening
potential was possible as summarized in Figure 14. To sum up, mainly Cr-containing
precipitates were utilized as catalysts for the following precipitation reactions of finely
distributed and highly strengthening intermetallic CuHf precipitates. Furthermore, the
accumulation of hafnium atoms next to Cr-containing precipitates could hamper their
growth and contribute to reduced overaging during isothermal aging experiments.
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Ternary alloy CuHf0.7Cr0.35
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Figure 14. Summary of the schematic aging process of CuHf0.7Cr0.35 with early chromium precip-
itates, attaching hafnium atoms and intermetallic CuHf precipitates saddling on top of chromium
precipitates. The precipitating phases contribute to beneficial material properties during aging at an
exemplary temperature of 400 °C.

4.5. Perspectives of Ternary Copper Alloys Containing Hafnium and Chromium

Overall, the copper matrix appeared to be mainly free of solute alloying elements,
which directly fits the behavior of electrical conductivity as a sensitive parameter for solute
foreign atoms. Whereas the evolution from the initial supersaturated quenched condi-
tion to the aged condition after 8 h at 500 °C gained 31.55 MS/m, further aging could
only slightly continue this trend (Figure 5b). Finding an optimal compromise for further
application-related research activities needs a closer discussion of characterizing properties
regarding all discussed ternary alloys. For the analyzed hardness and electrical conductiv-
ity, CuHf0.7Cr0.35 provided an excellent combination of properties (maximum hardness
of 204 HV 0.1, 33.2 MS/m and only about 14 HV 0.1 overaging (Figure 4)). CuHf0.7Cr0.7
increased the hardness slightly, but this benefit is paid for with reduced electrical conduc-
tivity. Furthermore, the conducted experiments showed that CuCr0.7Hf0.35 lacks peak
hardness compared to the other concepts and only provided some improvement for less
overaging (Figures 4 and 5). Optimizing an individually adjusted heat treatment routine
needs further discussion of different combinations for temperature and time of the utilized
heat treatment and will be performed in the near future.

Nevertheless, ternary alloys with hafnium and chromium showed their huge harden-
ing potential without the need of pre-deformation by cold rolling, which was beneficial
compared to the binary CuHf alloy. Their accelerated precipitation reactions reduced the
need for energy-consuming heat treatments and were applicable without prior mechanical
treatments. This helps industrial usage with an easy adjustment of properties in different
shapes and conditions of the material. Compared to the benchmark alloy containing mainly
chromium, represented by CuCr0.7, elevated mechanical properties and less overaging
were reachable.

Finally, one possible field of application for these alloys is the manufacturing technol-
ogy in mechanical and automotive engineering. For example, electrode tips for resistance
spot welding can profit from these mechanically durable materials with elevated thermal
and electrical conductivity [60-62]. In electrical engineering, their use as a contact material
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in connectors, contacts, and switches would be particularly target-oriented [63-65]. Further
fields for high-performance copper alloys are, for instance, rocket combustion chambers.
Powder bed-based additive manufacturing processes are industrially relevant pro-
cesses for prototype and small series production. So far, the processing of pure copper, as
well as various alloys such as CuCr1Zr, CuNi2.55iCr, CuNi30Mn1Fe, NiCu30Fe [66], or
CuSnl1 [67] has mainly been investigated. Subsequent heat treatment increased the electri-
cal conductivity [68,69] and mechanical properties [70] of precipitable copper alloys such as
CuCrZr and CuNiSi in the additive manufactured condition. For propulsion applications
in space, temperature-stable alloys with chromium and niobium are relevant [71,72], and
the ITER project uses CuCrlZr in additive processing as well [73]. Small heat exchangers,
thermal elements, or components in the electronic industry could profit. In this context, heat
treatment at moderate temperatures is desirable to minimize warpage [68,74]. Alloys with
hafnium and chromium appear to have a beneficial advantage for additive manufacturing
processes because they utilize effective precipitation reactions without prior cold rolling.
The achievable mechanical material properties will exceed those of the CuCrZr alloys.

