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where & is the minimum creep rate, D is the diffusivity, k is the creep rate constant, u is 
the applied stress, E is the modulus, and n is the stress exponent, equal to 4.3 for chromium. 
This correlation and metallographic observations suggest a dislocation climb mechanism is 
operative in the creep of chromium over the temperature range investigated. 
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HIGH-TEMPERATURE CREEP OF POLYCRYSTALLINE CHROMIUM 

by Joseph R. Stephens and William D. Klopp 

Lewis Research Center 

SUMMARY 

A study was conducted to determine the high-temperature creep properties of high- 
purity, polycrystalline chromium. Iodide chromium was consolidated into loo-gram 
buttons by arc-melting and fabricated to sheet by rolling. Test specimens machined 
from the wrought sheet were annealed in palladium-purified hydrogen in order to produce 
stable grain structures for testing. Chemical analysis indicated a total interstitial im- 
purity content of less than 100 ppm. Step-load creep tests were conducted over the tem- 
perature range 0. 51 to 0.78 T,, where T, is the melting temperature. 

Results showed that creep rates can be represented by the general creep equation 

where i is the minimum creep rate, D is the diffusivity, k is the creep rate constant, 
(T is the applied stress, E is the modulus, and n is the stress exponent, equal to 4.3 
for chromium. This correlation, which uses the previously determined activation 
energy of 0.306 megajoule per mole for self-diffusion in chromium, and observations of 
surface slip lines and dislocation substructures strongly suggest that a diffusion- 
controlled, dislocation climb mechanism is operative in the creep of the chromium over 
the temperature range investigated. 

INTRODUCTION 

Although the high-temperature creep behavior of most of the body-centered-cubic 
metals from groups V and VI of the periodic table has been studied in some detail, very 
few data have been reported for chromium. Pugh (ref. 1) studied the tensile and stress- 
rupture properties of arc-melted electrolytic chromium, but did not determine creep 
rates. Wilms and Rea (ref. 2) reported one creep rate for arc-melted electrolytic 



chromium at 950’ C. Landau, Greenaway, and Edwards (ref. 3) determined the com- 
pression creep rates for arc-melted electrolytic chromium at ‘750’ to 950’ C. In view 
of the paucity of tensile creep data for chromium and also of the interest in chromium 
as a potential turbine engine material, a study was conducted to determine in more de- 
tail the high-temperature creep properties of high-purity, polycrystalline chromium. 

MATERIALSAND PROCEDURE 

Chromium prepared by the iodide process was consolidated into loo-gram buttons 
by nonconsumable-electrode arc-melting under a partial pressure of argon. A titanium 
getter button was melted prior to the chromium to improve the purity of the melting 
atmosphere. The chromium buttons were subsequently remelted and drop cast under 
argon into a water-cooled copper mold of square cross section. The ingots were rolled 
to 0.09-centimeter-thick sheet in air at 800’ C. Test specimens were machined from 
the wrought sheet with reduced sections 2. 54 centimeter long by 0.635 centimeter wide. 
In order to produce stable grain structures for testing, the specimens were annealed in 
palladium-purified hydrogen for 1 hour at 1538’ or 1316’ C and then purified by a 4-hour 
anneal at 1093’ C. Average grain diameters after these treatments were 0.090 and 
0.023 centimeter, respectively. 

Analysis after annealing indicated the following impurity contents, in parts per mil- 
lion: oxygen, 32; nitrogen, 58; carbon, <lo; hydrogen, 0. 8; and iron, 20. Other 
metallic impurities were each <lO parts per million. 

The creep tests were conducted in a beam-loaded unit equipped with a tantalum 
sleeve heater. Tests at 816’ and 982’ C were conducted in a vacuum of 10m4 newton 
per square meter (lo6 torr). Tests at 1149’ and 1316’ C were conducted in,high-purity 
argon at a pressure slightly greater than atmospheric in order to reduce vaporization 
losses of chromium. 

All tests were conducted by incremental step loading in order to define the minimum 
creep rates over a range of stress conditions. Strain was continuously recorded by 
means of a linear variable differential transformer attached to the load train of the creep 
apparatus. Hot portions of the load train were made of tungsten in order to minimize 
extensions from these components. The specimen cross sections and gage lengths were 
corrected after each step load by assuming uniform strain in calculating creep rates 
and stresses. 

