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Abstract 

Chromium is one of the most well-known WC grain growth inhibitors in cemented carbides. It is thus vital 

to understand and to be able to thermodynamically model the prevailing phase equilibria in the WC-Co-

Cr system. To do this it is important that the lower order systems, such as the Co-Cr-C system, are 

correctly described. Previous investigations have shown that the M7C3 (M=Cr,Co,W) phase is the first 

carbide to form when Cr is added in excess to the WC+fcc-Co/liquid+graphite phase field. However, the 

exact structure of this phase has not been investigated and there are many proposed structures already 

for the binary Cr7C3 carbide, ranging from trigonal, via hexagonal to orthorhombic symmetry. Recent 

investigations show that the hexagonal structure belonging to the P63mc space group is the stable 

structure at 0 K. In the present study the binary Cr7C3 carbide and a mixed M7C3 carbide are 

investigated. The structures of both carbides and preferential positions for Co atoms in the mixed carbide 

are determined by XRD measurements in combination with ab initio calculations and Rietveld 

refinement. 
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Introduction 

Knowledge on thermodynamics and phase equilibria is in many cases the basis for design of new 

materials. In order to make reliable predictions it is of great importance to characterise the crystal 

structures of the phases under consideration and subsequently use this information in the 

thermodynamic models.  

It is well-known that chromium is one of the most commonly used WC grain growth inhibitors in 

cemented carbide production. According to the present state of knowledge M7C3 (M=Cr,Co,W) is the first 

carbide to form when Cr is added in excess to the WC+fcc-Co/liquid+graphite phase field [1,2], see 

Fig.1. 
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Figure 1: Calculated section of the W-Co-Cr-C system at 10wt% Co and 1wt% Cr using the Thermo-Calc software package [3] 

and parameters from [4] and [5]. 

The phase diagram in figure 1 shows the WC-10wt%Co-1wt%Cr system calculated using the Thermo-

Calc software package [3] and by combining [4] and [5]. It shows that at higher Cr and Carbon contents 

the WC-binder two phase field is limited by the formation of the M7C3 carbide and not by graphite 

formation in agreement with the experiments by Zackrisson et al. [1] and Frisk and Markström [2]. 

However, the exact structure of this phase has not been investigated and there are many proposed 

structures already for the binary Cr7C3 carbide. Westgren [6] was the first to study M7C3 (M=Cr or Mn) 

type carbides by performing XRD measurements on single crystals. The presented crystal structure of 

Cr7C3 was concluded to be trigonal, space group P31c, and shows a very small, almost negligible 

deviation from hexagonal symmetry. Later investigations performed by Bouchaud and Fruchart [7] 

determined the structure of M7C3 (M=Cr, Mn or Fe) type carbides to be orthorhombic, belonging to the 

Pmcn space group (or Pnma, which is equivalent). On the other hand, Herbstein and Snyman [8] 

determined the structure of Cr7C3 to be hexagonal and isomorphous to the Ru7B3 structure (P63mc 

space group). However, Rouault et al. [9] subsequently found that the temperature during synthesis of 

the carbides affects the resulting diffraction pattern. The orthorhombic structure was found for synthesis 

temperatures above 1473 K. At lower synthesis temperatures the diffraction patterns indicated a 

hexagonal structure (space group P63mc) which was explained by the authors to be due to heavy 

formation of twins and stacking faults during synthesis. This could also explain why Westgren indexed 

the structure as trigonal. An extensive investigation of the planar defects and resulting structures in the 

M7C3 (M=Cr,Fe) type crystals is given by Kowalski [10].  
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Recently, Jiang [11] showed by using first-principles calculations that the stable structure of Cr7C3 at 0 K 

is hexagonal and isomorphous with the Ru7B3 structure. Furthermore, Jiang points out that the 

orthorhombic structure is stabilized with increasing temperature due to its lower Debye temperature. This 

conclusion on the thermal evolution of Cr7C3 is in line with the results of Rouault et al. [9].  

It should be noted that all of the proposed structures are very similar and can be considered to be 

substructures of a disordered superstructure, where the volumes of the unit cells are in the ratio 1:2:4 for 

ordered hexagonal, orthorhombic and trigonal or disordered hexagonal respectively. Furthermore, all 

three structures can be considered to be built up from the same structural elements with different 

arrangement of these between the three proposed unit cells to account for the slightly different Cr and C 

sites. Schematic drawings of the structure composed of said elements are shown elsewhere [6,9-10].  

