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ABSTRACT

Signature / A, L\/"bv{(j M«/“"Z/

DEFORMATION OF THE GROUPS IVB AND VB MONOCARBIDE

William F. Brizes, Ph.D.
University of Pittsburgh, 1969

The creep behavior of the Groups IVB and VB carbides was
studied in terms of a stress dependent activation energy on one
hundred percent dense samples made by liquid state carburization,
The stress corrected activation energy for NbC was determined to be
155 kcal per mole in agreement with the estimated activation energy
for self-diffusion of niobium in NbC. Internal stresses were .
determined from stress relaxation measurements and the ratio of the
internal stress to the applied stress was 0.78 for steady state creep
at ZZZOOC. For constant strain rate experiments internal stress
increased in proportion to the square root of strain. Activation
areas were approximately equal to 80-‘52 and 400_152 at 0.6m.p. and
0.9m.p. respectively. Other properties investigated were thermal
expansion, yield stress and room temperature hardness as a function

of stoichiometry.
DESCRIPTORS

Activation Energy, Carbides, Creep, Hardness, Thermal Expansion
Yield Stress
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1.0 INTRODUCTION

The transition metal carbides (TiC, ZrC, HfC, VC, NbC and
TaC) are characterized by their extremes in melting temperatures,
hardness, brittleness and high temperature strength. Melting
temperatures of most of the carbides are in excess of SOOOOC making
them the most refractory materials known to man. Their room
temperature hardness is exceeded only by a few materials such as
diamond, boron carbide, aluminum boride and silicon carbide.
Related to their unusual room temperature hardness is their extreme
brittleness which persists up to approximately 1000°C. Above this
temperature the carbides are the strongest materials currently
available with the possible exceptions of graphite and tungsten-thoria
alloys.,

Brittleness, difficulty of fabrication, poor oxidation resistance
and lack of reliable property data have limited their acceptance,
However because of their unusual properties carbides are beginning
to find useful applications in industry. They are widely used in cutting
tools and extrusion dies where thoroughly characterized materials are
not required. Chemaical and nuclear rocket propulsion industries are
using and developing uses for carbides as structural and cladding
materials in applications where conventional materials would be

molten. It is expected that carbides will play a more significant role



in high temperature technology as the efficiency of current processes
is increased and as the aerospace industry develops.

This dissertation describes the mechanical behavior of the
Groups IVB and VB carbides from room temperature to near their
melting points. Unlike most of the previous investigations, this
study was done on theoretically dense, high purity and well
characterized specimens. This study investigated high temperature
deformation of all the carbides, but was primarily concerned with the
creep behavior of niobium carbide. Because high quality samples of
carbides were available other properties were investigated such as
hardness, thermal expansion and yield stress in order to develope an .

understanding of the behavior of the transition metal carbides.



2.0 MATERIAILS

2.1 Preparation

There is little high quality mechanical property data available on
transition metal carbides due primarily to lack of unsuitable test
specimens. Presently there are six methods of producing carbide test
specimens; (1) cold pressing and sintering, (2) hot pressing, (3)
Verneuil technique, (4) zone melting, (5) solid state carburization
and (6) liquid state carburization. Most of the early survey data on
carbides were obtained in bending tests using cold pressed and
sintered specimens and hot pressed specimens containing iron, free
carbon, and greater than one percent porosity. It has been shown by
Ryshkewitcl'l(l);}< that a small amount of porosity in a ceramic has a
major effect on strength; for example, ten percent porosity in A1203
reduces the strength by one-half. Thus specimens containing even a
small amount of porosity are not completely satisfactory for measuring
deformation properties of carbides. The first four methods usually
involve starting with a fine powder which produces specimens

susceptible to high impurity contents. The Verneuil technique can

produce single crystals but they are imperfect and can contain free

*Parenthetical references placed superior to the line of text
refer to the bibliography.



(2)

carbon, Zone melting has been shown to be an excellent method
for producing some carbides of various compositions. The major
difficulity associated with this method is vaporization during melting.

(2)

It has been demonstrated’ ' that this difficulty can be overcome in
vanadium and titanium carbide but it is not known whether high
melting carbides such as tantalum and hafnium can be made by this
technique. Solid state carburization appears novel in that complex
test specimens can be made from premachined metal shapes. This
method is limited to wire or thin sheet specimens because diffusion
times for thicker specimens would be prohibitive. A major fault
associated with this method is that the specimen surface usually
contains cracks resulting from an approximately four percent linear
expansion when converting the metal to a carbide, The last method,
liquid state carburization, has the benefit of low impurity content
since crystal bar or electron beam processed metal can be used
directly. Surface cracks observed in specimens made by the solid
state carburization method do not occur since the annealing tempera-
ture is high enough for stresses in the carbide to be relieved by
plastic flow. An added advantage of liquid state carburization is that
all six of the Groups IVB and VB monocarbides can be readily
fabricated with one apparatus. Thus this method was chosen for

fabrication of test specimens used in this study.



Specimens were made by heating transition metal rods in a mold
made of ZTA graphite. During heating the metal rods melt and
conform to the geometry of the mold. At the melting temperature the
diffusivity of carbon in the melt is quite high so that the liquid metal
becomes saturated with carbon from the mold wall in a few minutes.
After the melt becomes saturated, carbon reacts with the liquid to
form a solid layer of carbide at the graphite-liquid interface. The
growth rate of the carbide layer is controlled by carbon diffusion.

The parabolic rate constants, R, describing the growth rate as a
function of temperature are given and defined in Figure 1. The rate
constaﬁts can be used to approximate the time needed for complete
carburization. Normally one to two weeks are needed at approximately
ZOOOC below the carbide-carbon eutectic temperature to attain the
desired stoichiometry., The carbide rods were easily removed from
the mold due to recession of the graphite interface during the diffusion
anneal. The resulting rods (six rods 3/8 inch diameter by 21/2
inches long) were coarse grain, i.e., three to four grains across the
diameter except for hafnium carbide which had approximately six
grains. The rods were mounted in a hard wax and cut with a

diamond cutoff wheel into compression specimens (3/8 inch diameter
by 3/4 inch long). Because specimens were made in a carbonaceous

atmosphere, they had the highest possible carbon content in agreement
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with the phase diagrams. Carbon analyses after mechanical testing
are given in Table 1 together with the measured lattice parameters.
Spectrographic analyses of specimens after testing are given in
Table 2.

The carbides are inherently free of dislocations in the as-grown
condition because of their high Peierls stress. An electron micro-
graph of a sub-boundary in zirconium carbide is shown in Figure 2,
After a small amount of deformation the dislocation density is greatly

increased as experienced in conventional metals.

2,2 Apparatus
2,21 Graphite Mold

Right cylindrical molds 0.490 inch O.D. by 2.75 inches long
were made from ZTA graphite. A 2,625 inch deep ﬂat—bottomed
hole was drilled in the mold to receive the metal rods. Spiral grooves
left by thedrilling operation were removed by reaming to 0.375 inch
I.D. Metal rods were fitted tightly into the molds to reduce the
probability of forming bubbles in the resulting carbide rods. Because
titanium, zirconium and vanadium metals wet graphite well a ZTA
graphite plug in the entrance of the mold was used to contain the
liquid metal. A schematic representation of the mold is shown in

Figure 3.



