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ABSTRACT 

A study was made of the influence of dynamic strain aging on the creep and short 
time tensile properties of a Mo-0. 82 Ti-0. 20 C (at. %) alloy.    The strengthening effects 
are directly related to carbide precipitation during deformation.   The precipitation 
lowers the density of mobile dislocations and slows down the rate of recovery. 
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DYNAMIC STRAIN AGING DURING THE CREEP AND TENSILE TESTING 

OF A MOLYBDENUM-TITANIUM-CARBON ALLOY 

by Peter L Raffo 

i.^(      r'5'"   l Lewis Research Center 

>»'        ' SUMMARY 

C«y « -. - the e^P ,d «u „eS o, a «o-O. 82 T1-0. 20 C ,a, „ 
alloy In the temperature range 1800° to 3200° F (1255 to 2033 K).   The experiments were 
aimed at characterizing the mechanism of strengthening due to the titanium and carbon 
additions.   A peak in the flow stress-temperature curve was noted for this alloy at 
1800   F (1255 K).   In addition, the strain rate sensitivity of the flow stress was negative 
in the temperature range 1500° to 2200° F (1088 to 1477 K).   The creep rate of this al- 
loy above 2400° F (1588 K) has a stress and temperature dependence equal to that of un- 
alloyed molybdenum.   At temperatures below about 2400° F (1588 K), the creep rate at 
a given stress depends not only on the stress and temperature, but on the entire preload- 
ing history.   Transmission electron microscopy was employed to show that precipitation 
occurs on dislocations in specimens crept at 1800° F (1255 K)    It was deduced that the 
strengthening effects noted during the creep and short time tests are directly related to 
carbide precipitation during plastic deformation.   Precipitation during deformation has 
two main effects.   The first is associated with the decrease in the mobile dislocation 
density due to pinning by the carbide precipitates.   Simultaneous precipitation produces 
logarithmic creep at temperatures higher than is found in the unalloyed metal.   The de- 
crease in the mobile dislocation density leads to a greatly decreased creep rate in a 
constant stress creep test and an increased work hardening rate in a constant strain 
rate tensile test.   Secondly, precipitation during deformation may decrease the rate of 
recovery.; 

INTRODUCTION - 

A strengthening effect is noted in some alloy systems which involves the diffusion 
of solute atoms behind moving dislocations or the simultaneous precipitation on disloca- 



tions during straining.   This type of effect has been variously classified as dynamic 
strain aging (refs. 1 and 2), strain induced precipitation (refs. 3 to 5), dynamic 
strengthening (refs. 6 and 7), and alloy strain aging (ref. 8).   Dynamic strain aging oc- 
curs in limited temperature and strain rate ranges and is manifested by a peak in the 
flow stress-temperature curve (refs. 1 to 4, 6, and 9 to 11), serrated plastic flow 
(refs. 9 and 12 to 14), negative strain rate sensitivity of the flow stress (refs. 12, 15, 
and 16), and rapid rates of work hardening (refs. 5, 6, 9 to 11,  13,  14, and 17).   Dy- 
namic strain aging has been observed in many body centered cubic (bcc) alloys, partic- 
ularly those which contain the interstitial solutes carbon, oxygen, and nitrogen (refs.  1 
and 2).   However, strengthening of this type has been observed in metals with other 
crystal structure (ref. 12) with both substitutional and interstitial alloying additions. 

Dynamic strain aging is particularly evident in a class of molybdenum (Mo) alloys 

which contain carbon and group IVa carbide former such as titanium (Ti), zirconium 
(Zr) or hafnium (Hf) (refs. 3 to 5, and 18).   All of the features peculiar to dynamic 
strain aging have been observed in these alloys in the temperature range of approxi- 
mately 1500° to 2500° F (1088 to 1644 K).   Chang (ref. 4) has studied carbide precipita- 
tion in these alloys as well as making the initial observations of dynamic strain aging. 
A general observation was that quenching of these alloys did not suppress the precipita- 
tion of molybdenum carbide (Mo„C) during cooling.   Upon aging at temperatures below 
approximately 3000° F (1922 K), the MoJC dissolved and precipitation of TiC or ZrC 
occurred, resulting in age hardening.   Chang also suggested that it was the precipitation 
of these carbides which was responsible for the dynamic strain aging effects observed in 

the tensile tests. 
The present work was aimed at further characterizing the mechanisms responsible 

for dynamic strain aging in molybenum alloys.   Emphasis has been placed on the effects 
on creep.   A commercial arc cast alloy of the composition (in at. %) Mo-0. 82 Ti-0. 20 C 
was selected for study.   (This alloy is known commercially as Mo-0. 5 Ti (wt. %).) 
Constant strain rate tensile tests at 1500° to 2400° F (1088 to 1588 K) and constant 
stress creep tests at 1800° to 3200° F (1255 to 2033 K) were performed on solution 
treated samples of this alloy. 

