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Abstract  
 

Spark plasma sintering (SPS) is widely used for the 

consolidation of different materials. Copper-based pseudo alloys 
have found a variety of applications including as electrodes in 

vacuum interrupters of high-voltage electric circuits. How does 

the kinetics of SPS consolidation for such alloys depend on the 

heating rate? Do SPS kinetics depend on the microstructure of 
the media to be sintered? These questions were addressed by the 

investigation of SPS kinetics in the heating rate range of 0.1 to 

50 K/s. The latter conditions were achieved through flash spark 
plasma sintering (FSPS). We also compared the sintering 

kinetics for the conventional copper–chromium mixture and for 

the mechanically induced copper/chromium nanostructured 
particles. It was shown that, under FSPS conditions, the 

observed maximum consolidation rates were 20–30 times higher 

than that for conventional SPS with a heating rate of 100 K/min. 

Under the investigated conditions, the sintering rate for 
mechanically induced composite Cu/Cr particles was 2–4 times 

higher compared to the conventional Cu + Cr mixtures. The 

apparent sintering activation energy for the Cu/Cr powder was 
twice less than that for Cu–Cr mixture. It was concluded that the 

FSPS of nanostructured powders is an efficient approach for the 

fabrication of pseudo-alloys. 
 

Keywords  
 

Pseudo-Alloys; Spark Plasma Sintering; Flash Spark Plasma 
Sintering; Kinetics 
 

Introduction  
 

Copper-based composites, which involve immiscible elements 

(e.g., Cr, W, Mo), so-called pseudo-alloys, have attracted a vast 
of attention for a variety of applications including a new 

generation of electrical contacts, electrodes for point welding, 

and radiators, etc. [1–6]. Due to a unique combination of 
thermal, electrical, and mechanical properties as well as being 

corrosion resistant under applied high-voltage, such materials 

have found specific use as the electrodes in vacuum interrupters 

of high-voltage electric circuits [7]. New approaches of powder 
metallurgy such as additive manufacturing technologies [8–10], 
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spark plasma sintering (SPS) [3,4,11], self-propagating high-

temperature synthesis (SHS) [5], and high energy ball milling 
(HEBM) [1,3,4,11–15] permit control of the microstructure of 

such pseudo-alloys, and hence significantly improve their 

properties [16–21]. For example, by optimizing the parameters 

of HEBM, one may obtain composite nanostructured particles 
with different sizes of the metal constituents with the formation 

of supersaturated solid solutions [3,8,13–15,22], which cannot 

be produced by conventional methods. Furthermore, control of 
the alloys’ structure takes place during the consolidation stage. 

The SPS method allows for a precise variation of the sintering 

parameters, specifically including the preheating rates. There are 
a vast number of publications, both theoretical [23–26] and 

experimental [27–29], on the SPS of different ceramics and 

alloys, while much less works have reported the consolidation of 

the pseudo-alloys. Additionally, the influence of heating rates on 
the SPS kinetics is not well understood. In this work, we report 

the results on the consolidation kinetics of the Cu–Cr pseudo 

alloys, in a wide range of heating rates including the so-called, 
flash SPS mode [30], with heating rates up to 50 K/s. We also 

compared the SPS kinetics for the conventional Cu + Cr mixture 

and composite Cu/Cr nanostructured particles fabricated by the 
HEBM method. 
 

Materials and Methods  
Precursors  
 

Commercial Cu powder (99.97, particle size <60 μm) with a 
dendrite type of morphology (Figure 1a) and Cr powder (99.7, 

average particle size 25 μm) with elongated faceted morphology 

(Figure 1b) were used as the precursors. 
 

Ball Mixing and Milling  
 

Powders were mixed and milled in the proportion 55 wt.% of Cu 

and 45 wt.% of Cr. For conventional mixing, the Wise Mix 
BML-2 BML-6 (South Korea) machine was used. Precursors in 

the desired weight ratio were put into the jar and subjected to 

mixing for 12 h with a rotating speed of 175 rpm. Here and after, 
the mixture, which was prepared by this procedure, was named 

―Cu + Cr‖. 
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The planetary ball mill Activator-2S (Russia) was also employed 

for the milling of the precursor. Copper and chromium powders 
with the above-mentioned desired ratio were placed into the 

stainless steel jars. A ball to powder ratio of 20:1 was utilized, 

and the average diameter of the stainless steel balls was 7 mm. 

The jars were vacuumed, and filled up to 0.4 MPa with highly 
pure argon. This process was repeated three times to ensure that 

the entire volume of the container was filled with pure argon. 

