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Phase relationships in the system Cr-W-O 
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CrWO. and Cr2W06 
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The phase diagram of the Cr-W-O system at 1000 ~ C was established by metallographic 
and X-ray identification of the phases present after equilibration in evacuated silica 
capsules. Two ternary oxide phases, CrW04 and CrzWO6 were detected. The oxygen 
potential over the three-phase mixtures, W + Cr203 + CrW04, WO2.90 + CrW04 + 
Cr2WO6 and Cr203 + CrW04 + Cr2W06, were measured by solid state cells incorporat- 
ing Y203 stabilized ZrO2 electrolyte and Ni + NiO reference electrode. The Gibbs' 
energies of formation of the two ternary phases can be represented by the following 
equations 

W(s) + �89 Cr203(s) + ~ 02(g) -+ CrWO4(s) 

AG o = -- 172 047 + 48.725T(_+ 230) cal mo1-1 
Cr203 (s) + WO3(s) ~ Cr2WO6 (s) 

AG o = --3 835 + 0.235T(+ 500) cal mol-1 

1. I n t r o d u c t i o n  
Many tungsten fibre reinforced metal composites 
have interesting high temperature properties. 
For an evaluation of their high temperature 
oxidation resistance ternary and higher order 
phase diagrams are necessary. Chromium is one 
of the alloying elements which is usually present 
in the matrix to enhance its resistance to oxida- 
tion. The nature of the interaction of oxygen and 
chromium with the tungsten fibre is an important 
aspect of the oxidation characteristics of these 
composites. 

By identifiying the equilibrium phases in the 
Cr -W-O system at 1000 ~ C by metallography and 
X-ray diffraction, and using information available 
in the literature on the binary systems, a ternary 
phase diagram has been developed in this study. 
Two ternary compounds, CrWO4 and Cr2WO6, 
have been identified. The compound, CrWO4, has 
not been reported in the literature. The stability 
of the Cr2WO6 phase between 1000 and 1200 ~ C 
was recognized by Trunov and Koyba [1]. Its 
crystal structure was determined by Bayer [2] as 
an inverse trirutile type, which differs from the 

normal in the metal stacking sequence. During 
a recent investigation of the pseudo-binary Cr2 0 3 -  
WO3 system, Gardinier and Chang [3] have con- 
firmed the existance of Cr2WO6 between 900 and 
1350 ~ C. Three condensed phases co-exist in eight 
regions of the Gibbs' triangle representing the Cr-  
W-O system at 1000~ The oxygen potential 
over five of these eight three-phase regions are 
identical to those that exist in the limiting binary 
systems, or can be calculated from the binary data. 
The oxygen potentials over the remaining three- 
phase regions have been measured by solid oxide 
galvanic cells. From this information, the standard 
Gibbs' energies of formation of CrWO4 and 
Cr2WO6 were calculated as a function of temper- 
ature. Ternary phase relationships at other tem- 
peratures can readily be derived from the thermo- 
dynamic data. 

This research is part of a wider programme of 
experimental and computational studies on phase 
diagrams relevant to the oxidation behaviour of 
tungsten fibre reinforced composites. The first of 
this study on the Ni -W-O system was published 
earlier [4]. 
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T A B  LE I The phases in equilibrium in different regions of the C r - W - O  system at 1000~ C identified by metaUo- 
graphy and X-ray diffraction 

Composition of the pellets before equilibration (tool %) 

Cr W Cr 203 WO~ WO 3 

Phases present after 
equilibration at 1000 ~ C 

72.22 22.22 - -  5.56 - a'(Cr) + c~"(W) + Cr20 a 
78.57 7.14 - - 14.29 a'  + a" + Cr203 
25.00 68.75 6.25 - - ~' + a" + Cr203 
41.67 33.33 8.33 16.67 - a '  + a" + Cr 2 O3 
32.86 52:86 - - 14.29 a" + Cr 2 O 3 
83.87 - 12.90 - 3.23 c~' + Cr 2 O 3 
25.00 41.67 - 33.33 - W + Cr203 + CrWO 4 
56.01 - 7.99 - 36.00 W + Cr203 + CrWO 4 

- 33.33 33.33 - 33.33 W + Cr203 + CrWO 4 
11.66 66.13 - - 22.21 W + WO 2 + CrWO 4 