No stable carbide exists in the binary Co-C system [12]. However, the maximum solubility of Co in the 

mixed carbide M7C3 (M=Cr,Co) was investigated by Sterneland et al. at 1373, 1423 and 1473 K [13] and 

by Markström et al. [14] at 1523 and 1723 K and is shown to be very high, approximately 43 mass-%. 

Based on results from atomistic simulations at 0 K the crystal structure of the mixed carbide is proposed 

by Sterneland et al. [15] to be hexagonal and isomorphous with the structure proposed by Herbstein and 

Snyman [8]. Zackrisson et al. [1] investigated the quaternary W-Co-Cr-C system and described the M7C3 

(M=Cr,Co,W) carbide as orthorhombic pseudohexagonal using selected area electron diffraction. 

However, no details on the crystallography of this phase are given, i.e. no information on space group, 

lattice parameters, atomic positions etc. 

Experimental 

Materials Synthesis 

The objective of the experimental study is to synthesize a sample containing M7C3 with an appreciable 

amount of dissolved Co in order to determine the crystal structure of the mixed carbide in the Co-Cr-C 

system. A suitable alloy composition in the two-phase region M7C3+liquid is chosen with the aid of the 

Co-Cr-C phase diagram at 1723 K from Markström et al. [14].  

All samples are produced using powder metallurgical methods. The powder compositions and sintering 

conditions are summarized in Table I. Powders of 99.1% pure Co, 99.8% pure Cr and 99.4% pure Cr3C2 

are mixed, compacted and sintered at 1723 K in alumina crucibles in a controlled argon atmosphere for 

8 h. The main impurity in the raw materials is identified to be oxygen, most probably in the form of 

surface oxides on the particles. However it is expected that the oxygen content is low in the as-sintered 

samples due to the reaction of carbon with the surface oxides of Cr and Co, forming gaseous CO and 

CO2. This also means that slightly lower carbon contents are to be expected in the as-sintered samples. 

Table I: Powder composition and sintering conditions. 

Sample Co [g] Cr [g] Cr3C2 [g] T [K] Time [h] 

M7C3+Liquid 6.125±0.001 6.698±0.001 12.177±0.001 1723 8 
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It should be mentioned that powder mixtures are usually wet milled in a conventional powder 

metallurgical process. However, the presence of a milling liquid could increase the oxygen content and 

milling bodies could introduce significant levels of undesired contaminations. For this reason the powder 

is dry mixed in a multi-axial shaker. 

Materials Characterisation 

After sintering, the sample is cut, ground and polished. The microstructure is investigated using a 

Scanning Electron Microscope (SEM) equipped with a Back Scattered Electron (BSE) detector in order 

to verify that the correct phases have formed and that no undissolved Cr3C2 remains in the structure.  

The composition of the M7C3 phase is analysed using a Jeol 8900R Electron Probe Micro Analyser 

(EPMA) equipped with Wavelength Dispersive X-ray Spectroscopy (WDS) facilities. The analysis is 

performed using standards of pure elements for the Co and Cr analysis and TiC0.5N0.5 for the carbon 

content. 

X-Ray Diffraction (XRD) measurements are conducted using a PANalytical X’Pert Pro instrument with 

Cu Kα radiation. The measurements are carried out using a well-defined Si standard reference material 

in order to ensure the best possible accuracy. The measured intensities and peak positions obtained 

from the M7C3 sample are compared with pure orthorhombic Cr7C3 [9] and hexagonal Cr7C3 [8]. Since Co 

is dissolved in the carbides a shift in 2θ for the intensity peaks of the measurement compared to the 

references is expected. Additional XRD measurements are conducted on a commercially available Cr7C3 

powder, supplied by Treibacher Industrie AG, in order to verify the result from Rouault et al. [9]. The 

crystal structures and lattice parameters are then determined using Rietveld refinement [16] as 

incorporated in the PANalytical HighScore Plus software. 

Computational Details 

The Density Functional Theory [17] calculations are performed using the projector augmented wave 

(PAW) method [18] as implemented in the Vienna ab initio simulation package [19,20]. The exchange-

correlation interaction is treated by the Perdew–Burke–Ernzerhof (GGA-PBE) exchange correlation 

functional [21]. For all geometry optimizations an energy cutoff of 750 eV is used. A k-point mesh of 

6×6×9 k-points, centred in the Γ-point is used for the hexagonal cells. A Monkhorst-Pack k-point mesh of 

2×4×6 k-points is used for the orthorhombic cells. The Phonopy [22] software is used to calculate the 

free energy at finite temperatures using the harmonic approximation and Density Functional Perturbation 

Theory [23].  