The mixtures underwent HEBM with a sun wheel rotating speed 
of 694 rpm and jar rotating speed of 694 rpm. The jars were 

water-cooled continuously during HEBM. The powders were 

milled for 15 min increments followed by 5 min of cooling time, 
for a total milling time of 60 min. Figure 1c,d illustrates the 

morphology of the powders after the HEBM treatment. It can be 

seen that after HEBM, the size of the particles increased as 

compared to the initial precursors due to the cold-welding 
phenomenon and was in the range of 2–100 μm with an average 

size of ~35 μm (Figure 1c). However, each particle fabricated by 

HEBM involves both Cu and Cr mixed on the nanostructure 
level (Figure 1d). Hereafter, this powder was named as the 

nanostructured ―Cu/Cr‖ composite particles. 

 
Figure 1: Microstructures: the raw powders Cu (a), Cr (b); the mechanically 
induced particles’ scanning electron microscope (SEM) image (c); 
transmission electron microscope (TEM) image (d). 
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Consolidation Schemes  
 

The consolidation experiments were performed in the Labox 650 

(SinterLand, Nagaoka, Japan) SPS installation. The DC pulse 

patterns used were 40 ms-ON and 7 ms-OFF. All experiments 
were carried out in vacuum (~10 Pa). The sample temperature 

was measured by a K-type thermocouple. Temperature, applied 

force, current, voltage, displacement, and vacuum pressure of 
the SPS chamber were registered during the experiments. The 

axial displacements of the samples were recorded at 1 s time 

intervals with a precision of 1 μm. The thermal expansion of the 

graphite tools was subtracted from the raw displacement values 
to obtain the actual densification of the samples. The cylindrical 

graphite dies used in this work had an internal diameter in the 

range of 13–15 mm, an outer diameter of 30 mm, and a 30 mm 
height. For each experiment, the desired mixture was placed into 

the die and initially cold pressed under a load of 50 MPa. The 

relative densities of the compacts before the preheating stage 
were 55 ± 1% and 65 ± 1% for the nanostructured Cu/Cr 

particles and Cu + Cr mixtures, respectively. 

 

Two schemes were used for the consolidation of powder 
compacts (i.e., conventional spark plasma sintering (SPS) and 

flash spark plasma sintering (FSPS)). The schemes of the 

sintering profiles are shown in Figure S1. In the SPS scheme 
(Figure S1a), the sample was wrapped with graphite paper and 

inserted inside the die. In this case, the current circulated in both 

the graphite tool and the powder compact. Four different 
sintering temperatures (i.e., 923, 973, 1048, and 1123 K) were 

used to investigate the consolidation kinetics. The dwelling time 

for all experiments was 10 min. The heating rate for all selected 

temperatures was 100 K/min, except 973 K, where both 5 and 
100 K/min were evaluated in order to study the effect of heating 

rates on the kinetics of sintering at the same temperature. 

 
In the FSPS scheme (Figure S1b), the inner surface of the die 

was coated with electrical insulated material (i.e., hexagonal 

boron nitride) with a thickness of 0.2 ± 0.05 mm to prevent 

transmission of the DC pulses through the die and concentrating 
the entire current on the sample and graphite paper. The 
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electrical insulation between the graphite die and the punches 

was verified, before and after each experiment by the multimeter 
(see [31] for more details). The temperature was increased 

manually at 100 K/min to 473 K, followed by rapid increase of 

the electrical current to the predetermined value in 5 s and kept 

for 10 s (see Figure S1b). Such an electrical current pattern is 
called ―the forced mode‖ [30]. Thus, in the FSPS scheme, the 

maximum temperature was not pre-selected, but measured as a 

function of the applied current. 
 

We also used two different schedules for the applied pressure. 

Plan A, where the pressure of 50 MPa was applied at room 
temperature and kept constant until the end of sintering 

procedure and Plan B, where the pressure of 0.1 MPa was 

applied at room temperature kept up to 473 K, followed by its 

rapid increase to 50 MPa and the value was kept constant until 
the end of the experiment. 

 

Table S1 summarizes the experimental conditions for the 
different experiments. The designation W_X_Y_Z was 

employed for identification of the samples, where ―W‖ 

represents the scheme of sintering (SPS or FSPS), ―X‖ indicates 
the type of raw powder that used (Cu + Cr or Cu/Cr), and ―Y‖ 

denotes the sintering temperature in the case of the SPS test and 

maximum recorded temperature in the case of the FSPS 

experiments. Finally, ―Z‖ indicates the type of applied pressure 
plan (A or B). 