- 54.21 12.49 - 33.30 W + WO 2 + CrWO 4 
- - 16.67 83.33 - W + WO 2 + CrWO 4 

16.67 - - 16.67 66.67 WO~ + W02.7= + CrWO 4 
- 17.56 16.36 - 66.07 WO 2 + W02.72 + CrWO 4 

14.29 - - - 85.71 WO~.7~ + WO2.9o + CrWO 4 
- 6.68 20.00 - 73.32 W02.9o + CrW04 + Cr2W06 
- 7.47 30.62 - 61.90 W02.9o + CrWQ + Cr2WO 6 

7.16 - 50.00 - 42.84 CrWQ + Cr2WO 6 + Cr203 
8.33 - 41.67 - 50,00 CrWO 4 + Cr2WO 6 + Cr203 

a '  is a Cr-rich solid solution containing 7 at% W. 
a" is a W-rich solid solution containing 10.3 at% Cr. 

2. E x p e r i m e n t a l  m e t h o d s  
2 .1 .  M a t e r i a l s  

Fine powders  o fana la r  grade tungsten and tungsten 

oxides  (WOn) were obta ined f rom the Fisher  

Chemical  Co.,  while c h r o m i u m  (99.9%) and chro- 

m i u m  oxide  ( C r 2 0 3 ,  99.8%) powders  were sup- 

plied by  the Alfa  Division o f  Ven t ron  Corpora t ion .  

The tungsten t r ioxide was fur ther  dehydra ted  by  

heat ing  at 400  ~ C in an a lumina b o a t  in dry oxy-  

gen. The suboxides  o f  tungsten (WOz,  WO2.72 

and WO2.9) were prepared by reacting mixtures  

o f  W + WO3 in the required ratios in evacuated 

silica capsules at 1 0 0 0 ~  for  2 4 h .  The ternary 

compounds  CrWO 4 and Cr2WO6 were prepared 

f rom W, WOn and Cr203 by  prolonged heat ing 

at 1000 ~ C. The  argon gas, which  was used as the 

a tmosphere  during the e m f  measurements ,  was 

99.998% pure and was fur ther  dried and deoxi-  

dized by passing through copper  turnings at 450  ~ 

C and t i t an ium granules at 800 ~ C. Ful ly  stabil ized 

Y2 03 - Z r O 2  solid e lec t ro ly te  tubes were obta ined 

f rom the Zircoa  Corpora t ion .  

thickness by  a hydraul ic  press at a pressure o f  2500  

kg m - 2 .  The compos i t ions  o f  the starting pellets 

are given in Table I. The pellets, wrapped in coarse 

p la t inum gauze, were placed in closed end silica 

tubes, which were evacuated to a pressure o f  10 -4 

a tm and sealed under  vacuum. The silica capsules 

were placed in a muff le  furnace mainta ined at 

1000 ~ C. The t empera tu re  was held to wi th in  -+ 3 ~ 

C by a solid state control ler .  The tempera ture  

variat ion be tween  the  various silica capsules in the 

muff le  furnace was less than + 4 ~ C. The average 

tempera ture  was moni te red  by  a P t / P t - 1 3 %  Rh 

thermocouple .  Prel iminary exper iments  indicated 

that  approx imate ly  2 to 5 days were required to 

attain equi l ibr ium. To ensure that the pellets 

were fully equi l ibrated,  actual equi l ibra t ion t imes 

up to 7 days were employed .  At  the end o f  the 

equi l ibrat ion per iod the capsules were quenched  in 

l iquid nitrogen.  The pellets were m o u n t e d  and the 

phases present  were ident i f ied by  metal lographic  

and X-ray dif f ract ion analysis. Convent ional  pre- 

para tory  techniques  were used in the analysis. 