TiC

ZrC

HfC

vVC

NbC

TaC

J

TABLE 1

CARBON, OXYGEN, NITROGEN AND X-RAY
ANALYSIS AFTER MECHANICAL TESTING

Atomic %
Carbon

49.0

49.7

50.0

46.7

49.2

50.0

(ppm)

743

25

11

13

(ppm)

<20

[¢)
2,(4)

4.3259
4.6981
4,642
4.1655
4,4691

4.4534

*Melting temperatures are taken from Figures 5 through 10,

3,050
3,420
3,830
2,750
3,500

4,000



Rb
Sb
Si

Sn
Sr

Th
Ti
Ta

Zn
Zr

TiC

<3
150
<10
<3
<30
<10
<100
< 30
110
<100

6.7

1000
<100
<10
<3
13
13
<30
<3
200
27
<300
<10
<30
<30
110
40
<3
<100

1200
<100
<100
<30

TABLE 2

SPECTROGRAPHIC ANALYSIS AFTER

MECHANICAL TESTING, PPM

ZrC

18
<10
4.0
<10
< 0,3
<10
<10
<100
<10
< 3
<100
<3
93
96
<30
<30
£3
<1
<3
18
<10
<30
<3
£100
< 30
<100
< 390
<10
<10
<30
< 30
15
<300
<3
<100
<100

HiC
22
<10
<1
<3
<£0.3
<30
< 3
<100
<10
<10
{100
< 3
< 390
<30
<10
<1
<3
<3
22
L3
£100
<10
£100
<30
<39
439
<10
<30
<10
<100
33

<3
<30
<100
14500

VC NbC TaC
{2 <3 <3
<2 <10 <10
240 {1 < 1
£ 6 <3 <10
£ 0,6 < 0.3 < 0.3
£ 60 <10 <100
4 60 <10 < 10

£ 600 < 100 < 300
£ 6 < 30 < 10

16 < 10 < 30

< 200 <100 < 100
< 6 < 10 < 3
1280 <13 <10
L 60 <390 < 100
420 <3 < 30
<6 <1 £ 3
£ 0.6 <1 < 0.3
0.6 <3 <1

<160 <25 < 30
< 6 <10 < 10

< 600 S <30

51 <10 <10
£ 200 <100 <3900
< 6 <39 <100

<69 <30 < 39
<20 < 100 < 100
160 < 10 £ 3
< 6 < 30 < 30
<60 <30 £ 100

£ 609 <100 £100

19 10 < 10

- <300 S

- < 10 <10
<2000 <300 <300
< 60 <£.100 <100

<200 259 < 3
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Figure 2. Transmission Electron Micrograph of a Sub-Boundary
in As-Grown Zirconium Carbide Indicating It Has a
High Stacking Fault Energy Because of Little Dissociation
at Dislocation Nodes, 23,000x.
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2.22 Graphite Crucible

Crucibles were made of ATJ graphite and were capable of
holding six graphite molds. A schematic of the crucible is shown in
Figure 3. The graphite crucible was 2.25inches O.D. by 3. 25inches
long. The molds were inserted into six holes 0,500 inch in diameter
by 3.00 inches deep. The center hole was 0,250 inch diameterby 1,50
inches deep and was used to sight into the center of the crucible with a
Leeds and Northrup optical pyrometer. The sight stem was made of
ATJ graphite and was inserted through the lid into the center hole. The
sight stem was 0.400inch I.D. and 0.500inch O.D. and projected 5.5

inches above the lid.

2.23 Induction Furnace

Schematic representation of the six-rod crucible and the radio
frequency induction heating furnace is shown in Figure 4. The
crucible was placed near the center of a inner Vycor (silica) tube 4. 50
inches I.D. by 17 inches long. The graphite crucible was both supported
on and covered with a five inch layer of purified lampblack. The sight
tube projected one-half inch above the lampblack., The thickness of
lampblack around the sides of the crucible was 1.25 inches. The
lampblack did not heat in a radio-frequency field and thus was an

excellent thermal insulator preventing the Vycor tube from reaching
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its softening temperature even when the internal temperature may
be as high as 3000°C.

The inert gas protective environment was contained within a
larger Vycor tube 5,50 inches I.D. by 18 inches long. Two stainless
steel flanges closed the ends of the Vycor tube with tie bolts andsilicon
rubber gaskets, Argon entered the system through the bottom flange
and exited through a nozzle in the top flange producing a dynamic seal.
Temperatures were determined directly through the gas seal. The
advantage of a dynamic seal was that it eliminated condensation on

windows and therefore reduced some major pyrometry errors.
2.24 Radio-Frequency Power Source

Radio-frequency power was provided to the crucible by means of
a six~turn coil of 3/8 inch copper tubing six inches in diameter by 3.5
inches long. The coil fitted over the outer Vycor tube as shown in
Figure 4. A Lepel 450 kilocycle generator rated at 15 kilowatts was
used with no modification necessary. There was no dificulty in
obtaining temperatures up to 3500°C but temperatures above 3000°C
could be achieved for only short times. The ability to maintain
temperatures above 3000°C for prolonged times was limited by
vaporization of the graphite crucible and by carbon vapor condensing

in the lampblack causing it to break down as an insulator and to act



as a poor r.f. susceptor. This breakdown resulted in raising the

o
temperature of the inner Vycor tube to its softening point, 1100 C.

15
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3.0 CARBIDE CHARACTERIZATION

3.1 Structure

The phase diagrams for Groups IVB and VB metal-carbon
systems has been extensively studied and the currently accepted
phase diagrams are shown in Figures 5 through 10. The-phase
diagrams indicate that one carbide, MeC, is present in the Group IVB
metal-carbon systems and that two carbides, MeC and MeZC, exist in
the Group VB metal-carbon systems. The monocarbide in both Groups
can exist over a wide range of composition with the range of solubility
being larger in the Group IV carbides. The monocarbide and the
dicarbide have a sodium chloride type structure and a hexagonal
structure as shown in Figures 11 and 12. The MeC structure consists
of two interpenetrating face-centered cubic arrays of carbon and metal
atoms in which the carbon atoms occupy the octahedral intersticies,
For convenience the carbon atom maybe considered as an interstial
atom since it produces only a four percent linear expansion of the
structure when carbon is added to a hypothetical pure f.c.c. metal to
form its carbide. The metal atoms unlike the carbon atoms can not
be removed from their normal sites except for the expected thermo-
dynamic defect concentration.

The bonding between the carbon and metal atoms has been
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6
extensively studied by Lye. (

He suggests that there are three
major contributions to the observed high strength of titanium carbide;
(1) strong covalent metal-metal bonds, (2) carbon atoms donate
electrons which increase the number of d-electrons participating in
metal-metal bonding and (3) the metal-metal interaction is intensified
by the presence of carbon atoms in overlap regions of neighboring

metal atom d-orbitals. It seems probable that the same contributions

may also occur in the other carbides,

3.2 Room Temperature Hardness

Hardness of the Groups IVB and VB metal monocarbides was
studied with the intent of further characterizing bonding as a function
of carbon composition in the carbides, Hardness is not a "primary"
property and therefore its behavior is not expected to be explained
from simple theoretical explanations., However it is believed that
microhardness is related to the yield stress of the material and at
room temperature it is believed that the yield stress of the carbide
is a function of the Peierls stress or bond strength. Microhardness
measurements were made across a monocarbide layer formed during
a diffusion anneal between the parent metal and graphite. Hardness

(17)

profiles (hardness vs. distance) were reported earlier. The

present hardness data was related to composition using x-ray and
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grinding procedures and its orientation dependence was also examined.

18) that

These latter results confirmed the findings of Williams
hardness is a function of orientation. Because orientation affects the
absolute value of the hardness number many grains were examined

and a summary of the results of the dependence of hardness on
composition are given in Figure 13. It is interesting to note that a
definite trend appears. At high stoichiometries (MeCX, where x &

1.0) the hardness is greatest for the first of the Group IV carbides

and decreases as one proceeds down the Groups IV and V monocarbides.
The opposite trend appears to be occurring for low stoichiometric
carbides (MeCX, where x 2= 0.7) i.e., the hardness is least for the
Group IV carbides and increases as one proceeds down the Groups

IV and V monocarbides, Thus for the Group IV carbides hardness is
decreasing with decreasing carbon composition and for the Group V
carbides hardness is increasing with decreasing carbon composition,
The cross-over occurs near vanadium carbide. This behavior can

be described in terms of the previously mentioned model proposed

by Lye, (16) i.e., carbon atoms can donate electrons which increases
the number of d-electrons participating in metal-metal bonding.

It follows then that in the Group IV carbides as the carbon concentra-

tion increases or as the number of 3d-~electrons increases the

Me-Me bonding increases. In the Group VB, however, the 3d states



27

3,200

3,000 |-

2,800 =

2,600 |-

2,400 |-

2,200 |-

MICROHARDNESS - kg /(mm)?2

2,000 |-

1,800 |-

1,600 |-

TiC
1,400 1 | | |

30 34 38 42 46 50

ATOMIC PERCENT CARBON

Figure 13, Summary of the Hardness of the Groups IVB and VB
Monocarbides as a Function of Composition. Depelé\ding on
Orientation Hardness May Vary by *200 kg/(mm)".