EXPERIMENTAL PROCEDURE 

The alloy Mo-0. 82 Ti-0. 20 C was purchased as wrought and stress relieved 0. 25- 
inch (0. 64-cm) diameter rod.   The supplier quoted 2 ppm oxygen and <1 ppm nitrogen 
by weight as the other interstitial impurities.   The rod was ground into tensile speci- 
mens having a 0.14 inch (0. 36 cm) gage diameter and a 1. 0 inch (2. 54 cm) gage length. 
These specimens were employed for both constant strain rate tensile tests and creep 



tests.   The majority of the specimens were solution treated at 3300° F (2088 K) for 
1 hour in vacuum and were rapidly cooled by introducing helium gas into the furnace. 
The annealing was performed in an induction furnace with a tungsten susceptor.   After 
annealing the specimens were electropolished in a solution of 98-percent sulfuric acid 
in water. 

Tensile tests were performed in a universal testing machine in the temperature 
range 1200° to 2400° F (922 to 1588 K).   The specimens were heated by radiation from 
a resistance heated tantalum element.   The tests were performed in a vacuum of less 
than 5X10"5 torr. 

Constant stress creep tests in the temperature range 1800° to 3200° F (1255 to 
2033 K) were performed in a vacuum of less than 5x10     torr using a resistance heated 
tungsten mesh heater.   Constant stress conditions were met by employing either a beam 
similar to that described by Fullman, Carreker, and Fisher (ref. 19) or a cam of the 
type designed by Garafalo, Richmond, and Domis (ref. 20).   A total strain of approxi- 
mately 0. 20 could be achieved with the beam while true strains up to 0. 6 could be ob- 
tained with the cam. 

The creep strain was measured optically with a cathetometer.   The gage marks 
were small pieces of tungsten foil which were attached to the gage section of the speci- 
men by a thin layer of tungsten powder with a glycerine binder.   During the heating of 
the specimen, the powder sintered and firmly held the gage mark to the specimen.   A 

-4 change in strain of 1x10     could be detected. 
Transmission electron microscopy was performed on selected crept specimens. 

Disks approximately 0.7 to 1 millimeter thick were spark machined from the gage 
length.   These were glued to a brass block and ground to 0. 2 to 0. 4 millimeter thick- 
ness.   The disks were then thinned in a solution of 14 volume percent sulfuric acid in 
ethyl alcohol at 8° C and 30 volts using an apparatus designed by Schoone and Fishione 
(ref. 21).   The thinned region was subsequently examined at 100 kilo volts. 

RESULTS 

This portion of the paper consists of four sections.   First, tensile data at constant 
strain rate on the Mo-Ti-C alloy are examined and shown to exhibit the previously men- 
tioned features characteristic of dynamic strain aging.   In the second section, the creep 
of this alloy at constant stress is described.   It will be shown that above 2400° F 
(1588 K) the creep behavior of the alloy is much like that of unalloyed molybdenum.   At 
1800° F (1255 K), dynamic strain aging is found to have pronounced effects on the shape 
of the creep curve.   These same aging effects are then shown to be exhibited during 
creep under constant strain (stress relaxation) in the next section.   The results are then 



concluded by a brief transmission electron microscopy study of the deformation sub- 
structures formed during creep. 

