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LOW TEMPERATURE DEFORMATION CHARACTERISTICS OF

YTTRIUM SINGLE CRYSTALS

I. INTRODUCTION

The operating mechanisms involved in the deformation of face

centered cubic and body centered cubic metals have been studied

extensively, and consequently a wealth of information pertaining to

these metals is available. On the other hand, investigators have

only recently directed their attention to the hexagonal close packed

metals. The recent interest is probably a consequence of the rapid

acceptance of titanium alloys, particularly for aircraft applications,

and zirconium alloys for nuclear applications. The meteoric rise in

the use of titanium and zirconium for these as well as other

applications was unquestionably stimulated by the pioneering efforts

of the U.S. Bureau of Mines which demonstrated practical and economic

methods for extracting these metals from their ores, melting, casting,

and fabrication.

Since much is now known concerning the deformation mechanisms

of titanium and zirconium, investigations of similar metals are

desirable. Perhaps some greater degree of order can be obtained in

the knowledge of the hexagonal close packed metals by investigating

metals with similar c/a ratios such as yttrium. This was the stimulus

for the present investigation of the deformation characteristics of

yttrium single crystals.
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During the course of this investigation, it became

increasingly apparent that the deformation characteristics of yttrium,

which is a Group III A metal, are generally similar to titanium,

zirconium, and hafnium, which are Group IV A metals. Consequently, in

the discussion that follows similarities and differences between

yttrium and these metals are mentioned where appropriate. Thus, a

clearer picture of the deformation characteristics of the transition

metals with c/a ratios less than ideal can be obtained.

Also, in the following discussion the plastic properties of

metals are accepted as being primarily a consequence of the presence

of dislocations. Slip is presumed to be the cumulative result of

the movement of dislocations. The evidence supporting this is so

overwhelming that it cannot be disputed. Therefore, substantial

emphasis is given to the factors governing the movement of these

dislocations.

Because yttrium single crystals were used exclusively in this

investigation, the use of single crystals may need justification to

some readers. Single crystals were used for two reasons. First,

grain boundaries are known to hinder dislocation movement. This

complication was simply eliminated by removing the grain boundaries.

Second, with single crystals the complete deformation characteristics

of slip on specific slip planes and in specific directions can be

investigated--extremely difficult, if not impossible, with

polycrystals.
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No consistent terminology has developed in the recent

literature to describe the stress required for plastic deformation.

This is always reported as a shear stress for single crystals.

Because the shear stress must necessarily be in the plastic range

for deformation to occur, it is often called the flow stress.

Although the terms shear stress, flow stress, flow shear stress, or

simply stress have been used, the term flow stress will be used here

as it appears to be the most common, but the reader should keep in

mind that it is the shear stress required for plastic deformation.

Finally, a brief explanation of the title may be in order.

Deformation characteristics as used here include the response of

yttrium single crystals to stress, the role of temperature, the

activation parameters associated with dislocation movement, and

identification of the important mechanisms responsible for the drag

on dislocations as they sweep through the crystal. Although a few

experiments were performed at the boiling temperature of water, i.e.

373°K, the majority of experiments were confined to a temperature

range from 77°K to room temperature or about 300°K. Most

investigators designate all temperatures below about 0.4 times the

melting point as low temperatures. The term low temperature in the

title follows this precedent.
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II. MATERIALS

Yttrium from two sources was used in this investigation.

One source was the Lunex Co., Pleasant Valley, Iowa, and the

analysis of this yttrium is given in Table I. The yttrium from this

source contained 1907 ppm of oxygen. Because oxygen content is

known to greatly influence the deformation characteristics of

titanium and zirconium, a major objective of this investigation was

to determine if yttrium behaved similarly. For this reason, yttrium

with only 1120 ppm oxygen was obtained from the U.S. Bureau of Mines,

Albany, Oregon. A complete analysis of this yttrium is also given

in Table I. For convenience, yttrium from the Lunex Co. and the

U.S. Bureau of Mines will hereafter be referred to as L yttrium and

BM yttrium, respectively.
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III. EXPERIMENTAL PROCEDURE

Yttrium specimens of about .20 inch square cross-section and

about six inches long were cut from parent stock with a diamond saw.

These were then melted using an electron beam floating zone technique.

Single crystals did not normally result from this treatment, but due

to increased grain size and annealing of the specimens, subsequent

forming operations were greatly facilitated. The specimens were then

swaged into .148 inch diameter rods. The rods were cleaned with emery

paper followed by ultrasonic cleaning in trichlorethylene.

Single crystals were grown from the rods, again using the

electron beam floating zone technique. An overall picture of the

electron beam apparatus is shown in Plate 1, whereas Plate 2 is a

close-up view of the electron beam head while growing a single crystal.

Complete details of the crystal growing procedure are given in

Appendix I.