28

are saturated at low stoichiometries and as the carbon concentration
increases carbon atoms donate electrons to anti-bonding d-states
which results in a decrease in hardness.
A decrease in hardness near the lower carbon compositional

s . (19) :
limit in tantalum carbide has been reported by Santoro as being
due to a maximum in the bonding. Verification of a decrease in
hardness in tantalum carbide at low stoichiometry was reported

(17)

earlier and was also found to occur in the present study of the
HfC-C, VC-C and NbC-C systems. It is believed that the decrease
in hardness at low stoichiometries can not be attributed to a maximum
in bonding but that the decrease in hardness results from indentations
being made in a two phase region. Evidence of a second phase can
clearly be seen from a photomicrograph and an electron micrograph,
Figures 14 and 15. Precipitation is expected since the solvus lines
(Figures 7,8, and9) are sloping away from the two phase regions
with decreasing temperature. It is not known whether the precipitate
was present and undetectable before hardness testing or whether
precipitation was stress induced during indentation. Until the
precipitation phenomena associated with the hardness impression is
shown to be irrelevant the decrease in hardness or the apparent

maximum in the hardness at low stoichiometries can not be realistic-

ally explained in terms of maximum in the bonding.
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3.3 Thermal Expansion

The void of information on the high temperature thermal
expansion of vanadium carbide provi‘ded the stimulus to measure its
thermal expansion behavior. The thermal expansion characteristics
of the other carbides were also investigated. The preliminary

17
results of this study were reported earlier.( )

3.31 Sample Preparation

Carbide specimens 3/8 inch diameter by two inches long were
fabricated using the same method discussed in section 2.1, The
desired test specimen was three inches long which required cropping
the ends of the as-fabricated specimens with a diamond cut-off wheel
and brazing the two sections together. A schematic diagram of the
brazing unit is given in Figure 16. The brazing was done by placing a
2mil foil of zirconium metal betweentwo specimens, heating to 2000°C
in less than 30 seconds to insure good wetting of both carbide surfaces
and annealing at 23000C for ten minutes to convert the zirconium
metal into carbide, The specimen was then shaped with a diamond

cut-off wheel into the test specimen configuration shown in Figure 17.
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3.32 Apparatus

Thermal expansion measurements of six carbides were made in
a graphite furnace which was evacuated and back-filled with helium to
a pressure of 15 microns. Samples were heated by two graphite hair
-pin heating elements which maintained a flat plate-shape heat zone.
Specimens were mounted upright between the two heating elements and
the sighting edges were visible through viewing ports in the front and
back of the furnace. The measuring device consisted of two micro-
telescopes (50x) mounted in a frame anchored in a large surface stone
that was free to traverse on an air-bearing surface from sample to
sample across a larger granite stone thatprovidedthe stable platform
necessary for accurate measurements. The microtelescopes were
equipped with motor driven filar eyepieces and transmitting
potentiometers, Low temperatures were measured with an infrared
pyrometer and high temperatures with a Milletrontwo-color pyrometer.
The overall accuracy of the system is estimated to be Z+ two percent
of the measured value at ZOOOOC and to have a temperature uniformity

of *15°C.
3.33 Results and Discussion

The thermal expansion of vanadium carbide as a function of

temperature is given in Figure 18. The only other data obtained on
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(20)

vanadium carbide was by Storms and Kempter using x-ray
measurements to 6OOOC and it is in agreement with the present work.
The thermal expansion of the other five carbides is shown in Figures
19 through 23. From the data presented in Figures 19 through 23 a
least mean e quation for each of the carbides has been computed and is
given in Table 3, From the equations presented in Table 3 the average
coefficients of thermal expansion as a function of temperature are given
in Table 4. A recent bibliography on thermal expansion of the carbides
has been given by Fries and Wahman( 21) and the present thermal
expansion measurements are in agreement with the wide scatter of data
obtained among the other investigators. The expansion of the carbides
appear to follow the same relationship as mentioned earlier i.e., the
amount of expansion increases with decreasing melting temperature
and decreasing atomic number within each Group. Also there appears
to be a relationship between the average coefficient of expansion, & |,
and hardness as a function of carbon composition. From previous
expansion measurements (20) (21)(22) and the present hardness

measurements it is found that = decreases with increasing hardness

in the vanadium, niobium and tantalum carbide systems,
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TABLE 3

Least Squares Equation for Thermal Expansion
of the Groups IVB and VB Monocarbides
as a Function of Temperature

Percent Expansion=-A+B x10-4T+ C x10-7T2(°C)
A B C
(OC)._l (oc)—z
TiC 0.0160 7.8136 0.67440
ZrC 0.0228 7.8664 0
HiC 0.0175 6.8803 0.47870
vC 0.0092 5.3705 1.6292
NbC 0.0143 6.2846 0.89740

TaC 0.0134 5.5639 0.67490



Average Coefficient of Theérmal Expansion
for the Groups IVB and VB Monocarbides

Temperature
°C . TiC
100 8.157
200 8.077
300 8.104
400 8.152
500 8.208
600 8.269
700 8.331
800 8.394
900 8.459
1000 8.524
1100 8.590
1200 8.655
1300 8,722
1400 8,788
1500 8.854
1600 8.921
1700 8.988
1800 9,054
1900 9.121
2000 9.188
2100 9.255
2200 9.322
2300 9.389
2400 9.456
2500 9.523

TABLE 4
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ot (10‘6/OC)

ZrC HfC VC NbC TaC
7.255 6.725 5.991 6.421 5.573
7.600 6.894 5,997 6.496 5,682
7.696 6.975 6.014 6.582 5,761
7.742 7.039  6.146 6.670 5.834
7.768 7.096  6.290 6.758 5,905
7.785 7.150 6.442 6.847 5.975
7.797 7.202  6.596 6.936  6.043
7.806 7.253  6.753 7.026  6.112
7.813 7.303  6.91 7.115 6.180
7.818 7.353  7.070 7.205  6.249
7.823 7.403  7.230 7.294 6,317
7.826 7.452  7.391 7.384  6.384
7.830 7.501  7.551 7.473  6.452
7.832 7.550  7.712 7.563  6.520
7.835 7.598 7.874 7.653  6.588
7.837 7.647 8,035 7.742  6.656
7.838 7.695  8.197 7.832  6.723
7.840 7.744  8.359 7.922  6.791
7.841 7.792  8.521 8. 011 6.859
7.843 7.840 8,683 8.101 6.926
7.844 7.889  8.845 8.191 6.994
7.845 7.937 9.007 8.280 7.062
7.846 7.985  9.169 8.370 7.129
7.847 8.033 9.332 8.460  7.197
7.847 8.081  9.494 8.550 7.264
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3.4 Long-Range Ordering

Ordering of carbon atoms in vanadium monocarbide has been

23 4
studied by Froidevaux and Rossier,( ) (24)

(25)

de Novion, and Venerables,

Kahn and Lye using x-ray, electron microscopy, and nuclear
magnetic resonance studies. Venerables has suggested that the
ordered compound is V6C5 and has determined an order-disorder
temperature to be approximately 13000C. Kahn using nuclear
magnetic resonance studies has described the distribution of carbon

vacancies in VC The ordered structure is described as being

0.84°
built up of (111) planes of carbon and vanadium atoms, however, on
alternate carbon layers carbon vacancies are present in an hexagonal
pattern. Due to birefringence and the large domain size ordering

can easily be seen on metallographic samples at sixty magnifications
using polarized light., A photomicrograph of an area of a diffusion
couple between graphite and vanadium metal showing a band of ordering
is shown in Figure 24. The optically active region was found to exist
over the compositions VC

to VC0 using grinding and x-ray

0.86 81

analyses. Whether ordering exists over a larger range in composition
was not determined. The order-disorder temperature was investigated
using conventional annealing and quenching experiments. The
order-disorder temperature was found to be 13000C i‘50°C in

agreement with Venerables. This temperature was well below the
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Figure 24. Photomicrograph of a Portion of a Diffusion Couple between
Vanadium Metal and Graphite Showing a Region of Long
Range Order in VC. (60x, polorized light)
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temperatures used in the mechanical property study to be discussed
and thus long-range ordering was not considered in describing its high

temperature mechanical behavior,
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4.0 HIGH TEMPERATURE DEFORMATION

4.1 Introduction

Deformation characteristics of titanium carbide have been

26) and Hollox. (27)

examined by Williams( From electron micrographs
they suggest that titanium carbide has a high stacking fault energy
because dissociation of dislocations into partials has not been observed.
Dissociation of dislocations also has not been observed in zirconium
carbide, Figure 2. The slip system in titanium carbide has been
determined to be {111} 10> by etch pit(zs) and electron micros copy(zg)
studies. It is interesting to note that this slip system is the same for
f.c.c. metals and not that observed for sodium chloride strongly
suggesting that the carbides do not have ionic character as expected.