Constant Strain Rate Tensile Tests 

The effect of temperature on the ultimate tensile strength of the Mo-Ti-C alloy is 
shown in figure 1.   Tensile data from the present study at two strain rates and from the 
work of Chang (ref. 3) at a single strain rate are included.   In addition, results on un- 
alloyed molybdenum (ref. 3) are plotted for comparison.   Three important observations 
can be made from these curves.   First, the combined Ti and C addition has a strength- 
ening effect only above 1200° F (922 K).   Secondly, the strength of the Mo-Ti-C alloy 
passes through a broad peak in the temperature range 1500° to 2100° F (1088 to 1422 K). 
Thirdly, the strain rate sensitivity of the flow stress is negative in this temperature re- 

-2        -1 -5        -1 gion (i. e., the strength at 3. 3x10     sec     is lower than that at 8. 3x10     sec    ). 
The above characteristics of the constant strain rate tensile data on Mo-Ti-C are 

characteristic of a system undergoing dynamic strain aging, as indicated previously. 
Another characteristic, serrated stress-strain curves, was observed in the present 
work at 1500° F (1088 K) at a strain rate of 8. 3xl0-5 seconds    . 
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Figure 1. - Influence of temperature on ultimate tensile strength of molybdenum and Mo-Ti-C alloy. 



Creep at Constant Stress 

The creep behavior of the Mo-Ti-C alloy was studied at 1800° to 3200° F (1255 to 
2033 K).   In this section, the data are presented in two parts.   First, creep data for 
tests above 2400° F (1588 K) are presented.   These data are shown to be typical of the 
creep of pure metals.   The second part describes a study of creep at 1800° F (1255 K) 
where dynamic strain aging (DSA) effects are apparent during incremental testing. 

Creep at 2400° to 3200° F (1588 to 2033 K). - Constant stress creep tests at 2400° 
to 3200° F (1588 to 2033 K) were performed on specimens annealed at 3300° F (2088 K). 
The creep curves at these temperatures showed a small amount of primary creep, gen- 
erally less than 1 percent, followed by a well-defined linear steady-state region.   The 
small transient creep strain allowed measurement of the creep rate at more than one 
stress on the same specimen.   The steady-state creep rates  e_  which were obtained s 
are given in table I. 

The stress dependence of the steady-state creep rate  e„  is plotted in figure 2. s 
The creep rates and the stresses are compensated for temperature in the manner sug- 
gested by Sherby and Burke (ref. 22).   This is accomplished by dividing the creep rate 
by the self-diffusion coefficient of molybdenum and the stress by the value of Young's 
modulus at temperature.   The diffusion coefficient D taken from Askill and Tomalin 
(ref. 23) was given as 

TABLE I.  - CREEP DATA ABOVE 

2400u F(1588K) 

[All specimens preannealed for 1 hr 

at 3300° F(2088K).] 

10' ,9_ 

Temperature Stress,  a Steady-state 

creep rate, 
ks> 

sec" 

°F K ksi MN/m2 

2400 1588 7.0 48.3 1.3X10"7 

8.3 57.2 5.6 
10.8 74.5 1.6X10"6 

12.8 88.3 2.3 

3000 1922 2.9 20.0 9.0X10"7 

4.7 32.4 7.9X1076 

3200 2033 1.6 4.1 6.4X10"7 

1.7 4.8 7 
2.1 14.5 1.6X10"6 

2.5 17.2 6.1 

O   Present work 
A   Ref. 25 

G   Ref. 26 

Ratio of stress to Young's modulus, all 

Figure 2. - Low stress creep of molybdenum (ref. 26) and Mo-Ti-C 
alloy (present work and ref. 25). 



D = 0. 5 exp(-96 900 RT) 

The modulus values were those of Armstrong and Brown (ref. 24).   Figure 2 also in- 
cludes some constant load data on a similar alloy from Semchyshen, et. al., (ref. 25) 
at 2400° F (1588 K).   In addition to the results on the Mo-Ti-C alloy, the creep rates 
for unalloyed molybdenum from the work of Flagella (ref. 26) are plotted for comparison 

with the alloy. 
The temperature compensated creep rate  eg/D was proportional to (a/E)    for both 

unalloyed molybdenum and our Mo-Ti-C alloy.     This behavior is in common with pure 
metals at less than  eg/D = 109 centimeters"2 (ref. 22).   At a given value of  a/E, the 
creep rate of the alloy is about one order of magnitude less than that of the pure metal. 

Creep at 1800° F (1255 K). - Although the creep behavior of the Mo-Ti-C alloy is 

much like that of a pure metal above 2400° F (1588 K), distinct effects appear in the 
creep curve below this temperature which are evidently due to dynamic strain aging. 
Figure 3 shows an example of this behavior.   Curve A is for a specimen crept at 1800   F 
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O   28    (193), after hold at 24 ksi 
A  24   (165) 

-O O 

0 20 40 60 80 100 120 140 
Time, hr 

Figure 3. - Influence of prestrain of 24 kips per square inch (165 MN/rrr) on 
creep at 1800° F(1255 K). 