 

Characterization  
 

The microstructure of the materials was studied using scanning 

electron microscopy (SEM, JSM-7600F, JEOL, Tokyo, Japan) 
equipped with an EDS spectrometer (Oxford Instruments X-

MAX 80) as well as the transmission electron microscope 

(TEM, TITAN 800–300, FEI, Oregon, USA). Image processing 
software (ImageJ 1.52v, National Institutes of Health, Bethesda, 

USA and Photoshop CS6,  22.1.0, Adobe, San José, USA) was 

utilized for the analysis of the microstructural parameters. The 

relative density (Δ) of the sample was calculated based on the 
measurements of the mass (m) and the volume (cylinder with 

https://ru.wikipedia.org/wiki/Adobe
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constant diameter, d, and the height h; V = π(d/4)
2
∙h) of the 

sample and the knowledge of the theoretical density (ρth) of the 
considered composition of the mixture: ∆ = (m/V)/ρth. In the case 

of the immiscible Cu–Cr alloy, we assumed that ρth = const. The 

diameter (d) and the height (h) of the sample was measured with 

an accuracy of 1 µm. The volume of the sintered samples was 
also measured by the Archimedes’ method. 

 

For specific electrical resistance measurements, samples were 
cut into rectangular cubes with the dimensions of about 11 mm × 

5 mm × 0.2 mm. The four-contact method at the DC was 

employed in a setup provided by KRIOTEL Ltd. (Moscow, 
Russia). At least five measurements were performed to obtain 

the average values of the specific electrical resistivity and 

corresponding standard deviations. The thermal diffusivity of the 

materials was measured by the laser flash method on a thermal 
diffusivity analyzer LFA457 NETZSCH (Selb, Germany). For 

this experiment, cylindrical pieces with a diameter of 12.7 mm 

and a height of 1.5 to 2 mm were used. For each sample, the test 
was repeated five times. 

 

The mechanical properties of the sintered samples including the 
hardness and elastic modulus were measured on the polished 

micro-sections using a Micro-Hardness Tester (CSM 

Instruments, Peuseux, Switzerland) by the Oliver and Farr 

method, which allowed us to determine these characteristics by 
analyzing the resulting load–displacement curves. A diamond 

pyramid was used as the indenter (Vickers hardness test), the 

maximum load was 100 mN, and the duration of a single 
loading–unloading cycle was 72 s. 

 

Results and Discussion  
Spark Plasma Sintering: Kinetics  
 

Two types of mixtures (i.e., conventionally blended Cu + Cr 

powders and mechanically induced nanostructured Cu/Cr 

particles) were subjected to SPS under different temperature–
time schedules (Table 1). The load of Plan A and dwelling time 

(10 min) were used for this set of conventional SPS experiments. 
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The typical dependences of the relative sample’s density (Δ) 

versus temperature (T) for Cu + Cr and Cu/Cr mixtures are 
shown in Figure 2a,b, respectively. Several qualitative 

conclusions can be made. First, it can be seen that the initial 

densities (Δ0) of the compacted (50 MPa) powders were 

different for the mixtures. The conventionally mixed Cu + Cr 
samples had Δ0 in the range of 66–67%, while Δ0 for the Cu/Cr 

composite particles was 53–55%. This means that the 

compressibility of the mechanically induced particles at room 
temperature was less that for the conventional mixture. Second, 

considering that the heating rate was the same (100 K/min) for 

both media, it may be implied that the sintering rate for the 
Cu/Cr media was much higher compared to the conventional 

mixture. As a result, the final densities of the compacted 

materials were higher for the nanostructured Cu/Cr particles (see 

Table 1). 
 

 
 
Figure 2: Typical dependences of relative density vs. temperature for the (a) 
conventional Cu + Cr mixture; (b) and Cu/Cr particles (spark plasma sintering 

(SPS) conditions: 100 K/min, Plan A). 

 

For quantitative analysis of the obtained data, let us introduce 

the so-called densification parameter (χ) as follows [32]: 
 

   
      

      
             (1) 

 

where ρ0, ρin, and ρth correspond to the initial density, 

instantaneous density at a given time, and theoretical density of 
the sample, respectively. The kinetic functions χ = F(t) for the 

Cu + Cr and Cu/Cr media sintered up to different maximum 

temperatures are shown in Figure 3a,b correspondingly. 
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Table 1: Some kinetics parameters for the spark plasma sintering (SPS) of different consolidated media. 
 

SPS Conditions 

Tmax 

Heating Rate 

Type of Powder 

Mixture 

Final Relative 

Density,% 

n 

Isothermal 

Conditions 

Ave. dχ/dt 

Preheating Stage, 

10
−3

 s
−1

 

Ave. dχ/dT 

Preheating Stage 

10
−5

 s
−1

 