2.2.  A p p a r a t u s  and  p r o c e d u r e  

2.2. 1. Phase relations. 
Fine powders  o f  metals  and oxides in preselected 

propor t ions  were mixed  in a ball mill and com- 
pressed into pellets o f  5 m m  diameter  and 2.5 mm 

2. 22 .  EMF measurements 
From a s tudy of  the phases present after equi- 

l ibrat ion,  eight regions were ident i f ied on the 

Gibbs '  ternary triangle for the C r - W - O  system 
where three condensed phases co-exist.  The oxygen 
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potentials corresponding to a number of these 
regions were measured by the following solid state 
electrochemical cells, based on Y203 stabilized 
ZrO2 as the electrolyte and using Ni + NiO as the 
reference electrode 

Pt, Ni + N iO/Y203  - ZrO2/WO2 4- 

WO2.72, Pt I 

Pt, Ni + NiO/Y; 03 -- ZrO2/W + WO2 + 

CrWO4, Pt II 

Pt, Ni + NiO/Y2 03 -- ZrO2/W + CrWO4 + 

Cr2 03, Pt III 

Pt, Ni + NiO/Y2 03 - -  Z r 0 2 / C r W 0 4  + 

Cr 2 WOe + Cr 2 03, Pt IV 

Pt, Ni + NiO/Y 2 03 -- ZrO 2/W02.9o 4- 

CrW04 4- Cr2W06, Pt V 

The measurements on cells I and II were per- 
formed to check the apparatus. The emfs of these 
two cells can be calculated from the thermodyn- 
amic data on WO2 and WO2.72 phases available in 
the literature. 

The reference and working electrodes were pre- 
pared in the form of pellets by double end com- 
pression of an intimate equimolar mixture of com- 
ponent phases and subsequent sintering in evacu- 
ated quartz capsules. Examination of the pellets 
by optical microscopy and X-ray diffraction showed 
that there was no significant change in their com- 
position during the sintering operation. The pellets 
were polished and spring loaded against either side 
of a flat-ended Y~O3-ZrO2 tube. The geometry of 
the arrangement is shown in Fig. 1. A static inert 
blanket was maintained over the working electrode, 
while a stream of argon gas (100 ml rain -1) was 
maintained over the Ni + NiO reference electrode. 
The emfs of the cells were monitored as a function 
of temperature in the range 750 to 1025 ~ C by a 
"Keithley" digital voltmeter. The reversibility of 
the emf was checked by passing small currents 
through the cell in either direction. In each case 
the emf was found to return to the steady state 
value before the coulometric titration. The emf 
was independent of the flow rate of inert gas in the 
range 50 to 250 ml rain -1 , and was reproducible 
after prolonged temperature changes. The time 
required to attain steady ems varied from 6 to 15 
h depending on the composition of the electrode 

u'r  E 'u "u 
/ I t  

! 

Ar Ar 
F 

Figure 1 Schematic diagram of the cell used in emf 
measurements. A-solid electrolyte tube, B-working 
electrodes C-reference electrode (Ni + NiO), D-Pt leads 
E-an arrangement of alumina rods and slabs for spring 
loading the reference electrode against the solid electro- 
lyte, F-Pt/Pt-13% Rh Thermocouple, G-alumina tube. 

and temperature. No significant change in the 
composition of the electrodes was detected by 
X-ray diffraction analysis after emf measurements. 

3. Results, analysis and discussion 
3.1. Phase diagram 
The phases identified after equilibration of various 
condensed phase mixtures are summarized in 
Table I. At 1000 ~ C there is a miscibility gap in 
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TABLE II The X-ray diffraction pattern for CrWO4 

Number Intensity dhk I 

1 100 
2 89 
3 75 
4 65 
5 51 
6 40 
7 40 
8 3o 
9 23 

10 20 
11 19 
12 18 
13 15 
14 14 
15 14 
16 13 
17 11 
18 11 
19 8 
20 7 

the binary Cr-W system. From the lattice para- 
meters of the equilibrium phases the Cr-rich solid 
solution phase (a') ~vas found to contain 7 at% W, 
while the W-rich phase had 103 at% Cr. These 

values are in reasonable agreement with earlier 
studies by Trzenbiatowski et  al. [5], Greenaway 

2.47 [6], Den Broeder [7], and Margaria et  al. [8]. 
3.33 Two ternary oxide phases were identified in 
4.63 this study. The compound CrWO4 has not been 
3.22 reported in the literature, while a diffraction pat- 
1.70 tern for Cr2WO 6 obtained in this study agreed 
1.68 with that given by Bayer [2] The X-ray dif- 
2.20 
2.32 fraction pattern for the new compound, CrWO4, 
2.05 is shown in Table II. Most of the lines can be 
1.67 identified with an orthorhombic unit cell with 
1.36 lattice constants a = 9.99 A, b = 10.18A and c = 
2.92 18.23A. The diffraction patterns for this c o m -  
1 .60  
1.44 pound in different phase regions were identical, 
1.81 suggesting a narrow range of nonstoichiometry. 
1.33 The valencies of 5 or 2 for Cr in CrWO4 are interes- 
1.45 ring, especially since there are not stable oxides 
1.48 with corresponding valencies in the binary Cr-O 
1 .54  
1.38 system at high temperatures. 