In general it is assumed that all the Groups IVB and VB carbides have

the same deformation characteristics.
4,2 Yield Stress Behavior

4,21 Introduction

Yield strength measurements on carbides have been made by

Williams, (26) Hollox, (27) Kelly, (30) (31) (32)

(33)

Steinitz, Santoro and

Johansen. Williams measured the behavior of titanium and
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niobium carbides as a function of temperature. He determined that
niobium carbide was stronger than titanium carbide and that both were
very temperature dependent. He also observed that titanium carbide
increased in strength as carbon vacancies were removed contrary to
TiOZ in which strengthening occurs due to dislocation vacancy
interactions. Hollox has indicated that this behavior is expected
because oxygen ions are large in rutile and they therefore govern the
mechanical behavior. In titanium carbide the carbon atoms are
interstial and titanium atoms are expected to control the mechanical
behavior. Hollox has measured the yield strength of titanium and
vanadium carbide and has also noted a strong temperature dependence.
He examined the strength of vanadium carbide as a function of
composition and found the strength to be maximum near VCO. 84’
Figure 25. This maximum occurs in the region where long-range
ordering has been observed as discussed earlier. Hollox interprets
this maximum in terms of ordering and suggests that ordering is still
affecting the mechanical properties at ZOOOC above the order-disorder
temperature. The maximum in strength may also be partially due to
a maximum in the bonding similar to that discussed previously in
explaining the hardness behavior as a function of stoichiometry for
the Groups IV and V carbides. Vanadium carbide is in the transition

region where carbon atoms may be donating electrons to d-metal
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orbitals at low stoichiometries and to anti-bonding states at higher
stoichiometries. During high temperature diffusion controlled
deformation processes the maximum in strength decreases because
the effect of carbon atoms on bonding becomes secondary to the role

of carbon vacancies.
4,22 Apparatus and Procedure

Yield stress measurements were made using a high temperature
graphite furnace (Brew 1080-60KV A) mounted in a constant strain
rate machine (Instron 10,000 1b. T.T.C.L.). Specimens were 3/8 inch
diameter by 3/4 inch long and were tested in compression. Pyrocarbon
platens were used between the specimen >nd the graphite load train to
prevent indentation or deformation of the graphite fixtures., Strain
rates were measured from the movement of the crossheads and the
yield stress was determined at 0.2 percent offset., Temperatures
were measured directly on the specimen with a Milletron two-color
pyrometer and were controlled to +5°C with a Leeds and Northrup
Speedomax H controller, Testing was done under one atmosphere of

helium after normal backfill and purging procedures.
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4,23 Results and Discussion

The yield stress as a function of temperature for the Groups IV
and V carbides are shown in Figure 26. The yield stress shows a
strong temperature dependence indicating that the deformation process
is thermally activated up to approximately seven tenths of the melting
point., The strength at a given temperature follows the familar
relationship mentioned earlier i.e., that the yield strength increases
with decreasing atomic number within each Group.

(34)

Williams has suggested that an activation energy for
deformation can be determined from a plot of log yield stress versus

reciprocal temperature. In analysing the yield stress curves he uses

the following expression describing dislocation velocity:
m
vV x T exp -(U/kT) (1)

where v is the dislocation velocity, /T the stress, m a constant and U
the apparent activation energy. Williams assumes the dislocation
velocity at the yield stress can be considered a constant independent

of temperature at a given strain which defines the yield stress and

also that the constant m is not a function of temperature. Consequently

for a constant strain rate test

(T, o) o exp (U/KT). (2)
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The value of m can be determined from the dependence of strain rate

(35)

on yield stress
Y= K ( Ty.s. )m (3)
f)a

where Kl and '7’0 are constants. Williams calculated an activation
energy for TiC from the slope of log yield stress vs. reciprocal
temperature curve (equation 2 and Figure 27) and from knowledge of
the constant m. The activation energy at high temperature is in agree-
ment with the activation energy for self-diffusion, however, the value
of the activation energy is strongly dependenton the value of the constant
m. Because there is a wide range in reported values for m the calculated
value of activation energy varies depending upon which m is chosen,

An interesting observation of the log yield stress vs. reciprocal
temperature curve, Figure 27, is its change in slope at lower

(34)

temperatures. Williams suggests that the change in slope signifies

a change in activation energy i.e., a change in the deformation
mechanism. This proposal appears attractive for carbides since
intuitively one would expect that deformation is metal diffusion-controlled
at high temperatures and is rate limited by another mechanism at

lower temperatures such as a Peierls stress or a carbon diffusion
controlled mechanism, the latter being suggested by Kelly and

(36)

Rowcliffe. The present yield stress data was ‘examined for similar
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changes in slope and the results are given in Figures 28 and 29. A
break in the curve did occur for ZrC, HfC and NbC. No apparent

break was observed for TiC, VC and TaC which may be due to the fact
that the temperature of the investigation did not extend to sufficiently
low temperatures. Other deformation data such as total deformation

or minimum creep rate after a one hour constant load test was examined
for similar discontinuities (to be discussed in Figures 35 through 38).
None of the carbides showed an obvious break . Again a possible
explanation of why a change of slope was not observed for the other
carbides is that the temperature of the investigation did not extend to
sufficiently low temperatures. Another explanation for the breaks in

the log y.s. vs, 1/T curves may be that assumptions of constant m

and dislocation density in equation 2 are incorrect. Hollox(27)

suggested that yield stress data is described by

Ty.s. = Acxp -(BT) (4)
where A and B are constants. If equation 4 is correct the data
presented in Figure 27 is expected to have a curvature which may be
approximated by two straight lines. The present data is presented in
Figures 30 and 31 and equation 4 does appear to describe the data.

(26)

Williams has observed that the yield stress for titanium
carbide decreases as carbon is removed from the lattice, Figure 27,

This is in agreement with room temperature hardness measurements
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discussed earlier and also with diffusion measurements where the
diffusivity of both carbon and metal increases with decreasing carbon
content i, e., with increasing vacancy concentration. In tantalum
carbide, however, room temperature hardness and metal and carbon
diffusion increases with decreasing stoichiometry. High temperature
yield strength of tantalum carbide was examined as a function of
stoichiometry to determine if the yield stress is influenced more by
bonding (y.s. increasing with decreasing stoichiometry) or by diffusion
(y.s. decreasing with decreasing stoichiometry). The results given
in Table 5 indicate that diffusivity of carbon or metal influences
deformation more than the difference in bonding that occurs between
stoichiometric and substoichiometric TaL. This finding is contrary
to that reported by Steinitz, (31) Steinitz's specimens were made by
carburizing solid sheets of tantalum. It is believed that this method
produced microcracks which increased with increasing carbon

content. This lead to his conclusion that strength drastically

decreases with increasing carbon content.



TABLE 5

Yield Stress of TaC and TiC
as a Function of Composition¥*

Y.S. at 2000°C Y.S. at 2500°C
(psi) (psi)
TaCl.o ll, 500 4, 300
TaC, 11, 000 3,800
TiCq o4 5,000 1,900
TiC, 4,200 1,500

*Low stoichiometry samples were made by partially
carburizing metal rods i.e., the diffusion anneal was
terminated immediately after the carbide scale reached

the center of the specimen.
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4,3 Activation Area

4,31 Introduction

The concept of an activation volume to describe the lowering of

a thermal barrier by a stress was first proposed by Norwich and

(37)

Machlin (1947). The activation volume can be readily described if
we consider the force thatacts on a dislocation in its slip plane.

(38)

According to Li if a shear stress (’T‘q) does positive work when
the dislocation moves forward the free energy of activation, AF;, is

decreased by V7 *where V' is the activation volume. Thus

7.*
{ sk sk (5)
AFf :AFO - Vv 47
o
and for the backward motion
?,i‘
AF, = AF, + /v ar’* . (6)
[~

Assuming that the average dislocation velocity can be described as

v = VO exp - AF (7)
kT

equations 5, 6 and 7 yield

2 ¥
VvV = ZVO exp - AFO sinh| 1 / V* d 7_, x (8)
kT KT 2 .

