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The interaction of the components in the ternary system Hf–Re–Si at 1000°C has been investigated by means 
of X-ray powder diffraction and scanning electron microscopy with energy-dispersive X-ray spectroscopy. 
The system is characterized by the formation of solid solutions based on the binary phases. In addition to 
HfReSi and HfReSi2, two more ternary phases, with approximate compositions Hf23(2)Re4(1)Si73(1) (T1) and 
Hf 71(2)Re18(3)Si11(1) (T2), were observed. According to the EDXS analysis, the highest solubility of the third 
component was found for HfRe2 (up to 36.4 at.% Si) and Re4Si7 (up to 23.8 at.% Hf). The ternary phase 
HfReSi exhibits a significant homogeneity range with an approximately constant Hf content at 1000°C  
(Hf 29.1(3)-25.0(4)Re30.3(5)-45(2)Si40.6(8)-30(2)). 
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Introduction 
 
Low thermal expansion is an important characteristic 
of construction materials. The peculiar properties of 
some of the Hf–Si and Re–Si compounds [1] make the 
ternary Hf–Re–Si system attractive for a detailed 
investigation of the interaction of the components at 
elevated temperatures, and the consecutive 
construction of isothermal sections of the phase 
diagram. 

The systems {Ti,Zr,Hf}–{Mn,Re}–{Si,Ge,Sn,Pb}, 
or T IV–T VII–M IV, have not yet been thoroughly 
investigated. Of the 24 ternary systems, isothermal 
sections of the phase diagrams (mainly partial, 
experimental) have been constructed only for  
the Ti–Mn–{Si,Ge,Sn} systems [2]. 32 ternary 
compounds, representing 13 structure types, 9 of them 
fully ordered, have been reported in the T IV–T VII–M IV 
systems ([3], Table 1). It should be noted that almost 
all of the known compounds contain Mn and the 
largest number of representatives, eight, has the 
structure type ZrCrSi2. 

As for the Hf–Re–Si system in particular, two 
ternary compounds – HfReSi (structure type ZrNiAl, 
space group P-62m, Pearson symbol hP9) [4] and 
HfReSi2 (ZrCrSi2, Pbam, oP48) [5] – have been 
reported. The boundary systems, Hf–Re, Hf–Si, and 
Re–Si, are well known and their phase diagrams have 
been constructed [6]. Crystallographic parameters of 

the binary and ternary compounds reported prior to 
this investigation are summarized in Table 2. 

In this work, we present the results of a 
preliminary investigation of the interaction of the 
components in the system Hf–Re–Si at 1000°C. 
 
 
Experimental 
 
Alloys were synthesized from high-purity metals 
(Hf ≥ 99.9 mass%, Re ≥ 99.9 mass% (pressed pellets), 
Si ≥ 99.999 mass%) by arc melting with a tungsten 
electrode, a water-cooled copper hearth and a Ti getter 
under argon atmosphere. After the synthesis, the 
ingots were sealed in quartz ampoules under vacuum, 
annealed at 1000°C for 1 week and quenched into cold 
water. Phase analysis and structure refinements were 
carried out using X-ray powder diffraction (XRPD) 
data collected on diffractometers DRON-2.0M (Fe Kα 
radiation) and STOE STADI P (Cu Kα1 radiation). 
The profile and structural parameters were refined by 
the Rietveld method, using the WinCSD program 
package [7]. The overall compositions of the samples 
and of the individual phases, in particular the 
solubilities of the third component in the binary 
phases, were investigated by means of energy-
dispersive X-ray spectroscopy (EDXS; scanning 
electron microscope Tescan Vega 3 LMU equipped 
with an X-MaxN20 silicon drift detector). 
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Table 1 Structure types of known compounds in T IV–T VII–M IV systems. 
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Si              
Ge              
Sn              

Ti–Mn– 

Pb              
Si              
Ge              
Sn              

Zr–Mn– 

Pb              
Si              
Ge              
Sn              

Hf–Mn– 

Pb              
Si              
Ge              
Sn              

Ti–Re– 

Pb              
Si              
Ge              
Sn              

Zr–Re– 

Pb              
Si              
Ge              
Sn              

Hf–Re– 

Pb              
Number of representatives 1 1 1 1 1 1 2 2 2 3 4 5 8 
 
 
Results and discussion 
 
Twelve ternary alloys were prepared in the system 
Hf–Re–Si. The results of the analysis by XRPD and 
EDXS are summarized in Table 3; backscattered-
electron (BSE) images of selected samples, together 
with the compositions of the identified phases, are 
shown on Fig. 1. 