(1255 K) at a stress of 28 ksi (193 MN/nr).   A steady-state region is observed for close 
to 75 hours after a large initial strain of approximately 0.10 and a small transient.   The 

7 1 steady-state creep rate was 1. 6x10     second    .   Curve B in figure 3 represents the 

* Flagella (ref. 26) computed a stress dependence of five for his data on unalloyed 
molybdenum using the same approach.   His data were subjected here to the same least- 
squares analysis used for the Mo-Ti-C alloy, and the result was the stress dependence 

of four quoted here. 

6 



creep behavior of another specimen after stressing at 24 ksi (165 MN/m ) for 24 hours. 
After an initial strain of 0. 046, no creep was observed.   Upon increasing the stress on 
this specimen to 28 ksi (193 MN/m2) (curve C), the creep rate was observed to be zero 
for the next 140 hours, with the exception of a small transient which involved some con- 
traction.   This behavior should be compared with curve A, where the 28 ksi (193 
MN/m2) was applied without the prestress at 24 ksi (165 MN/m2).   It appeared that the 

o 
zero creep rate at 28 ksi (193 MN/m ) was due to precipitation which occurred specifi- 
cally during straining at the lower stress.   This strain aging can be contrasted with the 
lack of aging noted in unstressed samples of similar alloys by Chang (ref. 4). 

It was decided to study effects such as those in figure 3 during creep at 1800° F in 
more detail.   The experimental procedure is diagrammed in figure 4.   A specimen was 
initially loaded to  a   = 20 ksi (138 MN/m2) and crept under that stress for a time t . 
At t , the stress is increased by an amount   Aa0   and crept again for  t .   The stress is 

a' a. d. 
then increased to  rr   + 2ACT„ ksi and the whole process is repeated.   The creep behavior 

O cl 
during this loading program was examined for  t   = 0. 5 and 24 hours and   ACT   = 2, 4, or 
8 ksi (14, 28, or 56 MN/m'). 

The creep behavior at 1800° F (1255 K) depended strongly on the magnitude of ta 

and  ACT .   The creep rate at a stress greater than  a    tended to be smaller if the time 
t    was longer or if the stress increment   Aa    was decreased. 

cl <* 
An important observation was made concerning the shape of the creep curve during 

the time period t .   Rather than the normal linear behavior which was evidenced by - 
curve A in figure 3, the creep curve followed an equation of the form 

Aoa 

T 

1 
Ao, 

I 
ACS; Ac, 

Time 

Figure 4. - Schematic of loading program used in incremental creep tests at 1800° F (1255 K), where ta is 
time under given creep stress and Aoa is change in stress during incremental creep test. 



e = A + a ln(t + t ) (1) 

where A. a, and t    are constants. This type of creep behavior is termed logarithmic 
creep and is usually observed in pure metals and alloys below 0. 3 T 
the melting point (ref. 27). 

m' where  T     is 
Typical logarithmic creep curves are shown in figure 5 for 

one specimen which was loaded under the conditions   ACT„ = 2.0 ksi, t   = 24 hours.   The 
observance of logarithmic creep is unusual at this high a temperature (1800   F equals 
0.41 Tm for molybdenum).   1 will be shown in a later section that its presence can be 
related to dynamic strain aging. 

38 (263) 

36 (249) 

Time, t + t0, hr 

Figure 5. - Logarithmic creep of Mo-Ti-C alloy at 1800° F (1255 K). Time under given 
creep stress, 24 hours: change in stress during incremental creep test, 2 kips per 
square inch (14MN/m'). 
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Figure 6. - Stress dependence of logarithmic creep constant a for 
different loading histories. 