¥
* E
When IV dr 2 kT, equation 8 can be approximated as

o
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,Y-)-
v=v_exp-AF_ - / v a7 (9)

kT
Taking the derivative of equation 9 with respect to stress and assuming

AFE, and v, are independent of stress yields (see Appendix A)

v o= -(;(AF)> ~ kT (9(1nv/vo)> (10)
oT¥ T o7T* T

(39

Conrad, Hays, Schoeck and Wiedersich have used extensively the

concept of an activation volume in their studies of low temperature

(38

deformation. Li ) has indicated that the term activation volume
should be redefined to describe the pressure dependence of dislocation
velocity and activation area should be used to describe its stress

dependence. Thereforethe activationvolume andactivation area are

defined as

V =kT (J(nv) N (11)
P )T, T

A = kT (a(ln v)) (12)
B 27* ) r,p

where b is the Burgers vector and P the hydrostatic pressure., The
activation area is physically the area over which a dislocation mﬁst be
thermally activated to overcome an obstacle and is defined as

A =1La (13)

where L is the length of a dislocation segment held up at a barrier

and d the distance a dislocation must move to overcome the barrier.
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Activation area has been used to differentiate between various
mechanisms. But due to the possibility of more than one mechanism
occurring simultaneously and the large overlap of activation areas for
different mechanisms, the use of activation areas in this manner has
not been generally accepted. However the activation area is frequently
used to distinguish between such mechanisms as climb, Peierls-Nabarro
stress, intersection mechanism and nonconservative motion of jogs in

=2 -2
which the activation areas are approximately 1b , 50b

(40)

-2
; 500b  and
=2 . e .
500b  respectively, Activation area measurements were made in
the present investigation because a Peierls stress was considered a
possible rate controlling mechanism in the carbides. Activation area

measurements were also needed to obtair “rue activation energies

which will be discussed in section 6,31,
4.32 Apparatus and Procedure

An Instron machine previously described was used to determine
activation areas. Specimens 3/8 inch diameter by 3/4 inch long were
loaded in compression at a constant strain rate until plastic deforma-
tion occurred, the strain rate was instantaneously changed and the new
stress was noted. Equation 12 was modified to determine the

activation area as

A = kT (gm ) (14)
T

B \27
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41)

where ¥, the crosshead speed, is assumed proportional to the

dislocation velocity and 7A is the measured shear stress. ),TA

was assumed to be equal to 3’7"" because

T.= T - T (15)

and ’7’1, the internal stress, is considered a constant during each
change in strain rate. The internal stress will be further defined in
Section 5.0. ’A schematic of a stress strain curve interrupted by strain
rate changes %or NbGC at 2100°C is shown in Figure 32. The stresses
were determined by extrapolating the curve back to the strain where

the instantaneous strain rate change was made.
4.33 Results and Discussion

The activation areas as a function of strain, applied stress and
temperature are given in Tables 6 through 11 for the Groups IV and V
carbides. The activation areas increase with increasing temperature
and decrease with increasing strain or stress. In general the activa-
tion area is approximately 100”‘62 at one half the melting point. A
Peierls stress controlled mechanism is apparently not occurring at
the high temperatures studied because the activation area for this
mechanism is usually less than 20-‘62 and independent of strain. The
activation area for NbC was also determined from yield stress

measurements shown in Figure 33 and is in agreement with those
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TABLE 6

Activation Areas as a Function of
Temperature and Applied Stress for TiC

Tern'%erature Strain Rates A% %Strain Applied Shear Stresses
(°c) (min-l) () _dpsi)
1900 0.005-0.05 68.6 0.4 5,260-6,920

" " 65.0 6.0 5,550-7,450
" " 47.4 15.0 5,250-7,625
" " 49.2 27.2 4,800-7,120
2100 0.005-0.05 92.8 0.8 2,890-4,245
" " 83.6 5.3 3,125-4,600
" " 75.0 11.1 3,400-5,150
" n 67.2 19.5 3,470-5,220
2500 0.005-0.05 466 1.1 1,125-1, 440
" " 346 3.4 1,320-1, 740
" " 260 7.6 1,480-2,045
" " 258 14.2 1,640-2,240
" " 195 24.1 1,580-2,320
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TABLE 7

Activation Areas as a Function of
Temperature and Applied Stress for ZrC

Temperature Strain Rates A* % Strain Applied Shear Stresses

(°C) (min~t) (B2) (psi)

1900 0.005-0.05 53.2 0.1 7,270-8,010
" " 26.6 2.8 7,775-9,300
" " 20.8 6.9 8,300-10, 250
" " 19.9 12.0 9,000-11, 000

2100 0.005-0.05 44.5 1.0 4,582-6,625
" " 38.2 6.9 5,200-7, 550
" " 45.5 12.8 5,520-7, 550
" " 43,4 21.4 5,620-7,700
" " 39.7 31.9 5,550-7, 800

2600 0.005-0.05 161 2.6 950-1, 620
" " 181 7.9 1,175-1,630
" " 190 12.4 1,450-2,020
" " 196 17.3 1,570-2,130
" " 189 27.7 1,570-2,150
" " 152 36.5 1,490-2,200



Temperature

Activation Areas as a Function of

TABLE 8

Temperature and Applied Stress for HfC

Strain Rates

A* % Strain Applied Shear Stresses

68

(°C) _minh) @2 (psi)
2100 0.005-0,05 82.6 1.3 7,425-8, 660
T n 78.5 4,7 8,220-9,500
2400 0.005-0.05 62.5 0.7 5,040-5, 920
1 n 69.5 3.9 6,250-6, 900
N n 41.5 7.4 6,750-7, 870
" g 43,3 13.2 7,425-8, 650
2600 0.005-0.05 156 0.9 3,270-4,030
" " 105 3.8 3,850-4, 680
r i 121 8.0 4,250-5, 210
1" " 111 13,7 4,600-5, 625
" " 101 20.9 4,850-6,000
1 1" 106 30.1 5,100-6,175



TABLE 9

Activation Areas as a Function of
Temperature and Applied Stress for VC

Temperature Strain Rates A% % Strain Applied Shear Stresses
(°c) (min"h)  E (psi)
1700 0.005-0,056 125 0.63 3,335-4, 340

" o 104 3.89 3,520-4, 670
" " 92.0 8,40 3,530-4,930
" " 88.5 14.6 3,780-5,200
2100 0.005-0,05 315 3.03 1,655-2,125
" " 303 6.40 1,800-2,275
" " 285 10.8 1,965-2,470
" " 260 16.2 2,080-2,630
" " 180 26.0 2,080-2,820
2400 0.005-0.05 725 1.3 712-940
" " 577 4.5 825-1,105
" " 452 10.4 892-1,250
" " 337 18.8 805-1, 340
" " 307 29.9 865-1, 385
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TABLE 10

Activation Areas as a Function of
Temperature and Applied Stress for NbC

Temperature Strain Rates A% 9 Strain Applied Shear Stresses
(°C) min') (%) (psi)
2100 0.002-0.02 98 3.46 4,010-5,200

' " 106 7.13 4,510-5,520
" " 97.2 12.8 5,300-6,400
" " 86.5 18.1 5,800-7,075
" " 71.5 26.5 5,820-7,270
" " 69.5 33.4 5,650-7,250
" r 71.5 42.0 6,200-7,720
2400 0.002-0,02 287 2.03 2,300-2,860
" " 344 5.90 2,730-3,200
" " 295 9.35 3,220-3,720
" " 262 12.4 3,600-4,070
" " 220 15.6 3,820-4,370
" " 192 19.1 3,970-4,620
" " 168 22.5 4,150-4,870
" " 158 26.4 4,270-5,000
" H 19 33.3 4,620-5,675
2700 0.002-0.02 338 2.10 1,675-2,075
" " 335 6.19 2,105-2,510
" " 312 11.5 2,160-2,590
" " 223 17.6 2,230-2,850
" " 114 27.6 1,970-3,180
" " 171 37.5 2,310-3,105
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TABLE 11

Activation Areas as a Function of
Temperature and Applied Stress for TaC

Temperature Strain Rates A% 9% Strain Applied Shear Stresses
(°C) (min™h) (%) (psi)
2100 0.005-0.05 93.8 0.62 5,850-7,035

" " 92.6 3.67 6,450-7,650
" " 88.2 6.86 7,000-8,250
" " 93.5 10.4 7,550-8, 750
2400 0.005-0,05 18 1.23 3,795-4, 860
" " 120 3.86 4,170-5,175
" " 123 6.85 4,560-5, 550
" " 129 10.2 4,940-5, 900
" " 86.5 15.3 5,200-6,650
" " 88.4 24.0 5,450-6, 900
2600 0.005-0.05 170 1.18 2,160-3,425
" " 184 4.13 3,070-3,780
" " 182 7.92 3,410-4,150
" " 153 12. 6 3,625-4,480
" " 139 20.8 3,720-4,680
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determined from strain rate change experiments.