RESULTS 

Creep rate data are presented in table I, and lines obtained from a least squares fit 
of the data are shown in figure 1. The creep rates can be represented as the power 
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function of stress (ref. 4), which is expressed at constant temperatures as 

where 

; minimum creep rate, set -1 

k creep rate constant 

a applied stress, MN/m2 

n stress exponent 

The stress exponent decreases with increasing test temperature from 6.2 and 6.8 at 
816’ and 982’ C, respectively, to 4.8 and 4.4 at 1149’ and 1316’ C, respectively. 
These values are consistent with observations on other metals (refs. 4 and 5), where 
values for n of 4. 5 to 5 are normally obtained above about 0.6 T, (Tm is melting 
temperature). 

No strong relation between grain size and creep appears determinable from the 
present data. However, it appears from figure 1 that the coarse-grained specimens 
tend to creep faster than the fine-grained specimens. At 816’, 1149’, and 1316’ C, the 
coarse-grained specimens crept as fast or faster than the fine-grained specimens, 
while at 982’ C, the fine-grained specimens crept faster. This trend towards higher 
creep rates for large-grained chromium is consistent with recent observations on tung- 
sten (ref. 6) and other group Va and Via metals (ref. 7). 

In order to facilitate overall comparison, the data from the present study were 
compensated for temperature (diffusivity D) and modulus E by introducing these terms 
into the power creep relation (ref. 5): 
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Diffusivities were calculated from the data of Askill (ref. 8), while moduli were obtained 
from Armstrong and Brown (ref. 9). 

A least squares fit of the compensated data as shown in figure 2 gives a straight- 
line relation at ratios of i to D of less than 108. The slope of this portion of the 
curve is 4.3. 

The rather good fit of the data below i/D equal to lo8 indicates that the activation 
energy of 0.306 megajoule per gram mole determined by Askill (ref. 8) for self-diffusion 
in chromium is also applicable to high-temperature creep. The upward swing of the 
curve at i/D greater than lo8 is consistent with observations on other metals and re- 
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fleets both the gradual change to exponential dependency of creep rate on stress and the 
decrease in activation energy for creep which generally occur at about 0. 5 T, (ref. 5). 

The creep data for arc-melted electrolytic chromium from Wilms and Rea (ref. 2) 
and Landau, Greenaway, and Edwards (ref. 3) are included in figure 2. This compari- 
son indicates that the chromium from these two studies is substantially stronger than 
that from the present study, this difference possibly reflecting the lower purity of elec- 
trolytic chromium as compared to iodide chromium. 

Surfaces of creep specimens were observed after testing by scanning electron 
microscopy (SEM). Figure 3 shows SEM photographs of specimens tested at 1316’ and 
816’ C. As shown in figures 3(a) and (b), slip lines having an extremely small spacing 
are noted on specimens tested at the higher test temperature. According to a hypoth- 
esis by Weertman (ref. lo), creep controlled by dislocation climb could lead to the fine 
slip lines observed in figures 3(a) and (b). It is proposed that at high temperatures and 
low stresses a number of dislocation sources on different parallel planes generate dis- 
location loops which can climb and annihilate each other. Depending directly on the rate 
of climb, a steady stream of new dislocations would be generated from the various 
sources at a rate equal to annihilation so that slip would continue on many slip planes 
and the fine slip observed in figures 3(a) and (b) would result. 

SEM photographs of a specimen tested at the lower test temperature are shown in 
figures 3(c) and (d), where a much coarser slip line spacing is evident. This suggests 
that the rate of dislocation climb and annihilation is less than the rate of dislocation 
generation at the lower-temperature, high-stress test conditions. This in turn would 
cause some dislocation sources to stop operating because of mutual repulsion of disloca- 
tions and thus produce slip on fewer slip planes; the fewer slip planes would result in 
the coarse slip line pattern shown in figures 3(c) and (d). 

Creep specimens were further characterized by examination by transmission elec- 
tron microscopy. A marked difference in substructure resulted as the test temperature 
increased. At the two higher test temperatures (1316’ and 1149’ C) well developed sub- 
grains were present, as shown in figures 4(a) and (b). Of special interest in these 
micrographs is the absence of dislocations within the subgrains. This further supports 
ease of climb and annihilation of dislocations at the higher test temperatures. At the 
two lower test temperatures (982’ and 816’ C), the substructure was characterized by 
well defined subgrains with a relatively high concentration of dislocations within the sub- 
grains, as shown in figures 4(c) and (d), which suggested more difficult dislocation mo- 
tion at these temperatures. 

In addition to the substructural features just described, the creep specimens were 
characterized by numerous tilt and twist boundaries, some of which are evident in fig- 
ure 4. 