A ternary phase diagram of the Cr -W-O 
system at 1000~ composed from the present 
results is shown in Fig. 2. This ternary diagram is 
consistant with well known binary diagrams of 
W-O and Cr-O systems. Application of the phase 
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Figure 2 Gibbs triangle representation of phase relations in the Cr-W-O system at 1000 ~ C. 
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Figure 3 The variation of the 
emf of cells I to V with temper- 
ature. 

rule indicates that the oxygen potential must be 
constant in those regions where three condensed 
phases co-exist at any fixed temperature. Across 
the two phase regions the oxygen potential would 
vary with composition. 

3.2. Oxygen potentials and Gibbs' energies 
The emfs of  cells I to V are plotted in Fig. 3 as a 
function of temperature. The emfs can be re- 
presented by the following linear equations 

s I = 98.3 + 9.9 x 10-2T (-+ 1.5)mV (1) 

EII ~ 283 + 1.04 x 10-2T (+ 1)mV (2) 

E m = 2 7 9 + 1 . 7 3 x  1 0 - 2 T ( + 2 )  rnV (3) 

Err  = 128 + 8.5 x 10-2 T (+ 2.5) mV (4) 

E v = 26.3 + 3.06 x 10-2 T (-+ 2) mV. (5) 

The emf of these solid state cells with an oxy- 
gen ion conducting electrolyte is related to the 
difference in the chemical potentials of  oxygen at 
the two electrodes. 

n F E  = AI~ o ~ ~ A g  O ~ = R T I n  (Po ~//Po2J" ~ 

( 6 )  

where n is the number of  electrons involved in the 
electrode reaction and has a value of 4, F is the 
Faraday constant and E is the emf. The oxygen 
potential of the Ni + NiO reference is well estab- 
lished and may be represented by the equation [9] 
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TAB LE III Comparison of oxygen potentials of the mixtures W + WO 2 and WO 2 + WO2.72 

Source /X,O' 2 (kcalmol- 1) 

800 ~ C 900 ~ C 1000 ~ C 

W + WO 2 WO 2 + WO2.72 W + WO 2 WO 2 + WO2.72 W + WO 2 WO 2 + WO2.72 

Rizzoetal. [10] --93.73 --87.07 --89.67 --84.07 
Janaf Tables [11] --94.36 --88.54 --90.26 --85.14 
This study -- 93.50 -- 87.25 -- 89.32 -- 84.11 

- 8 5 . 6 1  - 8 1 . 0 6  

- 86.19 - 81.76 
- 85.17 - 80.96 

A#o~(Ni + NiO) = - 111 930 

+ 40.58 T cal tool -1. (7) 

The oxygen potentials of  the working electrodes 
calculated from Equations 6 and 7 are givenbelow, 
along with the chemical equations that define the 
oxygen potentials. For the reaction, 

2.78 WO2 + 02 -+ 2.78 WO2.72 

AG O = Akto2 = - - 1 2 1 0 0 0  

+ 31.45 T (-+ 150) cal tool -a (8) 

W + O2 -> WO2 

AG o = /Xgo2 = - - 1 3 8 0 5 0  

+ 41.54 T ( -  + 100) cal tool -1 (9) 

W + ~  Cr203 + 0 2 - + 4  WCr04 

AG o = A/~o2 = - - 1 3 7 6 4 0  

+ 38.98 T(+ 200) cal tool -~ (10) 

4CrWO4 + 2Cr203 + 02 -+ 4Cr2W06 

AG o = A/.to2 = - - 1 2 3 7 6 0  

+ 39.8 T (+ 250) cal tool -a (11) 

4.44 CrWO4 + 02 -~ 2.22 Cr2W06 + 2.22 WO2.9o 

AG O = A/ao2 = - - 1 1 4 3 6 0  

+ 37.76 T (-+ 200) cal mol-1.  (12) 

Since the X-ray diffraction patterns of  the various 
condensed phases in the pellets after emf measure- 
ments were almost identical to their individual pat- 
terns in the pure state, mutual solubility is neg- 
ligible, and their activities are equal to unity. The 
standard free energy changes for the above reac- 
tions are therefore equal to the corresponding 
chemical potentials of  oxygen. The error limits 
correspond to twice the standard deviation in the 
emf measurements. The working electrode in cell 
II contains a mixture of  W + WO2 + CrWO4. The 
oxygen potential over this three phase mixture 
would be the same as that over the W + WO2 mix- 
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ture and is related to the free energy of  formation 
of  WO2 given by Equation 9. 