The dependence of dislocation velocity on stress can be

expressed(38) empirically as
H¢
v = K2 T \™ \ (16)
7&
o

3

where KZ’ ’7‘0 and m are constants. Equation 16 is commonly

approximated at small strains by
y =K, Ta \™ (17)
7o
where 2’ is the cross-head speed and /7‘A the applied stress. Values
of m were determined from strain rate change experiments using
equation 17 in the following form:

m= [o(ny ) (18)
2

A T,P
In Table 12 values of m are given and found to usually be between 5 and
15. The value of m was also determined from yield stress data,
Figure 34, and was calculated to be equal to 5.3 in agreement with

values determined from strain rate change experiments.

%
Values of m were not determined because the internal stress

%
was not known as a function of strain. The values of m are expected
to be lower than m depending on the value of the internal stress as

38
predicted by Li( ).



TABLE 12

Constant m Relating Stress and Strain Rate

TiC

ZrC

HiC

vC

NbC

1t

TaC

1

Temiperatitre (OC)

1900
2100
2500

1900
2100
2600

2100
2400
2600

1700
2100
2400

2100
2400
2700

2100
2400
2600

16.5
5.44
3.86

14.6
12.7
9.80

8.30
8.50
9.80

7.57
7.88
8.80

12.0
8.30
9‘ 65
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s
*

m 1 (19)

4,4 Constant Load Creep
4.41 Introduction

Very little creep data is available on the transition metal carbides.
s (18) . s
Williams determined an anomalously low activation energy
( 23 Kcal/mole) for single crystal titanium carbide. Leipold and
. (42) . :
Nielsen determined creep rates on powder metallurgical samples
of zirconium carbide. They concluded tL.t high temperature deforma-
tion properties of ZrC could not be determined from impure and poorly
31
characterized samples. Steinitz( ) studied the creep behavior of
tantalum carbide as a function of composition and temperature. His
data showed a large amount of scatter probably due to surface cracks
which developed during the solid state fabrication method. Keihn and
(43) . - .
Kebler measured creep rates on single crystals of titanium carbide
in tension and showed that TiC can undergo large extensions up to 65%
before fracture when heated above 16000C. Their attempts to measure

activation energies from constant load tests were unsuccessful. The

present constant load tests were made on well characterized one
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hundred percent dense samples. The results should assist in design of

high temperature structural members fabricated from carbides.
4,42 Apparatus and Procedure

Specimens 3/8 inch diameter by 3/4 inch long were tested in
compression in a Bendix Balzers graphite resistance furnace similar
to the Brew furnace previously mentioned is section 4.22. Load was
applied by a Satec constant load frame and extension was measured
using a linear voltage transformer outside the furnace enclosure.

o
Temperatures were controlled to * 2 C throughout each test.
4.43 Results and Discussion

Minimum creep rate and total creep at the end of a one hour
test are shown in Figures 35 through 38. Hafnium and tantalum carbide
which have the highest melting points are the most creep resistant.
The creep rate in a compressive constant load test is continously
decreasing and a true steady state condition (linear region) is never
achieved due to the increasing cross-sectional area. Because the
creep rate for carbides is sensitive to small changes in stress
activation energies could not be determined from constant load test.

(38)

The following expression relates creep rate and stress:
. m (20)
€=k, 'TA

To
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where m is a constant which has the range of 5 to 15 for the carbides
and f]’; and K4 are constants. For a constant load compression test if
m is 5 and 7A is equal to 5,000 psi the creep rates as a first
approximation are in error by greater than 5%, 10% and 25% at 1%, 2%
and 5% strains respectively. Thus apparent activation energies
determined from constant load tests in tension and compression are

invariably too high and too low respectively. The error increases as

the temperature range of the investigation is decreased.
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5.0 MODEL FOR CONSTANT STRESS CREEP

Creep under constant stress and temperature conditions is
usually studied to gain insight into the mechanism ormechanisms
controlling high temperature deformation. Two parameters are
usually obtained, namely a stress independent activation energy, AH,
and the stress dependence of the creep rate, m. These two parameters

can be related to creep rate assuming a single rate controlling process

as follows:(40)
- x, ( T Y e A (2
7o
where K4 =NADY
N = number of pieces of dislocation likely to slip at any moment
A = area swept out by a dislocation when it slips
VYV = frequency of vibration of the dislocation
Z.' = applied shear stress
7 = constant

A H = the stress independent activation energy
(44) . . : :
Weertman has derived equation 21 for the special case of climb of

edge dislocations of opposite sign piled up on paralled slip planes.

(45)

46
Head and Li( ), however, have indicated that these pileups never

39)(47
form. Recently it has been recognized by some authors( NET) that

the measured activation energy depends on stress and that recovery
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may not be rate controlling in creep but rather that pinning points
which restrain bowed-out dislocations may be rate controlling.
Assuming entropy effects are negligible the creep rate can be

expressed as:

»X
. X ¥
& = K4 exp - _ké%— = K4 exp - AHk—TojVJ? (22)
where AQ = stress dependent activation energy
AH = stress independent activation energy
A>:< = activation area
b = Burgers vector
’f’-.: ’TA - ’7"1 = shear stress which assists in overcoming

a thermal barrier

’Z = applied shear stress
7'i = internal stress

The long-range internal stress may be due to the interaction of
dislocations on paralled slip planes where the stress field is too
large to be overcome.by a thermal fluctuation, Figure 39, The force
that a dislocation experiences when attempting to overcome a thermal
barrier of magnitude AH defined in terms of the above mentioned
parameters is shown in Figure 40. Assuming the internal stress is
constant it can be seen that if a stress greater than the internal stress

is applied to a dislocation the dislocation will partially climb the

thermal energy barrier thereby reducing the apparent activation
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energy, AQ. If the applied stress is increased to the top of the
energy barrier, AH, no thermal energy is required to overcome

the barrier and deformation proceeds uninhibited. This condition
rarely exists because as deformation proceeds the internal stress
does not remain constant but increases with increasing strain. The
increase in the internal stress with increasing strain can be expressed

48)

by the following relation:
2
where /Ti = internal stress

€ - strain

f’ = dislocation density

because Eﬂ/o and ’7’1 £l (ﬁ)z

The effect of strain on the force distance curve is given in Figure 41.

If the applied stress is greater than the internal stress, deformation
will commence and if the applied stress is much larger than the internal
stress as shown in Figure 41, the apparent activation energy, AQ,

is reduced and deformation will proceed rapidly. As strain increases
the internal stress increases resulting in an increase in AQ and a
decrease in the deformation rate. As creep or strain continues to
increase ?—i —-—-’)'A, AQ — AH and A*B ’7’*——— 0 i.e., all the

energy needed to overcome a barrier AH must come from thermal

flucuations. If deformation proceeds further to where the internal



4aH

time time time

Figure 41. Force vs. Distance for a Dislocation as a Function of Strain

88



89

stress attempts to be larger than the applied stress, deformation
would cease since a thermal flucuation can not overcome the long
-range internal stress field. This type of creep where the internal
stress approaches the applied stress and the deformation rate
approaches zero is referred to as logarithmic or low temperature
creep. Thus for logarithmic creep the creep rate can be renewed
after it has approached zero by increasing the applied stress or the
creep rate can be stopped at any strain by reducing the applied stress
to less than the internal stress. The total strain for a logarithmic
creep test should be predictable if the relationship between internal
stress and strain is known., During high temperature creep another
process can occur and it is normally referred to as dynamic recovery.
That is the internal stress can be reduced by recovery and at high
temperatures deformation need not approach zero.