923 K, 100 K/min Cu+Cr 80 ± 0.2 0.45 ± 0.05 1.0 ± 0.1 1.0 

Cu/Cr 93 ± 0.5 0.5 ± 0.03 3.1 ± 0.4 3.1 

973 K, 100 K/min Cu+Cr 85 ± 0.2 0.5 ± 0.04 1.0 ± 0.1 1.0 

Cu/Cr 96 ± 0.5 0.5 ± 0.05 3.1 ± 0.4 3.1 

1023K, 100 K/min Cu+Cr 91 ± 0.2 0.48 ± 0.03 1.0 ± 0.1 1.0 

Cu/Cr 98 ± 0.2 0.5 ± 0.05 3.1 ± 0.4 3.1 

1023K, 100 K/min Cu+Cr 93 ± 0.2 0.4 ± 0.05 1.0 ± 0.1 1.0 

Cu/Cr 99 ± 0.5 0.4 ± 0.05 3.1 ± 0.4 3.1 

973 K, 5 K/min Cu+Cr 83.8 ± 0.2 0.5 ± 0.04 0.044 0.88 

Cu/Cr 94.5 ± 0.3 0.5 ± 0.03 0.167 3.34 
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Figure 3: Typical consolidation kinetics for the (a) conventional Cu + Cr 
mixture and (b) Cu/Cr particles (SPS conditions: 100 K/min, Plan A). 

 

For further analysis, let us use the widely recognized 
phenomenological sintering equation [32–34]: 

 

                   (2) 
 

where k is the linear parameter and n is the time exponent of the 

sintering equation. Parameter k is typically presented as follows: 
 

      
                  (3) 

 

where k0 is the pre-exponential factor and Q is the effective 

activation energy of the sintering process. 
 

According to Equations (2) and (3) under isothermal conditions 

(k = const), we have a linear dependence: 
 

                         (4) 

 

where a slope is a value of parameter n. 
 

The corresponding treatment of the experimental data showed 

that, indeed, with high accuracy (Adj. R square 0.97–0.99), all 
experimentally obtained kinetic dependences could be fit by the 

linear function (4) with the n value varied in the range of 0.4–0.5 

(Table 1). Knowing the n values, the Arrhenius plots were used 
to estimate the apparent activation energy (Q) of the 

consolidation process for different sintering media: 
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            (5) 

 

These plots are shown in Figure 4. It can be seen that the 

conventional Cu + Cr mixture had QCu+Cr = 12,271R= 102 ± 15 
kJ/mol, while Q for the nanostructured Cu/Cr particles was more 

than twice smaller (i.e., QCu/Cr = 5571R= 46 ± 2 kJ/mol). 

 

 
 
Figure 4: Arrhenius plots for (a) the Cu + Cr mixture and (b) Cu/Cr particles 
(SPS conditions: 100 K/min, 50 MPa). 

 
For the non-isothermal sintering con1ditions, we may re-write 

Equation (2) as follows: 

 
  

  
          

  

  
    

 

 
    

 

   

  

  
  (

 

 
 

 

   

  

  
)            (6) 

 

or: 

 
 

 

  

  
 (

 

 
 

 

   

  

  
)            (7) 

 

In the case of linear heating: 
 

            
  

  
             (8) 

 

Equation (7) can be re-written in the form: 

 
 

 

  

  
 

  

  

  

  
  

  

  
 (

 

        
 

 

   
 )   (

 

      
 

 

   
)                      (9) 
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It can be seen that the sintering rate 
  

  
 depends on the heating 

rate (β) (i.e., the higher heating rate provides the higher sintering 

rate). However, the derivative of the densification function vs. 

temperature (i.e., 
  

  
) does not depend on the heating rate (β): 

 
  

  
  (

 

      
 

 

   
)          (10) 

 

Analysis of the kinetic curves during the preheating stage 

(Figure 3) implies that χ = χ(t) dependence with high accuracy 
can be fitted by linear function for both considered media (see 

Figure S2). The average 
  

  
 was (1.0 ± 0.1) × 10

−3
 s

−1
 and (3.1 ± 

0.4) × 10
−3

 s
−1

 for Cu + Cr and Cu/Cr media, respectively. Thus, 

in the preheating stage, the sintering rate for Cu/Cr media was 

much higher than that for the Cu + Cr mixture. It is worth noting 

that average values of 
  

  
 recorded for both mixtures during the 

non-isothermal stage of sintering (~0.01–0.1 s
−1

) were much 
higher than those observed during the isothermal stage (~10

−4
 

s
−1

). 

 
Additional experiments were conducted for both materials with a 

heating rate of 5 K/min up to a maximum temperature of 973 K 

(see Table S1). Typical consolidation curves are shown in Figure 
S3. Again, relative densification rates for mechanically induced 

media appeared to be four times higher than for the conventional 

Cu + Cr mixture. However, the average 
  

  
 in the preheating 

stage was smaller compared to those for experiments with 100 

K/s (see also Table 1), while 
  

  
 values, as predicted by Equation 

(10), were close to each other at 3.1./3.34 and 1.0/0.88 (see 

Table 1). 
 