5. Conclusions

Thermal and mechanical treatment and target-oriented alloying conceptualization
influenced precipitation processes in supersaturated solid solutions of copper alloys with
chromium and hafnium. The conglomerate of different approaches to understanding
present precipitation mechanisms can be summarized.

1. Binary copper alloys with low hafnium concentration needed diffusion-facilitating
influences to promote following precipitation reactions due to hafnium’s larger atom
radius and therefore lowered diffusivity. Cold working prior to aging treatment
introduced paths of higher diffusion, which became visible in peak shifts of conducted
DSC measurements and reflected in resulting material properties such as hardness
and electrical conductivity.

2. Electrical conductivity reacted very sensitively regarding solute atoms in the copper
matrix and increased significantly within place-taking precipitation processes of the
supersaturated quenched metals. In direct comparison, CuCr0.7 had the highest
electrical conductivity with maximum 49.7 MS/m and 53.6 MS/m after 24 h of aging
at400 °C (without and with 75% thickness reduction by cold rolling), whereas CuHf0.7
reached only 26.4 MS/m and 44.8 MS/m. Ternary alloys aged without cold rolling
reached, in the case of CuHf0.7Cr0.7, 28.7 MS/m, and in the case of CuHf0.7Cr0.35, it
was 31.0 MS/m.

3. Regarding hardness, the ternary alloys significantly expanded the range of mechanical
properties and appeared to be beneficial in comparison to binary alloys. Best hardness
values without cold rolling prior to the aging process were obtained at 400 °C aging
temperature with CuHf0.7Cr0.35 (204 HV 0.1) and CuHf0.7Cr0.7 (194 HV 0.1), whereas
binary alloys such as CuCr0.7 reached only 154 HV 0.1. In the case of aged binary
alloys cold rolling with 75% thickness reduction increased the reachable peak hardness
at this aging temperature to 169 HV 0.1 (CuCr0.7) and 195 HV 0.1 (CuHf0.7). Ternary
alloys showed beneficial hardening potential with accelerated reactions without the
need of prior cold rolling.

4.  Precipitates containing mainly chromium were visible in the ternary CuHfCr alloys.
During the conducted experimental investigations after 8 h of aging at 500 °C, these
precipitates had a diameter of about 5 nm to 15 nm.

5. Hafnium atoms segregated at the precipitate—matrix interface of Cr-containing parti-
cles. Increased hafnium concentrations next to these chromium phases lowered the
necessary effort for intermetallic CuHf phases to precipitate, acting like a potent hetero-
geneous nucleation site. As a result, many intermetallic CuHf precipitates saddled on
top of the existing chromium particles. The finely distributed precipitates resulted in
excellent mechanical properties with less overaging and good electrical conductivities.
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Heating up to 590 °C

The thorough discussion in this research contributes to the understanding of alloy
design and processing on precipitating copper alloys containing hafnium and chromium.
Especially target-oriented alloy design is the highlight of effectively utilizing beneficial
precipitation processes and high hardening potential simultaneously, which had not been
discussed in the literature so far. Copper alloys, which utilize mainly Cr-containing precipi-
tates to facilitate a homogenously distributed precipitation of high-strength intermetallic
CuHf phases, provide high potential for further research on advanced applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/met14030258 /s1, Video S1: Atom probe tomography
of CuHf0.7Cr0.35 after 8 h aging at 500 °C with 10,000 Cu visualized, chromium and hafnium
atoms (Video).
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Appendix A

The discussed SEM analysis was conducted to examine the precipitation behavior
during DSC experiments. This visualized the physical boundaries of the utilized experi-
mental setup. For both conditions (heating to 590 °C and 700 °C), the structures related to
intermetallic CuHf precipitates are visible with a nice bright contrast in the backscatter de-
tector (BSD) of Figure A1l. Energy-dispersive X-ray spectroscopy (EDS) enabled to contrast
the enhanced hafnium concentration only if the structures were coarsened, whereas the
chromium distribution was homogenous for all conditions.

EDS - Cr

Figure A1. EDS analysis of CuHf0.7Cr0.35 following the precipitation process during the conducted
DSC experiments.
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