Results 

Experimental Results 

The microstructure of the sample produced as described in the experimental section is shown in Fig. 2. 

The different phases present in the sample, can be distinguished based on the grayscale. Compositional 

analysis (WDS) of the individual structural components identifies the dark gray needles in Fig. 2 as M7C3 

based on the carbon content. The resulting composition of the M7C3 carbide is given in Table II, where 

the average value from ten measured points in the sample is given and the error represents the standard 

deviation. 
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Table II: Measured composition of the M7C3 phase. All values in at. %. 

Compound Reference Cr Co C 

M7C3 Present work 66.0 5.1 28.9 

 

It can be seen in Fig. 2 that a thin layer of M23C6 precipitated on the surface of the M7C3 carbides during 

cooling. Furthermore, upon solidifaction some parts of the liquid formed a eutectic structure containing 

M23C6 and solid solution of Cr, Co and C.  

 

Figure 2: SEM-BSE micrograph of the as-sintered sample. A large fraction of M7C3 type carbides can be seen (dark grey). 

Analysis of the diffraction patterns shows that both the pure Cr7C3 and the mixed M7C3 carbide are best 

indexed as orthorhombic, space group Pnma. The diffraction pattern from the mixed M7C3 carbide shows 

no signs of undissolved Cr3C2. Thus the reaction Cr3C2 + Co  (Cr,Co)7C3 is complete after 8h at 1723 

K. This conclusion is confirmed by the microstructural anlysis, Fig. 2, where no remaining Cr3C2 could be 

detected. 

Table III shows the obtained lattice parameters of Cr7C3 compared with the results of Rouault et al. [9] 

and the agreement is acceptable.  

Table III: Resulting lattice parameters for the orthorhombic (Pnma) Cr7C3 carbide and M7C3 mixed carbide from the present work 

compared with the results from Rouault et al. [9]. 

Compound Reference a [Å] b [Å] c [Å] 

Cr7C3 [9] 4.526 7.010 12.142 

Cr7C3 Present work 4.533 7.012 12.144 

M7C3  Present work 4.508 7.025 12.143 

 



18
th

 Plansee Seminar HM 104/6 

 

As expected, a shift in the position of the peaks is observed in the diffraction pattern for M7C3, due to 

dissolved Co, and thus the obtained lattice parameters are changed for M7C3 compared to pure Cr7C3, 

see Table IV. 

Table IV: Resulting change in the lattice parameters (Å) of the orthorhombic mixed M7C3 compared to Cr7C3 [9]. 

Compound Reference 

 

da db dc 

M7C3 Present work 

 

-0.018 0.015 0.001 

 

Computational Results 

Cells according to the hexagonal [8] and orthorhombic [9] structures for Cr7C3 are constructed and the 

fully relaxed structures yield lattice parameters in reasonable agreement with experimental values, as 

can be seen in Table V.  

Table V: Calculated lattice parameters compared to experimental values. Lattice parameters for orthorhombic Cr7C3 (Pnma) 

determined by Rouault et al [9] and for hexagonal Cr7C3 (P63mc) by Herbstein and Snyman [8]. 

 

Compound Reference a [Å] b [Å] c [Å] 

orth. Cr7C3 [9] 4.532 7.015 12.153 

orth. Cr7C3 Calculated, present work 4.512 6.891 12.119 

hex. Cr7C3 [8] 6.910 6.910 4.495 

hex. Cr7C3 Calculated, present work 6.969 6.969 4.463 

 

The total energies of the two structures are calculated, as described in computational details, and 

compared in Table VI. The hexagonal structure is lower in energy at 0 K and the calculated Helmholtz 

free energy for the two structures shows that entropy effects stabilize the orthorhombic structure, in 

agreement with the results of Jiang [11]. As can be seen in Fig. 3, the orthorhombic structure becomes 

more stable than the hexagonal at T > 470 K. However, further investigations are required in order to 

determine the exact temperature for the hexagonal to orthorhombic transition. 

Table VI: Calculated energies of formation (eV) of the binary Cr7C3 and Co7C3 carbides. 