Furthermore, by integrating (10) for some temperature range 

(T*, T), we may obtain the following relationship: 
 

      
 
   

 

  
    (

 

  
  )    

  
 

 

 

 
   
    (

    

     
)
 
 

 

 
(

 

  
 

 

 
)       (11) 
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Equation (11) allows us to calculate the apparent activation 

energy Q by using data obtained during the preheating stage of 
the sintering process: 

 

  
 

(
 

   
 

 
)
  *

 

   (
     

    
)
 

+          (12) 

 

Specifically, we assumed that parameter n was undependable on 

the heating conditions (isothermal and nonisothermal) and used 
n values obtained for the isothermal stage to analyze the 

preheating stage kinetics. In this case, by best fitting the 

1/χ∙(dχ/dt) = F(1/T) curve, one can obtain the value for the 
apparent activation energy (see, for example, Figure S4). For the 

conventional Cu + Cr mixture, we obtained QCu+Cr = 125 ± 10 

kJ/mol, while Q for the nanostructured Cu/Cr particles was 

QCu/Cr = 54 ± 5 kJ/mol. It is important that these values are in 
good agreement with those calculated for isothermal conditions. 

 

The following conclusions can be made based on the above 
experimental findings: 

 

(i) Under the investigated conditions, the sintering rates for the 
mechanically induced composite Cu/Cr particles were 2–4 

times higher compared to that for the conventional Cu + Cr 

mixtures during both the isothermal and nonisothermal 

stages; 
(ii) The apparent sintering activation energy for the Cu/Cr 

powder was approximately twice lower than that for the Cu 

+ Cr mixture; 
(iii) The sintering rate was much faster in the preheating stage 

compared to the isothermal stage for both mixtures; and 

(iv) The higher heating rate resulted in a higher consolidation 

rate. 
 

The latter conclusion suggested that we performed the sintering 

at extremely high heating rates (i.e., under, so-called, flash SPS 
conditions). 
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Flash Spark Plasma Sintering: Kinetics  
 

The FSPS involves several stages. In the first stage, the powder 

mixture is relatively slowly (100 K/min) preheated to ~473 K. In 

the second stage, the current through the Cu–Cr media was 
rapidly (~10 s) increased to a value in the range of 450–685 A, 

leading to an extremely fast heating of the sample. The total 

process duration from the increase of the electrical current to its 
complete termination was 15 s. 

 

It was not possible to accurately measure the rate of temperature 

change (β) during the second stage, thus we could only estimate 
this value based on the accurately measured values of the 

maximum reached temperatures. Such estimations showed that 

during FSPS, the heating rate β was in the range of 900–3000 
K/min (i.e., up to 50 K/s), which was 10–30 times faster than the 

preheating rate (100 K/min) used during conventional SPS 

process. 
 

Table 2 represents the final density (Δf) of the Cu/Cr specimens 

after FSPS with 15 s FSPS time. It can be seen that Δf for all 

conditions was larger than that for conventional SPS with a 10 
min dwell time (for comparison some SPS data are also shown 

in Table 2). 
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Table 2: Structural characteristics of Cu/Cr materials consolidated by various SPS routes. 
 

Mode Sintering Condition Relative Density 
(%) 

The Relative Area of 
the Cu-Rich Phase (%) 

The Size of Cr-Rich 
Particles (µm2) 

FSPS 40 K/s 
698/15 s 

Plan A 96.1 ± 0.4 4.3 ± 0.3 0.024 ± 0.01 

Plan B 97.1 ± 0.3 14.5 ± 0.6 0.05 ± 0.025 

45 K/s 
748/15 s 

Plan A 96.1 ± 0.4 4.3 ± 0.3 0.024 ± 0.01 

Plan B 97.5 ± 0.4 19.7 ± 0.9 0.93 ± 0.07 

50 K/s 

818/15 s 

Plan A 98.9 ± 0.1 38.3 ± 1.2 0.86 ± 0.6 

Plan B 99.3 ± 0.2 45.4 ± 2.6 2.13 ± 0.7 

SPS 100 K/min 973 
K/10 min 

Plan A 96.5 ± 0.3 17.2 ± 0.9 0.13 ± 0.06 

5 K/min 973 K/10 
min 

Plan A 94.5 ± 0.2 22.6 ± 0.4 0.21 ± 0.13 
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The typical FSPS kinetics (615 A/15 s) curves for Cu + Cr and 

Cu/Cr media are shown in Figure 5a. The estimation implies that 
average consolidation rates in terms of dχ/dt were 0.065 s

−1
 and 

0.05s
−1

 for the Cu/Cr and Cu + Cr samples, respectively, while 
the maximum recorded dχ/dt was correspondingly around 0.14 

s
−1 

and 0.12 s
−1

. Thus, these average values were 20 and 50 times 

higher than those observed for SPS conditions with a 100 K/min 
heating rate. It is worth noting that these values are in qualitative 

agreement with Equation (9), which suggests that dχ/dt is 

proportional to the heating rate. However, the difference in dχ/dt 
between the mechanically induced composite particles and 

conventional Cu + Cr mixture was less under FSPS compared to 

the SPS conditions (see also Table 1). 