The oxygen potentials of  W + WO2 and WO2 + 
WO2.72 mixtures measured in this study are com- 
pared in Table III with those reported by Rizzo 
et al. [10] ,  and the tabulated values in Janaf tables 
[ 11 ] .  The good agreement with the earlier electro- 
chemical measurements by Rizzo et aL suggest that 
the present emf studies are free from any significant 
systematic errors. The Janaf values, based pri- 
marily on calorimetric data, are approximately 1 
kcal more negative. In the light of  the new emf 
measurements, the Janaf values may require minor 
revision. 

The Gibbs' free energy of  formation of  the new 
compound,  CrWO4, from Ch  Oa, W and O2(g) is 
given by Equation 10. The free energy of  formation 
of  Cr2WO6 can be derived from either Equation 11 
or 12, using results obtained in the study for 
CrWO4 and the data of  Rizzo et al. [10] for 
WO2.9o. For the reaction, 

W + Cr20a + ~ Oz -+ Cr2 WO6 

the standard free energy change calculated from 
Equation 11 based on measurements in cell IV, is 

AG O = -- 202 990 + 58.68 T (-+ 300) cal tool -1 

(13) 

while the value obtained from Equation 12 which 
is based on the emf  o f  cell V is 

AG O = -- 203 090 + 58.68 T(+__ 600) cal mol -x 

(14) 
At a temperature of  1000 ~ C, the values given by 
Equations 13 and 14 agree to within + 100 cal. The 
good internal consistancy between measurements 
on cells IV and V is encouraging. Using the data 
o f  Rizzo et al. [10] for WO3, the free energy of  
formation of  Cr2WO6 from component oxides 
can be expressed as 

Cr203 + WO 3 ~ Cr2WO6 

AG O = - - 3  835 + 0.235 T(-+500)calm~ 
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Figure 4 Oxygen potential-com- 
position diagram for the Cr-W- 
O system at 1000 ~ C. 

3.3. Oxygen potential diagram for the 
Cr-W-O system 

The oxygen potential  diagram at 1000 ~ C, con- 
structed from the results o f  this study and ad- 
di t ional  thermodynamic data available in the 
literature on binary phases in the W - O  [10] and 
Cr-O [12] systems, is shown in Fig. 4. This type 
of diagram is more useful in the interpretation of 
the corrosion behaviour in gas mixtures than the 
Gibbs' ternary representation. Corrosion products 
at any oxygen partial pressure and alloy compo- 
sition can be readily identified. The only dis- 
advantage is that the oxygen nonstoichiometry of 
phases cannot be depicted. The various three- 
phase equilibria are shown as horizontal fines in 
this plot. The oxygen potential variations in the 
two-phase regions, a '  +Cr2 03 and a" + Cr2 03, 
are calculated from estimated activities in the 

binary Cr-W system and thermodynamic data on 
Cr20a [12]. 

Cr + 02 -+ ~ Crz Os 

AG o = - -177810  + 

39.89 T (+ 150) cal tool -t  (16) 

AUo2 = AGO -- 4 Aktc r (17) 

The activities in the Cr-W binary systems are esti- 
mated from the solid solubility limits obtained in 
this study using the sub-regular solution model 
[13]. The activity of Cr and the excess free energy 
of mixing are given by the expressions 

A/~Cr = R T l n a c r  = R T l n X c r  + 

8465 X~v -- 1790 X ~  (18) 

2xG M~': = XcrXw (7600 Xcr + 

6735 Xw) (19) 
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where a and X are the activities and mole fractions 
respectively. Fig. 4 shows that the new compound, 
CrW04 is stable only over alimited range of oxygen 
partial pressure, -- 11.382 > logpo 2 > --  15.11, 
at 1000 ~ C. 
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