The variation of the logarithmic creep constant   a with stress is shown in figure 6 
The points for  tQ = 0. 5 hour appear to fall on 

The data for 
24 hours appear to fall on a line with a much larger slope (dashed 

line in fig. 6).   The data for stresses less than 28 ksi were not plotted in figure 6, as 
the creep rates are too low for an accurate determination of   a.   The other constant in 
equation (1) also increased with increasing stress but the variation with stress did not 
follow a consistent pattern. 

for various combinations of Acr„  and t 
one curve with a slope larger than those observed for  t_ = 24 hours a 
Aa_ = 8 ksi  and t a 



An experiment was also performed to see if the creep rate could be affected by 
altering the distribution of solute in the alloy.   One specimen was solution treated at 
3300° F (2088 K) as before and then overaged at 2800° F (1810 K) for 16 hours.   The 
specimen was then cooled slowly (in 2 hr) to the test temperature 1800° F (1255 K) to try 
to avoid any sup er saturation.   At this point, the stress   a   = 20 ksi was applied as be- 
fore, and the specimen was tested with  ACT„ = 4 ksi and t   = 24 hours a a The results are 
shown in figure 7 with the data for the solution treated alloy for comparison.   It is ob- 
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Figure 7. - Effect of overaging on creep behavior at 1800° F (1255K). 

vious that decreasing the potential for precipitation during creep by overaging substan- 
tially increases the creep rate at a given time and stress. 

Creep Under Constant Strain 

In the previous section, creep tests were described which showed what appeared to 
be strain aging during creep.   A limited number of tests were also performed under 

10 



constant strain conditions (stress relaxation) to study the change in flow stress produced 
by aging under these conditions.   This type of study has been previously used to good 
advantage by Rosen and Bodner (refs. 15 and 16) and Owen and Roberts (ref. 28) in 
studies of dynamic strain aging in aluminum and martensitic steels, respectively. 

The test procedure is given schematically in figure 8.   A specimen was strained in 
-4 1 tension at 8. 3X10     second    to a stress  a«   above the yield stress, at which time the 

crosshead is stopped.   The load is then allowed to relax for a time t    to a stress   a 

Time 

Figure 8. - Schematic of relaxation experiment showing definition 
of terms, where tr is relaxation time, Oj is initial stress in 
stress relaxation test, o2 is yield stress on reloading after 
stress relaxation, or is stress at time tr, and Aor=02-ö1. 

during which time the specimen creeps under essentially constant strain conditions. 
The crosshead is then restarted and the specimen reyields at a stress  a,.   The stress 
increment   ACT   

= CT9 " ai   *s *-nen recorded and the entire process is repeated.   The sign 
of  Aa    may be positive or negative. 

Figure 9 shows the variation of  ACT    with strain for a relaxation time t   = 30 sec- 
onds at various temperatures.   Initially,  ACT    was always positive and a distinct yield 
point was observed on restraining as indicated in figure 8.   The value of  ACT    decreased 
with increasing strain until a specific strain e    when  ACT    became negative.   At 

o c r 
1500   F (1088 K),  ACT    first passed through a maximum before decreasing.   The critical 
strain was dependent on temperature; lower temperatures gave a higher value of  e . 

The negative values of  ACT    probably result from recovery processes occurring 
during the relaxation.   We define the term recovery to be any process which would tend 
to lower the flow stress from its initial value at  a«.   The recovery of the flow stress 
occurs simultaneously with the increase in the flow stress produced by aging.   As the 

11 
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A 2100 (1422) 

V 2400 (1588) 

Figure 9. - Stress increment Aor, after aging under constant strain 
for 30 seconds, as function of strain and temperature. 

temperature is increased, recovery is more rapid and tends to overwhelm the aging 
process at lower strains.   This resulted in the decrease in  e    with increasing test 
temperature.   An attempt was also made to determine the time dependency of   ACT    at 
1500° F (1088 K) and 2100° F (1422 K).   The results were very erratic, suggesting that 
the simultaneous recovery and aging processes have different time dependencies. 

The importance of the stress relaxation tests is that the simultaneous processes of 
aging and recovery are observed.   The presence of recovery is not as obvious in the 
creep tests as it is in the relaxation tests. 

Transmission Electron Microscopy 

The purpose of this section is to characterize, with the use of transmission electron 
microscopy (TEM), the dislocation substructures formed during creep straining.   Thin 
foils were viewed from selected specimens crept at 1800° F (1255 K), where dynamic 
strain aging is thought to play a role, and at temperatures from 2400   to 3200   F (1588 
to 2033 K) as well.   A structure typical of creep above 2400° F (1588 K) is shown in 
figure 10.   The structures generally consisted of well developed subgrains with few dis- 

12 
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Figure 10. - Microstructure of specimen crept at 3200° F (2033 K) at stress of 

2.5 kips persquare inch. (17.2 MN/m2).   X30 000. 