Compound Reference M=Cr M=Co 

hex. M7C3  Calculated, present work -1.56 1.58 

orth. M7C3  Calculated, present work -1.53 1.50 

orth. – hex. Calculated, present work 0.03 -0.08 
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The ground state calculations of the hypothetical binary carbides of hexagonal and orthorhombic Co7C3 

show that it is more likely that the mixed carbide will be orthorhombic rather than hexagonal. This is in 

agreement with the experimentally determined structure of the mixed carbide presented in the previous 

section. Therefore, the continued calculations are performed on the orthorhombic structure. These 

results are in contrast to the results by Sterneland et al. [15]. Using, less reliable, pair potential 

simulations, they claimed that (Cr,Co)7C3 should have a hexagonal structure. 

 

Figure 3: Calculated stability of the orthorhombic Cr7C3 relative to the hexagonal structure. 

In order to determine which positions Co would occupy in the structure the reaction enthalpy for Co 

replacing Cr, with the pure metals as reference is calculated as follows 

dE = E(Cr(7-x)CoxC3) + xE(Cr) - (E(Cr7C3) + xE(Co)) 

The orthorhombic structure consists of five metal sites and two carbon sites. See Table VII for the 

structure determined by Rouault et al. The different sites are shown in Fig. 4. By occupying the metal 

sites with either Cr or Co atoms, the preferred Co/Cr ordering is investigated. The sites are occupied with 

only one element at a time, either Cr or Co, yielding 32 possible configurations. The resulting energetics 

and lattice parameters are given in Table VIII. A more complete picture would be gained by allowing both 

Co and Cr on the same site using for example the special quasi-random structure (SQS) method [24]. 

This is however beyond the scope of this study. 
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Table VII: Atomic positions for orthorhombic Cr7C3 (Pnma) determined by Rouault et al [9]. 

Site Multiplicity and Wyckoff symbol x y z 

Cr1 4 c 0.0579 0.25 0.6261 

Cr2 4 c 0.2501 0.25 0.2063 

Cr3 4 c 0.2619 0.25 0.4165 

Cr4 8 d 0.0565 0.0642 0.8119 

Cr5 8 d 0.2509 0.0657 0.0218 

C1 4 c 0.4594 0.25 0.5629 

C2 8 d 0.0288 0.0291 0.3428 

 

 

 

Figure 4: C – Black, M1 – Green, M2 – Yellow, M3 – Red, M4 – Blue, M5 – Grey. The sites M1 to M5 correspond to sites Cr1 to 

Cr5 in Table VII. 
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Discussion 

The calculated orthorhombic to hexagonal transition temperature for pure Cr7C3 is difficult to verify 

experimentally. As pointed out by Rouault et al. [9], crystals formed at temperatures below 1073 K will 

result in heavy formation of planar defects in the M7C3 crystal, which in turn affects the diffraction pattern 

appreciably. Furthermore, the transition temperature seems to be quite low and thus very slow kinetics 

can be expected. 

It can be seen from the experimental and computational results that the stable form of the mixed M7C3 

carbide is orthorhombic. As expected, the calculations show that the hypothetical binary Co7C3 carbide is 

unstable in both structures. However, the orthorhombic carbide is less unstable and furthermore, a high 

solubility of Co in M7C3 has been confirmed [1,13-14]. This result is in line with the work by Zackrisson et 

al. [1], where the mixed (Cr,Co,W)7C3 is proposed to be orthorhombic. On the other hand, Sterneland et 

al. [15] proposed that the structure of the mixed (Cr,Co)7C3 carbide should be hexagonal, which is 

contradictory with the results presented in the present work, where Co was found to stabilise the 

orthorhombic structure. However, the results of Sterneland et al. are based solely on calculations 

performed at 0 K. 

Considering the energetics the most favourable combination of sites occupied by Co seems to be given 

by M2 and M5, see Table VIII. It is interesting to note that occupying both M2 and M5 with Co is in 

excellent agreement with the maximum solubility of Co in M7C3, observed by Markström et al. [14] and 

Zackrisson et al. [1]. Furthermore, comparing the local surroundings of M2 and M5 sites (see Fig. 4) it 

can be seen that they are identical. 
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Table VIII: Columns M1-M5 show which sites are filled with Co. Calculated reaction enthalpies per Co atom (eV) for Cr7C3+xCo 

-> Cr(7-x)CoxC3+xCr. Co/M is the fraction of Co atoms on the metal sites. da, db, and dc are the changes in lattice parameter (Å) 

compared to the pure Cr7C3. 