 

 
Figure 5: (a) Effect of high energy ball milling on the densification of samples 
fabricated by flash spark plasma sintering (FSPS). (b) Kinetics of FSPS 

consolidation of Cu/Cr media. (c) Effect of applied pressure. (d) Energy 
consumption for different sintering routes. 

 
To compare the densification rates during rapid current change 

and constant current stages, a special set of experiments was 

conducted with relatively low maximum current (450 A/45 s) 

and relatively long (35 s) constant current stage (Figure 5b). It 
can be seen that the maximum consolidation rate of ~0.1 s

−1
 was 
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observed during the first 4 s of the rapid current increase stage 

(total duration 10 s), while dχ/dt dropped (3–5) × 10
−3

 s
−1

 values 
at the constant current stage (35 s duration). The latter values are 

comparable with those reported above on the preheating stage 

for conventional SPS. This effect can be explained by the fact 

that upon reaching constant current, the temperature continued 
to grow (see Figure S5). At the end of a total 45 s of sintering, 

essentially complete consolidation was achieved. 

 
It was also shown that if the load was applied just before the 

increase of electrical current (750 A/15 s), the final density of 

the materials was higher (Figure 5c). It is probably related to the 
better compressibility of the Cu/Cr particles at 573 K compared 

to room temperature. Indeed, as can be seen (Figure 5c), the 

difference between the initial densities of samples treated via 

plan A (0
A 

= 55.85) and B (0
B 

= 52.35) was 3.5% and it did not 
change during the preheating stage up to 573 K. However, when 
the load was applied to sample B (t = 109 s), in 10 s, its density 

surpassed that for sample A, which led to higher final density 

after the current was increased to 750 A. Finally, Figure 5d 

illustrates the obvious conclusion that FSPS allows for 
significant savings in the amount of energy for the fabrication of 

the alloys. 

 
The following conclusions can be outlined: 

 

(i) Under FSPS conditions, the observed maximum 
consolidation rates were 20–30 times higher than that for 

conventional SPS with a heating rate of 100 K/min; 

(ii) The measured rate for temperature change β = dT/dt during 

FSPS appeared to be in the range of 900–3000 K/min, and 
hence the extremely rapid consolidation rates can be 

explained just by an increase of the β (see Equation (9)). It 

implies that the mass transport mechanism, which is 
responsible for the variation in the densification function 

with temperature 
  

  
 remained the same; and 

(iii) The above features, make FSPS an efficient approach for 

fabrication of the alloys. The load application schedule can 

be one more parameter for optimization of the 
consolidation process. 
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Microstructure of the Pseudo-Alloys  
 

Typical microstructures of the Cu/Cr-based materials fabricated 

by conventional SPS with different temperature-time schedules 

are shown in Figure 6. It can be seen that for all considered 
conditions, the microstructure consisted of relatively large 

composite Cu/Cr grains and Cu layers (light phase). The size of 

the grains was close to the size of the mechanically-induced 
Cu/Cr particles (10–20 μm). The microstructures shown in 

Figure 6a,b (100 K/min up to 973 K with zero dwell time) 

suggest that Cu layers formed during the preheating stage. A 

comparison with Figure 6c,d (100 K/min up to 973 K with 10 s 
dwell time) implies that the thickness of the Cu layers increases 

during the isothermal stage, while the size of the Cr grains (dark 

phase) in the composite grains remained essentially unchanged. 
Finally, slower heating rate (5 K/min) leads to qualitatively 

similar microstructures (Figure 6e,f), but with thicker (up to 5 

μm) Cu layers. 
 

The microstructures of the alloys obtained after SPS of the 

conventionally mixed Cu + Cr particles are shown in Figure 7. It 

can be seen that the microstructures were much coarser (Cr 
grains were in the range of 10–25 μm) that those for the Cu/Cr-

based materials (submicron Cr grains). The samples fabricated at 

973 K (Figure 7a–d) had large pores (average density was 85 ± 
3%) and cracks along the interphase between the Cr grains. A 

relatively high temperature (1123 K) is required to fabricate a 

material (Figure 7e–f) with a relative high density (94 ± 3%). 
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Figure 6: Effect of heating rate on the microstructure of Cu/Cr powder 
sintered at 973 K: (a,b) 100 K/min without dwelling time; (c,d) 100 K/min 
with 10 min dwelling time; (e,f) 5 K/min with 10 min dwelling time. 