/       / 

-.       s 

Figure 11. - Transmission electron micrograph taken from specimen tested at 1800° F (1255 K). 
Prestrained at 24 kips per square inch (165 MN/m2) for 24 hours and then tested at 28 kips per 
square inch (193 MN/m2) see figure   .  Arrows indicate selected precipitates on dislocations. 
X50 000. 
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locations within the subgrains.   This structure is typical of that shown previously by 
other investigators on crept or recovered bcc metals (ref. 29).   The only carbide pre- 
cipitates observed were a few widely spaced 0. 5 to 1 micron particles and the previ- 
ously mentioned grain boundary carbide precipitates. 

The substructures of the specimens crept at 1800° F (1255 K) showed important dif- 
ferences when compared to those formed at the higher temperatures.   Precipitation on 
dislocations was readily seen in all conditions, while it was not apparent in the speci- 
mens crept above 2400° F (1588 K).   The precipitates were generally observed as a 
widening in the dislocation lines, as indicated by the arrows in figure 11.   The creep 
curve of the specimen pictured in figure 11 was previously shown in figure 3, curve C. 

(a) Change in stress, Aoa - 4 kips per square inch (28 MN/irr). 

C-69-446 

(b) Change in stress, Aoa - 8 kips per square inch (56 MN/nr). 

Figure 12. - Microstructures after creep at 1800° F (1255 K) under two different loading pro- 
grams. Time under given creep stress, 24 hours.  X30 000. 

14 



The size of the precipitates was difficult to measure, but where a widening in the line 
was observed, it had an apparent diameter of approximately 200 A.   This represents an 

upper limit to their size. 
Another important feature was the effect of the loading history produced by different 

combinations of   ACT    and t    on the dislocation substructure.   Examples are shown in 
figures 12(a) and (b).   Figure 12(a) shows the structure of a specimen which had been 
loaded for 24 hour periods with a  Acra of 2 ksi.   Figure 12(b) shows a specimen simi- 
larly loaded but with  ACT0 = 8 ksi.   A cell structure was formed in each case, but for 
ACT  = 8 ksi the region within the cells had a lower dislocation density.   Precipitation on 
dislocations was observed in all of the specimens crept at 1800° F (1255 K), regardless 

of the loading history. 

DISCUSSION 

The preceding sections have illustrated that dynamic strain aging occurring both in 
constant stress creep tests and in constant strain rate tensile tests of the molybdenum 
alloy Mo-0. 82 Ti-0.20 C.   The DISCUSSION section presents a rationale for these ob- 
servations, leading to the conclusion that precipitation during deformation accounts for 

the effects. 

Aging Effects During Creep 

Three important observations were made concerning the creep of the Mo-Ti-C alloy 
at 1800° F (1255 K).    First, the creep at this temperature was dependent on the loading 
history.   Secondly, the creep curve at a given stress was logarithmic in shape.   Finally, 
the creep rate at a given stress could be substantially increased by a prior aging treat- 
ment which removed the potential for precipitation during the creep tests. 

The effects of aging on the creep curve are discussed using a dislocation dynamics 
approach developed by Li (ref.  30) and others.   The theory is modified somewhat in the 
present work to account for simultaneous precipitation.   The approach taken by Li as- 
sumes that the creep rate at a given time arises from the simultaneous production and 
immobilization or annihilation of mobile dislocations.   The production of mobile disloca- 
tions may result from multiplication by a double cross slip or dipole crossover mech- 
anism.   The immobilization may result by either annihilation of dislocations of opposite 
sign or by their becoming held up indefinitely in a tangle. 

Li then assumes that the decrease in the creep rate   e  during transient creep is due 
to a decrease in the mobile dislocation density only.   The time rate of change of the 

15 



mobile dislocation density  p  is assumed to be composed of two terms  p,   and  p„.   The 
first term  p^ represents the rate of increase in p due to dislocation multiplication. 
The second term   p2  represents a rate of decrease in  p due to annihilation of disloca- 
tions of opposite sign.   The term   p^   is presumed to follow first order kinetics while 
the kinetics of the annihilation process leading to  p2  are of second order.   The net rate 
of change of the mobile dislocation density may be written as 