M1 (c) M2 (c) M3 (c) M4 (d) M5 (d) (1-x) x dE/Co Co/M da db dc 

x     6 1 0.432 14% 0.022 -0.138 0.069 

 x    6 1 0.438 14% 0.019 -0.002 -0.099 

  x   6 1 0.583 14% 0.089 -0.078 -0.219 

   x  5 2 0.456 29% 0.095 -0.062 -0.364 

    x 5 2 0.396 29% -0.230 0.163 0.046 

x x    5 2 0.414 29% -0.030 -0.088 -0.006 

x  x   5 2 0.392 29% 0.044 -0.156 -0.127 

x   x  4 3 0.372 43% 0.032 -0.144 -0.213 

x    x 4 3 0.456 43% -0.111 -0.038 -0.011 

 x x   5 2 0.494 29% 0.080 -0.069 -0.260 

 x  x  4 3 0.466 43% 0.087 -0.041 -0.400 

 x   x 4 3 0.303 43% -0.271 0.085 0.159 

  x x  4 3 0.415 43% 0.092 -0.134 -0.379 

  x  x 4 3 0.538 43% -0.031 -0.049 -0.233 

   x x 3 4 0.431 57% -0.055 -0.029 -0.315 

x x x   4 3 0.411 43% -0.001 -0.156 -0.094 

x x  x  3 4 0.435 57% 0.027 -0.132 -0.288 

x x   x 3 4 0.371 57% -0.172 -0.071 0.064 

x  x x  3 4 0.358 57% 0.050 -0.190 -0.362 

x  x  x 3 4 0.358 57% -0.025 -0.144 -0.200 

x   x x 2 5 0.466 71% -0.027 -0.132 -0.326 

 x x x  3 4 0.433 57% 0.090 -0.127 -0.422 

 x x  x 3 4 0.443 57% -0.189 0.038 -0.113 

 x  x x 2 5 0.407 71% -0.054 0.008 -0.430 

  x x x 2 5 0.414 71% -0.019 -0.077 -0.465 

x x x x  2 5 0.388 71% 0.068 -0.194 -0.427 

x x x  x 2 5 0.410 71% -0.085 -0.126 -0.228 

x x  x x 1 6 0.448 86% -0.045 -0.096 -0.428 

x  x x x 1 6 0.437 86% 0.023 -0.194 -0.514 

 x x x x 1 6 0.415 86% -0.024 -0.057 -0.544 

x x x x x 0 7 0.433 100% 0.004 -0.152 -0.563 
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Comparing the change in lattice parameters for the M7C3 sample (described in the Experimental section) 

compared to pure Cr7C3, Table IV, with the calculated change in lattice parameters, Table VIII, it is seen 

that there are only two configurations with the same sign (bold numbers) on the change of the length of 

all three lattice parameters, namely placing Co either on only M5, or on both M2 and M5. It should be 

noted that the Co content in the sample (5.1 at. %, corresponding to Co/M=7.3 %) is small compared to 

the Co content when occupying the M5 or M2+M5 sites, with a Co/M of 29 % and 43 %, respectively. 

Therefore, the magnitude of the changes is not directly comparable, but the change can be expected to 

have the same sign although the concentrations are different. The biggest deviation when comparing the 

lattice parameters obtained from the sample and the calculated change when occupying M2+M5 is the 

change in lattice parameter of the c-axis, dc. This could either be an effect of the difference in 

concentration, or an indication that M5 is filled before M2, for low Co concentrations. 

Conclusions 

The present work shows that the stable structure of Cr7C3 at 0 K is hexagonal, space group P63mc. 

However, the orthorhombic structure of Cr7C3, space group Pnma, is stabilised by temperature effects 

with an approximate orthorhombic to hexagonal transition temperature of 470 K. Furthermore, the 

orthorhombic structure is stabilised by Co. This is consistent with the experimental results where Cr7C3 

and M7C3 are both best indexed as orthorhombic. 

It is shown that Co prefers to occupy the M2 and M5 sites in the orthorhombic cell. The sign of the 

calculated change in lattice parameters for this is consistent with the experimental observations. There is 

also an indication that Co might start to occpy the M5 sites before M2. The results for this are however 

inconclusive, and would require a more thorough investigation with partially occupied sites. 
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