It is apparent from the above discussion that at high temperatures
there are two competing processes. They are the increasing internal
stress due to deformation and a decreasing internal stress due to
dynamic recovery. The initial or transient region of creep where
creep rate is at first very fast and then decreases with time occurs
when the rate of increasing internal stress is greater than the rate of
dynamic recovery. Steady state creep occurs when the internal stress

remains constant, Thus the apparent activation energy observed for
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steady state creep, AQ, is shown in Figure 40 to depend on the steady

state values of ’)" and 7'1
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6.0 APPLICATION OF MODEL TO NbC

6.1 Creep of NbC at Constant Stress

6.11 Introduction

Determination of the apparent activation energy during constant
stress experiments is normally determined by one of two methods.
The first method involves measuring the creep rate after steady
state has been achieved during a constant temperature test on a
single specimen, Another specimen is used and the test is rerun at
a different temperature. The apparent activation energy is determined

from equation 22 as

£ £
In=* 3
A0 =x ln%:z + AN X« ln Z (24)
e N R AT B =g\ -1
T: Tz Tr Tz

The difficulty with this method is that the structure may change from
specimen to specimen thus affecting the assumption that the con-
stant A, equals AZ' The second method involves a differential tempera-
ture technique i,e., after steady state has been achieved at a given
temperature the temperature is changed and a new steady state

creep rate is determined on the same specimen, This method has

the advantage that because the temperature change is made rapidly

on the same specimen at approximately the same strain the term A
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can be considered a constant. The disadvantage over the first method
is that both the temperature and creep rates must be known accurately
because the differential intemperature is normally less than 50°C. The
latter method was choosen for the present investigation but because of
the difficulty in measuring creep rates at temperatures in excess of

2000°C the temperature differential was 200°C.
6.12 Apparatus and Procedure

The apparatus used for compressive constant stress experiments
was previously described for constant load tests {section 4.42) with
the exception that loads were manually adjusted during a creep test to
maintain a constant stress to within one percent. Temperatures were
read with a two-color pyrometer and controlled to #+ 2°c. Tempera-
ture changes of 200°C were made within four minutes and an additional
six minutes were needed to stabilize the system. An extreemly stable

system was needed because strain was measured outside the furnace
enclosure. Small changes in temperature when made over the length
of the load-train would produce a significant apparent strain. Samples
were crept for twenty minutes after a temperature change was made
and creep rate was determined by extrapolating the creep to the strain
where the temperature change was made. Creep rates less than one

percent per hour could not be reliably measured and creep rates
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greater than ten percent per hour did not allow enough temperature
cycles per sample. A test condition of 2020°C and 2220°C at 6,000

psi was found to be ideal.

6.13 Results and Discussion

A typical differential creep test is shown in Figure 42 with the
apparent activation energies determined after each temperature change.
The initial stage of the creep curve is clearly in the transient region
and the apparent activation energies determined in this region are
generally lower which could result from a larger value of 7’* as
discussed in section 5.0. After steady state is reached the measured
value of the apparent activation energy, 4 Q , is 130 kcal/mole and
is relatively reproducible and independent of strain. Values of the
apparent activation energies determined on a number of different
samples are given in Table 13.

From the model presented earlier the apparent activation energy,

AQ, is dependent on stress and is not equal to the rate controlling
activation barrier, A H , unless 7* is equal to zero. One can
attempt to measure the stress dependence of the apparent activation
energy by performing creep tests at different stresses, however, this
was not done for two reasons. Firstly, becausethemeasureable creep

rates in the present work were limited to an order of magnitude change,
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TABLE 13

Apparent Activation Energies for NbC
Determined from Instantaneous Temperature
Changes at Constant Stress (2020°C to 2220°C at 6,000 psi)

Specimen #1 Specimen #2 Specimen #3™
Temp. Strain Q Strain Q Strain Q
(%) (kcal /mole) (%) (kcal/mole) (%) (kcal/mole)

Low 2.86 2.60 3.66

25.2 29.1 130
High  6.48 6.40 8.80

131 130 117
L. 7.25 7.10 9.50

120 140 105
H. 8.70 8.20 10.95

127 107 126
L. 9.50 9.40 11.45

117 97 103
H. 10.7 1.3 12.5

130 103 131
L. 11.8 12,2 13.2

138 119 125
H. 13.6 13,9 13.9

130 141 127
L., 14.3 15.4 14.4

127 136 121
H. 15.8 17.1 15.1

* Specimen was stress relaxed after testing.,
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the difference in the apparent activation energy with stress would only

be 5.9 kcal/mole at 2100°C calculated from equation 22

d(aQ) =kTin (—-EJ—) ‘

£, (25)

This change in the apparent activation energy is within the experimental
accuracy of A Q and would not verify its stress dependence. Secondly,
if the internal stress also increases with the applied stress, the
apparent activation energy may show little dependence on the applied
stress.,

It is clear from the model previously discussed that the
apparent activation energy depends on the applied stress because
creep rate increases with the applied stress. Therefore to be

*
consistant with experimental measurements T must increase to a
new steady state value determined by the work hardening and recovery
rates when the applied stress is increased during steady state creep.
Therefore the effect of the applied stress on the apparent activation
*
energy can not be determined unless ,r or ,77 is known. Thus to
determine the stress dependence of the apparent activation energy it is
necessary to assume that it is stress dependent and then to determine
#*

both the internal stress, /77 , and the thermal component of stress, T.

Another possible explanation of why the creep rate increases with

increasing stress is that the mobile dislocation density may be
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increasing with increasing stress. The mobile dislocation density
was not measured in the carbides so that it is not known whether this

(38)

explanation is plausible. Li has indicated that the agreement of
activation areas determined from dislocation velocity measurements
and from strain-rate change experiments suggest that the density of
mobile dislocations does not change significantly. It is therefore

assumed that the stress dependence of the creep rate arises from the

. . *
stress dependence of dislocation mobility i.e., T,

6.2 Determination of the Internal Stress
6.21 Introduction

The internal stress is the stress that arises from long-range
interactions of dislocations. Possible types of dislocation-dislocation
interactions giving rise to long-range internal stresses has been

(49)

discussed by Jonas, The width of the stress field is approximately
10, 000b whereas the width of barriers that can be overcome by
thermal energy are approximately 100b. The internal stress is
commonly determined from yield stress versus temperature curves,
The internal stress is equal to the yield stress when it becomes

athermal i.e., when the thermal energy is large enough to overcome

thermal barriers at the imposed strain rate without the assistance of
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stress. Forexample, NbC, Figure 26 becomes athermal at approximately
26000C. As temperature is lowered ’ri increases in proportion to the
elastic modulus. The modulus as a function of temperature has been
determined over alimited range of temperatures for NbCas shown in
Figure 43, Because high temperature elastic modulus determinations
aredifficultand canbe subject to error internal stress values determined
at lower temperatures using this method are not considered reliable.

It is believed that a more accurate method of determing internal stresses

at any giventemperature is by stress relaxation measurements.
6.22 Apparatus and Procedure

An Instron machine previously described for yield stress
determinations (section 4., 22) was used to determine the internal
stress. Samples were loaded in compression at 0.02 inches per minute
until plastic deformation occurred. The machine was stopped and the
specimen relaxed i.e., the specimen is crept under a continually
decreasing stress until all the thermal barriers are overcome.
Because the internal stress is approached asymptotically with time,
log of the slope of the relaxation curve verses load was plotted and
the internal stress was determined at a slope equal to zero. The
relaxation of the machine was investigated by removing the specimen
and loading the platens at the temperatures and stresses to be

investigated and then stopping the machine, No relaxation was detected,
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6.23 Results and Discussion

A typical stress relaxation curve is shown in Figure 44, The
internal stress is found to be approximately 65 percent of the applied
stress at ZlOOOC, Figure 45. The value of the internal stress can be
in error if either strain aging or recovery is taking place during
relaxation. Strain aging is not believed to be occurring because upon
reloading a yield point was not observed. Some recovery is undoubtly
occurring but the amount was not evaluated. Therefore the reported
internal stresses may be slightly underestimated.

The relation between internal stress and strain was examined
by sucessively straining and relaxing a single specimen, The results
are given in Table 14. From the data obtained the internal stress can
be described as increasing with the square root of strain (Figure 46)
predicted previously in equation 23, This same relationship is expected
to describe the internal stress as a function of strain in the transient
region of creep. Also the internal stress at zero strain is in agreement
with the internal stress determined from yield stress data (Figure 26)
after correcting for the change in elastic modulus with temperature.