2 p - pt - p2 = kjp - k2p (2) 

where  k^  and k2  are rate constants which vary with stress and temperature. 
We would like to add another term  p    to equation (2) which takes into account the 

immobilization of dislocations due to pinning by precipitates.   We will also assume that 
pp will follow first order kinetics.   This results from p    probably being a function of 
the rate of nucleation of precipitates on dislocations which is proportional to the total 
number of dislocations present (ref. 31).   Thus, 

and equation (2) becomes 

Pp = - V (3) 

p = (kt - k )p - k2p2 (4) 

where  k    is now a rate constant relating to probability of nucleation of precipitates on 
dislocations.   This equation is of the same form as equation (2), and following the 
method of Li (ref.  30) it may be integrated and substituted into the strain rate equation 

e = bpv (5) 

where   b  is the Burger's vector and  v  is the average dislocation velocity.   Equation (5) 
is now integrated to find the strain-time relation (i. e., the creep curve) 

e = e0 + —^_ In 
kl"kp 

Uü^L-W 
es 

W (6) ~s 

where   eQ  is the initial strain and  ki  and  eg  are the initial and steady-state creep 
rates, respectively. 

By making certain assumptions as to the relative magnitudes of  e-, k    and  k, - k 
i     s l      p 

m equation (6) more familiar forms of the creep curve may be derived.   For example, 
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if the initial creep rate   e.   is very much greater than the final steady-state creep rate 
e    and the value of (k* - k )t  is small, equation (6) reduces to 

e = e_ + 
ks    ^ifci-y.  k 

In-Hi Pl+—^—In 

°   kl"kp *s        kl"kp    L   ^i-v. 
t+ 

€* (V) 

This is the logarithmic form which was found for the creep curves in figure 5 and given 
in equation (1).   The empirically derived constants in equation (1) are related to the 
theoretical parameters in equation (7) by 

A = e   + ^— In J- (kt - k ) (8a) 
Kl       p      es 

a = — (8b) 
ki-kr, 

t0 = -. ^  (8c) 0 ^i-y 

The preceding results suggested that low rates of dislocation multiplication and 
rapid rates of precipitation on dislocations can lead to logarithmic creep.   These fac- 
tors produce the low value of the difference k« - k    allowing the general creep equa- 
tion (eq. (7)) to reduce to the logarithmic form. 

It is impossible to decide which of the two rate constants  k.   or  k    is the more 
important since they always appear together in the creep equation.   The other constant 
k2  expresses the rate of annihilation of dislocations of opposite sign.   This should be 
proportional to the rate of dislocation climb which would be small at this temperature 
in molybdenum (0. 41 T   ).   We can, however, make some general comments on the 
effects of loading history on the creep behavior at 1800° F (1255 K).   Precipitation does 
occur on dislocations during creep.   This was observed in the micrograph in figure 11. 
If sufficient precipitation occurs, the dislocations will become immobilized at a given 
stress.   We will assume that a dislocation becomes immobilized when the spacing be- 
tween particles   L  along a dislocation line is given by (ref. 32) 

L<2i^ (9) 
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where   ju  is the shear modulus and  b  is the Burger's vector.   For stresses ranging 
from 20 to 40 ksi (138 to 276 MN/m ) as in this experiment, the calculated value of  L 
is approximately 0.2 to 0. 4 micron.   The particle spacing in figure 11 is significantly 
smaller than this, indicating that these dislocations are pinned.   An additional effect of 
immobilization is to prevent the dislocations from eventually acting as sources of addi- 
tional mobile dislocations.   The effect of increasing  t    on the creep rate in the sue- 
ceeding stress is to allow time for greater amount of precipitation and thus to promote 
more complete immobilization. 

It was observed that the creep rate at a given stress was also dependent on the 
magnitude of the stress increment used to reach that stress.   This can be rationalized 
by assuming that there is a range of particle spacings along the dislocations.   Thus, 
increasing the stress by  ACT    may activate portions of the dislocation network where 

a, 

the particle spacing is greater than  2/zb/cT.   Increasing the stress increment would 
thus make possible the reactivation of a larger percentage of the dislocations immobi- 
lized at the previous stress.   For low stress increments there should also be a greater 
number of pinned dislocations since the number mobilized at each new stress increment 
is small.   This would explain the larger dislocation density seen in the specimen 
strained with   ACT   = 4 ksi compared to that strained with  ACT   = 8 ksi in figure 12. 

d 3, 

The Relation Between Dynamic Strain Aging in Creep and Under Constant 

Strain Rate Conditions 

A simple phenomenological approach has been used in the previous section to ex- 
plain the aging effects during creep observed during this work.   Most of the previous 
studies on dynamic strain aging in metal systems (ref.  1) have been performed using 
constant strain rate tests.   It is thus important at this time to compare the effects of 
aging in the two types of tests. 