At 1000°C, the existence of the binary phases 
Hf21Re25, HfRe2, Hf5Re24, Hf2Si, HfSi2, and Re4Si7, 
mainly in the form of ternary solid solutions, was 
confirmed. These findings are in agreement with the 
assessed binary phase diagrams [20-22]. In addition, 
we observed a Hf5Si3-based solid solution. Hf5Si3 
exists between 1718 and 2510°C and forms via  
the peritectic reaction L + Hf3Si2 ↔ Hf5Si3  
at 2510°C [23]. At first, this phase was considered to 
be stabilized by C, N, or O [24-26], but later it was 
found to be stable as a binary phase [27]. We also 
observed ReSi (exists between 1650-1820°C;  
L + ReSi1.75 ↔ ReSi at 1820°C), while Hf3Si2  

(L ↔ Hf3Si2 at 2480°C), Hf5Si4 (L + Hf3Si2 ↔ Hf5Si4 
at 2320°C), and Re2Si (L ↔ Re2Si at 1810°C) were 
not detected.  

The existence of the reported ternary phases 
HfReSi and HfReSi2 at 1000°C was confirmed as 
well. In addition, two new ternary phases with 
approximate compositions Hf23(2)Re4(1)Si73(1) (T1) and 
Hf71(2)Re18(3)Si11(1) (T2) were detected. 

In the region 63.6-66.7 at.% Si of the system  
Re–Si four compounds with close compositions have 
been reported: triclinic ReSi1.75, monoclinic Re4Si7, 
tetragonal ReSi1.8, and orthorhombic ReSi2. For the 
Rietveld refinements, performed on multiphase 
samples, we used the monoclinic crystal structure 
model. 

According to the EDXS analysis, the highest 
solubilities of the third component were found for 
HfRe2 (up to 36.4 at.% Si) and Re4Si7 (up to 23.8 at.% 
Hf). The ternary phase HfReSi showed a significant 
homogeneity range at an almost constant Hf content 
(Hf29.1(3)-25.0(4)Re30.3(5)-45(2)Si40.6(8)-30(2)). 



L. Zinko et al., Interaction of the components in the system Hf–Re–Si 
 

Chem. Met. Alloys 12 (2019) 90 

Table 2 Crystallographic parameters of binary and ternary compounds in the systems Hf–Re, Hf–Si, Re–Si, 
Hf–Re–Si. Binary phases stable at 1000°C are highlighted. 

 
Unit-cell parameters, Å 

Compound 
Structure 

type 
Pearson 
symbol 

Space 
group a b c 

Ref. 

Hf 21Re25 Zr21Re25 hR276 R-3c 25.773 – 8.760 [8] 
HfRe2 MgZn2 hP12 P63/mmc 5.239 – 8.584 [9] 

Hf 5Re24 Ti5Re24 cI58 I-43m 9.708 – – [10] 
Hf 2Si CuAl2 tI12 I4/mcm 6.553 – 5.186 [11] 
Hf5Si3 Mn5Si3 hP16 P63/mcm 7.844 – 5.492 [12] 
Hf 3Si2 U3Si2 tP10 P4/mbm 6.988 – 3.675 [12] 
Hf 5Si4 Zr5Si4 tP36 P41212 7.039 – 12.83 [12] 
HfSi FeB oP8 Pnma 6.889 3.772 5.223 [12] 
HfSi2 ZrSi2 oS12 Cmcm 3.672 14.57 3.641 [12] 

6.4444 9.6019 5.3898 
Re2Si Re2Si mP24 P21/c 

 β = 94.214°  
[13] 

Re5Si3 W5Si3 tI32 I4/mcm 9.53 – 4.81 [14] 
ReSi FeSi cP8 P213 4.7744 – – [15] 

23.167 3.14 8.3018 
Re4Si7 Re4Si7 mS44 Cm 

 β = 94.214°  
[16] 

3.12 3.138 7.67 
ReSi1.75 ReSi1.75 aP6 P1 

α = 90° β = 90.1° γ = 90° 
[17] 

ReSi1.8 MoSi2 tI6 I4/mmm 3.132 – 7.681 [18] 
ReSi2 ReSi2 oI6 Immm 3.128 3.144 7.677 [18] 

HfReSi ZrNiAl hP9 P-62m 6.927 – 3.391 [4] 
HfReSi2 ZrCrSi2 oP48 Pbam 9.106 10.016 8.062 [5] 
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Fig. 1 Microstructures of selected samples (BSE images) and compositions of the observed phases. 
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Table 3 Results of the phase analysis of the synthesized samples. 
 