CONCLUSIONS 

The following conclusions were drawn from a study of high-temperature creep of 
polycrystalline chromium: 

1. Creep of chromium in the temperature range 0.51 to 0.78 T,, where T, is 
the melting temperature, and at ratios of i/D less than lo8 can be represented by 
the general creep equation 

where i is the minimum creep rate, D is the diffusivity, k is the creep rate constant, 
cr is the applied stress, E is the modulus, and n is the stress exponent, equal to 
4.3 for chromium. 

2. This correlation, which uses the previously determined activation energy of 
0.306 megajoule per mole for self-diffusion in chromium, and observations of surface 
slip lines and dislocation substructures strongly suggest that a diffusion-controlled, dis- 
location climb mechanism is operative in the creep of chromium over the temperature 
range investigated. 

Lewis Research Center, 
National Aeronautics 

Cleveland, Ohio, 
114-03. 

and Space Administration, 
November 15, 1971, 
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TABLE I. - MINIMUM CREEP RATE DATA FOR CHROMIUM 

Temper- 

ature, 

OC 

a816 

b982 

nitial 

zrain 

size, 

cm 

I. 023 

I. 090 

I. 023 

I. 090 

Stress 

KIN/m2 ksi 

Minimum 

creep rate, 

set -1 

50. 1 7.27 0.37x10-6 
61. 2 8. 87 .94 
66.9 9.70 1. 7 

72. 5 10. 52 3. 5 

78. 1 11.33 5. 8 
84. 6 12.27 8. 0 

92.5 13.41 15 

100. 5 14.57 31 

54. 9 7.96 

58. 7 8. 51 
63. 1 9.15 
72. 1 10.45 

82. 7 12.00 

0. 79x1o-6 

1. 5 

2. 5 
6. 6 

22 

20.0 2.90 0. 34x1o-6 
21. 2 3.08 1. 3 
24. 1 3.50 1. 7 

27. 4 3. 98 2. 9 
30. 8 4. 46 4. 8 
34. 5 5.00 9. 8 
38. 3 5. 55 22 

42. 6 6. 18 51 

25. 6 3.71 0.73x10-6 

30. 1 4. 36 4.0 

33. 1 4. 80 6. 2 

36. 5 5. 30 11 
40. 7 5.91 24 

45.4 6. 58 82 

remper- 

ature, 

OC 

Cl149 

d1316 0.023 

Initial 

grain 
size, 

cm 

l- 

0.023 

0.090 

0.090 

Stress 

vIN/m2 

7. 93 1. 15 0. 3ox1o-6 
11. 5 1.67 1.7 

14. 5 2. 11 4.8 

18. 6 2.70 14 

10. 5 1. 52 2.0x10-6 

11. 1 1. 61 2.2 

11. 8 1.71 2.4 

12. 9 1. 87 2. 8 
13.9 2.01 3.8 

15. 4 2. 23 9. 1 
18. 1 2.62 21 

3. 70 D. 536 

4. 13 . 599 

5.01 .727 

5. 92 .859 
7. 45 1.08 

9. 38 1. 36 

11. 6 1. 68 

5. 04 3.731 2.8~10-~ 

5. 67 .823 4. 2 

6.61 .958 7. 8 
7. 72 1. 12 10 

ksi 

, 

Minimum 

creep rate, 
set -1 

0. 35xlo-6 

.52 

1. 5 

3.3 
7.3 

20 

65 

aCalculated stress dependency n, 6. 2. 
b n = 6.8. 

‘n = 4. 8. 
d n = 4. 4. 
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Figure 1. -Effects of stress and temperature on creep rates of chromium. 
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(al Specimen tested at 1316” C (0.74 of melting temperature) 
and applied stress of 11.6 meganewtons per square meter. 
x600. 

tbl Area A from specimen shown in (al. X1800. 

tcf Specimen tested at 816” C (0.51 of melting temperature) 
and applied stress of 100.5 meganewtons per square meter. 
X60. 

Ldf Area B from specimen shown in (cf. X602. 

Figure 3. - Scanning electron micrographs of surfaces of chromium creep specimens illustrating slip lines. 
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(a) Specimen tested at 1316” C (0.74 of melting temperature). 

_. 
. . . .,,L” 

-cc. 

- 

(cl Specimen tested at 982” C (0.58 of melting temperature). 

(b) Specimen tested at 1149’ C (0.66 of melting temperature). 

(d) Specimen tested at 816’ C (0.51 of melting temperature). 

Figure 4. - Dislocation substructures observed in alloyed chromium afler creep at various temperatures. X27 Ooo. 
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