This comparison can be best discussed with the strain rate equation 

e = pbv 

At constant stress, a good assumption is that  v does not change throughout the test so 
that the creep rate is controlled by the mobile dislocation density only.   The effect of 
aging during deformation is thus to produce a more rapid decrease in the creep rate 
than if the precipitation did not take place.   Constant strain rate, however places a re- 
striction on the deformation process so that the details of the strengthening due to aging 
are different.   This restriction is that the product  pv  must remain constant during the 
test.   Since  p will have a tendency to decrease as precipitation occurs, the dislocation 
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velocity and therefore the stress must increase to maintain the applied strain rate. 
Two effects may occur as the stress increases.   If the pinning is weak, dislocations 
may break away, producing more mobile dislocations.   If the pinning is strong enough, 
new dislocation sources may begin to operate to produce fresh dislocations.   The num- 
ber of new sources operating produces a more rapid increase in the total dislocation 
density than if precipitation did not occur.   Rapid rates of dislocation multiplication 
have been measured in a number of systems undergoing dynamic strain aging (ref.  1). 
It has been shown that it is this increase in the total dislocation density which produces 
the strengthening and consequently the observed peak in the flow stress-temperature 
curve (refs.  13 and 14). 

Retardation of Recovery in Mo-Ti-C Alloy 

The decrease in the strain  e    with decreasing temperature in the relaxation tests 
in figure 9 attests to the fact that the aging and recovery processes occur simultane- 
ously.   It appears that the precipitation during the creep and tensile tests may also re- 
tard recovery by perhaps pinning dislocation networks or some other portion of the dis- 
location substructure.   This has been suggested by Wilcox and Allen (ref. 6) as a 
mechanism for the low deformation rates in Cb-Zr-0 alloys. 

This retardation of recovery may also account for the small increase in the creep 
strength of molybdenum conferred by titanium and carbon above 2400° F (1588 K).   It 
was shown in figure 2 that alloying did not change the basic mechanism of creep of 
molybdenum since the activation energy and stress dependence were not altered.   Pre- 
cipitation on dislocations was not observed at high temperatures so that any recovery 
inhibition must take place by another mechanism.   This may occur by clusters of tita- 
nium and carbon atoms pinning the dislocation network.   These clusters would then be 
too small to be observed by transmission electron microscopy.   Clustering of manga- 
nese and nitrogen atoms has been proposed by Ishida and McLean (ref. 33) to explain 
the retardation of recovery during the creep of an Fe-Mn-N alloy. 

CONCLUSIONS 

A study of creep and dynamic strain aging in a Mo-Ti-C alloy led to the following 
conclusions: 

1. The strengthening effects during the creep and short time tensile tests of a 
Mo-Ti-C alloy are directly related to precipitation during plastic deformation. 
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2. Precipitation during deformation has two main effects.   The first is associated 
with the decrease in the mobile dislocation density due to pinning by the carbide precip- 
itates.   Secondly, precipitation during deformation may decrease the rate of recovery. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, January 31,  1969, 
129-03-02-08-22. 
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APPENDIX - SYMBOLS 

A constant in logarithmic creep 
equation 

b Burger's vector 

D self-diffusion coefficient 

E Young's modulus 

kl'k2'kp rate constants 

T m melting point 

t time 

t time under given creep a 

v 

z 

a 

€ 

stress 

constant in logarithmic creep 
equation 

relaxation time 

average dislocation velocity 

rate constant 

constant in logarithmic creep 
equation 

strain 

critical strain 

e initial strain o 
e strain rate 

e. initial strain rate 

e steady-state creep rate 

p mobile dislocation density 

p time dependence of mobile dis- 
location density 

a stress 

a initial stress 

a stress at time  t r r 
a. initial stress in stress relaxation 

test 

CT„ yield stress on reloading after 
stress relaxation 

A a        change in stress during incre- 
mental creep test 

Aa        change in flow stress, a„ - a.. 
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