It can be seen from Figure 44 that T*‘is increasing slightly with
increasing strain during a constant strain rate experiment, This is

probably due to a decreasing activation area with increasing strain as
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TABLE 14

Internal Stresses in NbC Determined from Stress Relaxation Experiments

Specimen #4

Specimen #5

Specimen #3%*

Temp. Strain T /)’A Temp. Strain /ri 7‘; Temp. Strain /71 /);\
(°C) (%) (psi) (psi) (°Cc) (%) (psi) _(psi) (C) (%) (psi) (psi)
2100 0.48 1,970 3,610 2100 0.48 1,780 2,830 2220 15.1  2,330%% 3,000
L 3.48 2,990 4,770 L 2.37 2,340 3,800 g 17.2 3,200 4,650
" 6.20 3,450 5,310 " 8.32 3,340 4,770 "o 18,7 3,370 4,950
2400  7.43 2,540 3,910 2400 10,9 2,280 3,570

g 10.1 2,470 4,000

" 12.9 2,520 4,070

2100 14.7 3,640 5,220

" 17.1 3,850 4,850

" 19.4 3,760 5,900

* Specimen stress relaxed after creep at 3,000 psi, Table 13,

Ak l = 78%

T

€01



104

48

40 [ —

32 . -

24 | -

(Ty)? - pst

16

PERCENT STRAIN

Figure 46, Internal Stress of NbC as a Function of Strain at 2100°C



105

shown previously in Tables 6 through 11. It is shown in equation 22
that when the strain rate is constant A* b 7’* is also constant and
A* and ’T‘* are thus inversely proportional to each other.

" The value of /7; was determined on a specimen after being
crept in the steady state region (Specimen #3, Table 13). The results

are given in Table 14 and indicate that the internal stress is at least

78 percent of the applied stress during steady state creep at 2220°C,

6.3 Determination of the Activation Energy AH
6.31 Results and Discussion

From section 6.1 the activation energy, 4 H, can be expressed

by the following expression:

4 >k *
€= K, exp- (A.H_-y_z’_ (26)
kT

Differentiating equation 26 with respect to temperature according to

Conrad(51) yields

AH=kT? [21n€) + kTZ(-amé) %4, KT (lné
°T 7 O% JrHdT

dln?, T (27)
The first term describes the apparent activation energy, AQ;
the second term is the correction for the change in elastic modulus

during a differential temperature test. The last term is the correction
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ol
b4

for the stress dependence, od , on the activation energy. The first
term was evaluated by measuring the creep rate before and after a
temperature change and the values were given previously in Table 13.
The second term was approximated from the effect of strain rate on
instantaneously changing stress; the results were given in Table 12,
The temperature dependence of the shear modulus is given in Figure 43
and the internal stress was calculated in the preceeding section. The
third term was determined from the change in the steady state creep
rate after a change in applied stress. 7’1 was assumed to be 78 per-
cent of the applied stress as determined in the previous section.
Evaluating equation 27

AH = 130-11.7 +37 = 155 kcal/mole.

The activation energy for chemical diffusion of carbon in niobium
carbide has been determined(é) to be 98 kcal/mole. The activation
energy for self diffusion of carbon in NbC has not been measured. The
difference in the activation energy for chemical and self diffusion has

52)

been estimated( for zirconium carbide to be 15 kcal/mole. If the
same activity composition relationships also occur in niobium carbide
the activation energy for self diffusion of carbon in NbC would be
equal to approximately 115 kcal/mole.

The activation energy for self diffusion of niobium in NbC has

not been measured. However it can be approximated using IL.eClaire's

(53

)
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relationship (AH = 38 xm.p.) to be equal to 143 kcal/mole.
Comparison of the activation energy for creep (155 kcal/mole) with
that for diffusion indicates that AHC is too low and that AHNb is
NbC NbC
in fair agreement considering that LeClaire's relationship is an
empirical expression which is being extended for carbides. If it is
assumed that deformation is controlled by niobium diffusion, three
types of deformation mechanisms can be considered to be rate
controlling, namely, viscous flow, climb and nonconservative motion
of screw dislocations. Viscous flow is not considered a possibility
since the measured stress dependence is not unity. For dislocation
climb the activation area is expected to be near 152 and the measured
activation areas are one to two orders of magnitude larger, Tables
6 through 11. Nonconservative motion of screw dislocations is a

likely candidate since the activation area is consistent with this

mechanism.



108

7.0 CONCLUSIONS

It was shown that the transition metal carbides can be made into

test specimens that are one-hundred percent dense and of high

purity and stoichiometry.

The hardness of substoichiometric carbides does not appear to be
related to the defect (vacancy) concentration but can be explained
in terms of carbon atoms donating electrons to d-metal orbitals

in proportion to the carbon concentration,

The transition metal carbides were demonstrated to have

unusually high strengths and creep resistance at temperatures
o

above 1000 C. The strength persisted up to 0.75 of the melting

point.

The yield stress is very temperature dependent. The elastic
modulus has little temperature dependence indicating that the
yield stress has a large effective stress, 7‘56, even at temperatures

greater than 0.5 Tmp'

The activation area was shown to have a stress dependence
consistant with thermally activated deformation mechanisms.
The measured activation areas determined from constant strain

rate tests were self-consistant with areas determined from
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yield stress measurements, The areas were found to be larger

than that expected for a Peierls or climb controlled process.

Internal stresses determined from stress relaxation measure-
ments were in agreement with the internal stress determined
from yield stress experiments after correcting for the tempera -

ture dependence of the elastic modulus.

The internal stress was found to increase in proportion to the
square root of strain during constant strain rate experiments

and to remain constant during steady state creep.

Extrapolating internal stress measurements as a function of
strain back to zero percent strain indicates that the internal

stress is not equal to zero at zero percent strain. Therefore
¥ m
v =k(T) #k(7T)

for polycrystalline material as is

4
ass umed( ) for single crystals at their yield stress.

Stress relaxation experiments indicated that the internal stress
during steady state creep was not equal to the applied stress and
that a stress dependent activation energy was being measured.
After correcting the activation energy for steady state creep

it was found to be in agreement with the activation energy for

self-diffusion.
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10, The effective stress, 7~ , was considered to go to zero during
logarithmic creep as creep rate approaches zero. The effective

stress was not considered to approach zero for steady state

creep because 77~ was considered the driving force for creep.

o,

o
5

The value of the internal stress, /T’i, was determined by 777 and

the rate of dynamic recovery.,
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8.0 SUGGESTIONS FOR FUTURE WORK

The effect of alloying the carbides with other carbides or
intermetallics is a very promising area. Alloying the Group IVB
with the Group VB monocarbides should produce a maximum in the
hardness according to the model presented in Section 3.3. It has

(27) that boron addition to TiC and VC greatly increases

(55)

been shown
their strength at elevated temperatures. Venables has indicated
that boron additions may be lowering the stacking fault energy.

56
Martin( ) has found that the stacking fault energy of sub-stoichiometric

TaC may be lowered by the presence of TaZC.
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APPENDIX A
DERIVATION OF ACTIVATION VOLUME, EQUATION 10, p.62

From Figure 1 A

*, Xy 00
AF = 4F, - [F* a - [ Fegdx - [ Flxdx (A1)
%, ° *2
Defining
/"‘z
J Flax=v 7r (A 2)
%
equation A 1 becomes
\'I< e Xl w
AF = AF -V 7'l - f F(x)dx - f F (x) dx (A 3)
o (s x,

Taking the derivative of equation A3 with respect to stress yields

JAF) _ I(AK) v ¥ 9TV (A 4)
)T o 7¥ ) T ppw
%, oo
-2 | Flx) ax 2 f F(x) dx
7, 7/

F

Defining AF to be independent of stress equation A4 can be written as
o

% % " % o
J(AF) _ d3(VHr -v -2 [Fix)dx - 3 F(x)dx (A 5)
T T T 5 ”
From Figure A2 it can be seen that
"’ o0
d(vHT* 0 |Fx)ax  — ._é_fF(x)dx (A 6)
T 27

Yo% ¥
27T 7" & ,
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Combining equations A5 and A6 yields

sl

J(AF) _ -V (A7)
)7

Equation 10

sla
B

V. = kT Jdlnv/v
o
97 *
however is in slight error because it is derived assuming V' to be

independent of stress, V  determined from strain rate changes is

thus the mean value as indicated in Figure



4Q

o T . K’\\\\ AF
o !
o] #* |
o F N7 e
| \l
|
% |
/l\ {
( X o
S Fade § Few)dn
° %
° % %2
Distance
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Figure 2 A, Force Versus Distance Curve Showing the Stress

Dependence of the Activation Volume
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