 

The FSPS_Cu/Cr_823, for which the maximum reached 

temperature was 823 K, had a microstructure (Figure 8a,b) 
similar to that of the SPS_Cu/Cr with a maximum temperature 

of 923 K, and involved nanostructured Cu/Cr grains and thin Cu 

layers. However, when the maximum reached temperature was 
1043 K, two new features could be outlined (Figure 8c,d): (i) 

homogenization of the microstructure on the micron scale level 

(compare Figure 8a and 8c), and (ii) the growth of Cr grains up 

to 1 μm in size. 
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Figure 7: Effect of heating rate on the microstructure of conventional Cu + Cr 
powder sintered with a 10 min dwell time: (a,b)100 K/min at 973 K; (c,d)5 
K/min at 973 K; (e,f)100 K/min 1023 K. 
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Figure 8: Typical microstructures of the materials fabricated under different 

FSPS conditions: (a,b) sample FSPS_Cu/Cr_823K (450A, 25 s) and (c,d) 
FSPS_Cu/Cr_1043K (450 A, 45 s). 

 

Comparison of the microstructures of the FSPS_Cu+Cr_698K 
and FSPS_Cu/Cr_818 K samples is shown in Figure 9. It can be 

seen that the Cu + Cr alloy (a,b) after 15 s of heat treatment had 

similar features obtained after SPS with 10 min of dwell time at 
923 K. The Cr/Cu sample (c,d) had the highest final density 

(~99%; Table 1), which was reached only after 15 s of the 

consolidation process at Tmax = 818 K. The Cu/Cr alloy again 
possessed a much finer structure compared to that for the Cu + 

Cr alloy. The microstructural characteristics of the alloys 

obtained under different consolidation conditions are 

summarized in Table 2. The following general conclusions can 
be outlined: 

 

(i) After a short (~15 s) FSPS process, the formed alloy’s 
microstructures were similar to that after long term (10 min) 

conventional SPS consolidation; 

(ii) Pseudo-alloys fabricated from the nanostructured composite 
Cr/Cu particles possessed a much finer microstructure 

compared to those obtained from the Cu + Cr mixture 
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Figure 9: Typical microstructures of materials (a,b); Cu + Cr powder after 
FSPS; and (c,d) Cu/Cr after a FSPS maximum temperature of 818 K and total 
duration of 15 s. 

 

Properties  
 

Some mechanical, electrical, and thermal properties of the 

consolidated Cr/Cr and Cu + Cr alloys are summarized in Tables 
3 and 4, respectively. 

 

It can be seen that the electrical resistivity of the Cu/Cr 

nanostructured alloys was ~7.5 mΩ·cm, which was slightly 
above than that for the Cu + Cr alloys of ~6.5 mΩ·cm. 

Correspondingly, the thermal diffusivity of the nano-alloys (~30 

mm
2
/s) was lower (~40 mm

2
/s for the micro-scale alloys). All 

reported mechanical properties of the Cu/Cr materials were 

much higher than those for Cu + Cr. It is worth noting that the 

Young modulus for Cu/Cr alloys was in the range reported for 
chromium (245–285 GPa), while for Cu + Cr, it was in the order 

for pure cooper (130 GPa) [35]. In addition, the Cu/Cr materials 

were 4–5 times harder than the Cu + Cr opponents. 

 



Prime Archives in Material Science: 3rd Edition 

24                                                                                www.videleaf.com 

All of the above trends can be explained by the significant 

differences in the microstructures of the alloys. It can be seen 
(compare Figures 6, 7, and 9) that regardless of the consolidation 

method, the Cu/Cr materials primarily consisted of 

nanostructured Cu/Cr grains, where the metals were mixed on a 

sub-micron level, while the Cu + Cr alloys exhibited large (20 
μm) grains of Cr immersed into the Cu-matrix. 

 

The nanostructured Cu/Cr grains dictate high hardness and 
elastic modulus. A more developed percolation copper net in the 

Cu + Cr alloys led to the higher electrical and thermal 

conductivities. Finally, it is important that by using the rapid 
energy and time saving FSPS approach, one may obtain alloys 

with similar microstructures and thus properties such as those 

consolidated by the relatively long-term conventional SPS 

method. 
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Table 3: Some properties of the Cu/Cr nanostructured pseudo-alloys. 
 