Unit-cell parameters, Å 
Sample a Phase b 

Pearson 
symbol 

Space 
group a b c 

Re4Si7 mS44 Cm 23.1718(5) 
3.13614(6) 
β = 92.735(3)° 

8.2815(2) 

HfSi2 oS12 Cmcm 3.67478(9) 14.5380(4) 3.64225(10) 
1 Hf15Re15Si70 

Si cF8 Fd-3m 5.4237(5) – – 
HfSi2 
Hf17.4(4)Re12.5(2)Si70.1(4) 

oS12 Cmcm 3.6727(2) 14.5321(9) 3.6415(2) 

Re4Si7 
Hf23.8(7)Re16.8(4)Si59.4(5) 

mS44 Cm 23.110(4) 
3.1383(4) 
β = 92.79(2)° 

8.294(1) 2 
Hf33Re10Si57 
Hf21.9Re9.8Si68.3 

T1 
Hf23(2)Re4(1)Si73(1) 

     

Hf 5Si3 
Hf52.7(6)Re1.4(1)Si45.9(7) 

hP16 P63/mcm 7.819(1) – 5.476(1) 
3 

Hf57Re10Si33 
Hf51.1Re10.4Si38.5 HfRe2 

Hf44.9(4)Re19.4(7)Si35.7(3) 
hP12 P63/mmc 5.222(2) – 8.513(6) 

Hf 21Re25 hR276 R-3c 25.69(2) – 8.757(8) 

Hf 2Si tI12 I4/mcm 6.537(3) – 5.219(4) 4 Hf60Re20Si20 
unidentified phase      
HfRe2 hP12 P63/mmc 5.226(1) – 8.549(3) 
Hf 2Si tI12 I4/mcm 6.335(2) – 5.202(3) 5 Hf50Re30Si20 
unidentified phase      
HfRe2 
Hf31.2(6)Re51.1(6)Si17.7(1) 

hP12 P63/mmc 5.1899(1) – 8.5009(3) 

HfReSi 
Hf31.7(9)Re28.8(7)Si39.5(6) 

hP9 P-62m 6.9205(8) – 3.4133(7) 6 
Hf33Re47Si20 
Hf32.9Re41.1Si26.0 

HfSi 
Hf43.8(2)Re11.2(5)Si45.0(4) 

oP8 Pnma 9.902(4) 3.776(2) 5.272(3) 

7 Hf33Re57Si10 HfRe2 hP12 P63/mmc 5.2238(6) – 8.548(2) 
Hf 5Re24 
Hf14.9(7)Re73.5(4)Si11.6(4) 

cI58 I-43m 9.597(1) – – 

HfRe2 
Hf3.3(6)Re36.6(5)Si60.1(1) ? 

hP12 P63/mmc 5.145(1) – 8.418(3) 8 
Hf20Re60Si20 
Hf19.5Re57.9Si22.7 

HfReSi 
Hf25.0(4)Re45(2)Si30(2) 

hP9 P-62m 6.92(1) – 3.375(6) 

Hf 5Re24 cI58 I-43m 9.5135(8) – – 
ReSi cP8 P213 4.7765(4) – – 9 Hf10Re57Si33 
HfReSi hP9 P-62m 6.903(3) – 3.352(2) 
HfReSi 
Hf29.1(3)Re30.3(5)Si40.6(8) 

hP9 P-62m 6.921(2) – 3.385(2) 

HfReSi2 
Hf21.6(4)Re21.8(4)Si56.6(1) 

oP48 Pbam 9.119(3) 10.027(3) 8.064(3) 10 
Hf25Re25Si50 
Hf24.3Re24.7Si51.0 

Re4Si7 
Hf7(1)Re30.7(9)Si62.3(4) 

mS44 Cm 23.2(4) 
3.126(3) 
β = 92.7(1)° 

8.28(1) 

HfReSi hP9 P-62m 6.9218(2) – 3.3898(1) 
HfRe2 hP12 P63/mmc 5.257(2) – 8.592(5) 11 Hf33.3Re33.3Si33.4 
unidentified phase    –  
Hf 21Re25 
Hf43(3)Re51(2)Si6(1) 

hR276 R-3c 25.676(9) – 8.757(5) 

Hf 2Si 
Hf64(3)Re3(1)Si33(2) 

tI12 I4/mcm 6.516(6) – 5.261(9) 12 
Hf64Re29Si7 
Hf62.2Re31.6Si6.2 

T2 
Hf71(2)Re18(3)Si11(1) 

     
a nominal composition and overall composition according to elemental mapping (when available);  
b phase identified by XRPD and composition according to EDXS (when available) 
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Conclusions 
 
The system Hf–Re–Si at 1000°C is characterized by 
significant solubility of the third component in the 
binary phases. In addition to the already known 
compounds, two new ternary phases with approximate 
compositions Hf23(2)Re4(1)Si73(1) (T1) and 
Hf71(2)Re18(3)Si11(1) (T2) were observed. Their 
structures will be the topic of a future publication. 
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