Sample Plan for 

Applied 

Pressure 

Electrical 

Resistivity 

mΩ·cm/ 

Conductivity % 

IACS 

Thermal 

Diffusivity 

mm
2
/s 

Macro 

Hardness 

GPa 

Micro Hardness 

GPa 

Elastic 

Modulus 

GPa 

SPS_ 5_973 A 7.7 ± 0.4/22 28.4 ± 0.1 4.6 ± 0.2 4.4 ± 0.5 244 ± 20 

SPS_100_973 A 7.3 ± 0.4/24 27.0 ± 0.1 5.2 ± 0.8 5.2 ± 1.2 210 ± 15 

SPS_100_1123 A 6.2 ± 0.1/28 32.8 ± 0.2 4.4 ± 0.3 4.1 ± 0.5 203 ± 11 

FSPS_698 A 7.6 ± 0.2/23 29.6 ± 0.2 5.0 ± 0.2 4.3 ± 0.2 238 ± 19 

B 7.8 ± 0.2/22 30.0 ± 0,1 3.3 ± 0.8 3.4 ± 0.2 202 ± 22 

FSPS_748 A 7.9 ± 0.2/22 30.5 ± 0.1 5.2 ± 0.4 5.3 ± 0.7 228 ± 45 

B 8.8 ± 0.2/20 28.4 ± 0.2 4.0 ± 1.0 3.4 ± 0.3 214 ± 13 

FSPS_818 A 8.9 ± 0.3/20 30.0 ± 0.2 3.9 ± 0.4 4.3 ± 0.2 197 ± 24 

B 7.5 ± 0.1/23 30.8 ± 0.2 3.8 ± 0.2 4.5 ± 0.2 201 ± 20 

 
Table 4: Some properties of the Cu–Cr pseudo-alloys. 

 
Sample Electrical Resistivity mΩ·cm/ 

Conductivity % IACS 

Thermal 

Diffusivity mm
2
/s 

Macro 

Hardness GPa 

Micro Hardness 

GPa 

Elastic Modulus 

GPa 

SPS_5_973 6.1 ± 0.3/28 43.9 ± 0.3 0.71 ± 0.04 1.3 ± 0.1 136 ± 15 

SPS_100_973 6.9 ± 0.3/25 37.0 ± 0.5 0.51 ± 0.02 1.0 ± 0.1 – 

SPS_100_1123 5.7 ± 0.2/30 42.2 ± 0.6 1.05 ± 0.05 – – 
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Conclusions  
 

The SPS kinetics for Cu–Cr alloys were investigated for heating 
rate in the range of 5–3000 K/min. It was shown that under 

FSPS (i.e., heating rate ~10
3 

K/min), the observed maximum 

consolidation rates were 20–30 times higher than that for the 

SPS with a heating rate of 100 K/min. However, the analysis 
showed that such rapid consolidation could be explained just by 

the increase of the β (see Equation (9)), which suggests that the 

mass transport mechanism does not change. The latter is an 
important fundamental conclusion that allows for analysis of 

FSPS using kinetic parameters obtained under conventional SPS. 

 

In contrast, it was demonstrated that by changing the 
microstructure of the media, one may significantly vary the SPS 

kinetics. Indeed, under similar conditions, the sintering rates for 

mechanically induced composite Cu/Cr particles were 2–4 times 
higher compared to those for conventional Cu + Cr mixtures. 

The latter conclusion was valid for both isothermal and 

nonisothermal consolidation stages. This effect can be explained 
by the different mass transport mechanisms (i.e., the surface 

diffusion for nanocomposite particles and the volume diffusion 

for conventional mixture of metals). 

 
The pseudo-alloys fabricated from the nanostructured composite 

Cr/Cu particles possessed a much finer microstructure compared 

to those obtained from the Cu + Cr mixture. This effect leads to 
much higher mechanical properties of the Cu/Cr alloys. Finally, 

the microstructures and properties of the pseudo-alloys obtained 

from Cu/Cr particles after a short (~15 s) FSPS process were 
similar to those fabricated during relatively long-term (10 min) 

conventional SPS consolidation. The above features make FSPS 

an efficient approach for production of the alloys. 
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Supplementary Materials:  

 

 

 
 
Figure S1: Sintering profiles for different consolidation schemes: (a) SPS; (b) 
FSPS Sintering conditions for different consolidation schemes. 
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Table 1: Sintering conditions for different consolidation schemes. 
 

 
 
* 50MPa pressure was applied from beginning of experiment until the end of 
test; ** 0.1MPa minimum pressure was applied until 473 K, then it was rapidly 
increased to 50 MPa until the end of test; *** In the case of FSPS experiments 
the sintering temperature was not predetermined, but was recorded at the end of 
the heating stage. 

 

 

 
 

Figure S2:  Kinetic curves during the preheating stage for: conventional Cu+Cr 
mixture (a, b); and Cu/Cr particles (c, d) (SPS conditions: heating rate 100 
K/min, Plan A). 
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Figure S3: The dependences of relative density vs temperature for: (a) 
conventional Cu+Cr mixture; (b) and Cu/Cr particles (SPS conditions: 
Tmax=973 K; heating rate 5 K/min, Plan A). 
 

 
 

Figure S4: Estimation of the activation energy (Q) of sintering during non-
isothermal stage for (a) Cu+Cr mixture and (b) fore Cu/Cr nanostructured 

particles. 
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Figure 5: The dependences of current and temperature vs temperature for 
FSPS. 

 
 
 
 