Each crystal was then etched with a ten percent nitric

acid-water solution. High angle grain boundaries, if present, were

readily detected, as indicated in Plate 3 which clearly shows a high

angle grain boundary in an etched yttrium crystal. All crystals

were then electropolished (technique described later). If high angle

grain boundaries were detected, the crystals were remelted. If no

high angle grain boundaries were detected, the crystals were loosely

wrapped in tantalum foil, encapsulated in Vycor tubing at a vacuum of

10
6 torr or less, and homogenized at 900°C for five days. The

crystals were furnace cooled after the homogenization treatment.
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The orientation of each crystal was determined by the Laue

back reflection technique, and complete details of the procedure are

given in Appendix II. The orientations of the single crystals used

in this investigation are shown on a standard stereographic triangle

in Figure 1. The single crystals were then cut into one-inch lengths

with a diamond saw. A reduced section was then electrochemically

machined in the crystals using the apparatus shown in Plate 4. The

crystal was rotated at about ten RPM in this apparatus. A rotating

stainless steel wheel with a one-half inch face dragged a 15 percent

nitric acid-water solution from the electrolyte container to the

surface of the crystal. About 800 milliamps of direct current passed

through the stainless steel wheel, the electrolyte interface, and the

crystal. About 20 minutes were required to completely machine a

yttrium crystal. A more complete description of the apparatus,

including a circuit diagram, current flows, and additional mechanical

details is given elsewhere (1).

Next, the yttrium single crystals were electropolished using

a technique that was developed for titanium (2). The electropolishing

solution consisted of 30 cc perchloric acid (60 percent), 175 cc

n-butyl alcohol, and 300 cc methyl alcohol. The solution was cooled

to about minus 25°C with liquid nitrogen. All of the crystal except

the reduced section was coated with a strippable lacquer so that only

the reduced section was exposed to the solution. About 20-30

milliamps direct current appeared to be the optimum current range.

Only about three to five minutes were required to produce a shiny,
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oxide-free surface on a crystal. The final dimensions of the reduced

section were one-half inch long by about one-tenth inch diameter.

The single crystals were pulled in an Instron floor model

TTC tensile testing machine as shown in Plate 5. Each crystal was

mounted in split grips, Plate 6, with one end attached to a rack and

the other end to the pull rod which, in turn, connected to the load

cell. The rack, shown in Plate 7, which attached to the underside

of the crosshead, permitted fast and convenient temperature changes

of the crystals.

Different temperatures were obtained by surrounding the

crystal with a liquid medium of the desired temperature which was

contained in a one-liter stainless steel Dewar, Plate 8. The

temperature was measured by a S.G.A. Scientific, Inc. T-3332

thermometer (except when boiling water was the liquid medium). The

range of this thermometer is minus 200°C to plus 30°C. In addition,

an iron-constantan thermocouple was immersed in the medium and

attached to the crystal. The output of the thermocouple was

continuously monitored by a Honeywell strip chart recorder.

Temperature changes were obtained by simply immersing the bottom

part of the rack along with the crystal, the split grips, and the

bottom end of the pull rod in the Dewar which contained the liquid

medium at the desired temperature. This procedure required only a

few seconds, but about 20 minutes were allowed before continuing the

experiment to insure that the crystal equilibrated at the desired

temperature. The liquid media are listed below.
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Medium Temperature,

Boiling liquid nitrogen 77

Melting isopentane 113

Melting methanol 160

Methanol and dry ice 195

Melting water-glycol 150

Room temperature 295-300

Boiling water 373

The liquid media were kept within plus or minus one degree

of the listed temperatures. As indicated, room temperature varied

a maximum of five degrees.

Since the Instron was provided with a pushbutton control for

the crosshead speed, strain rate changes were obtained by simply

pushing the proper button corresponding to the desired crosshead

speed, and thus strain rate changes were made instantly. Only two

crosshead speeds were used throughout the entire investigation;

these were .02 inches per minute and .002 inches per minute. These

crosshead speeds are equivalent to normal strain rates of .04 per

minute and .004 per minute respectively for a half-inch gage length.

Keeping in mind these general procedures, a more detailed

description of the experimental technique for pulling a single

crystal is now given. First, both the diameter and length of the

crystal were measured. It was then mounted in the split grips, and

these, in turn, were attached to the rack and the pull rod. The

crystal was then pulled through the elastic range at room
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temperature. When the plastic range was reached, a zero suppress

circuit was activated, the load cell was switched to high

sensitivity, and the crosshead speed was cycled between .02 inches

per minute and .002 inches per minute for about four cycles.

Approximately .002 inches elongation was allowed at each crosshead

speed. The chart speed was changed simultaneously with each

crosshead speed change, i.e. one inch per minute chart speed

corresponding to a crosshead speed of .002 inches per minute and

10 inches per minute chart speed corresponding to a crosshead speed

of .02 inches per minute. In this way, each inch of chart

displacement corresponded to .002 inches of crystal elongation

regardless of crosshead speed.

Next, the temperature of the crystal was changed using the

previously described procedure. The strain rate was then cycled for

about four additional cycles at the new temperature, the constant

temperature bath removed, and the crystal allowed to return to room

temperature. The procedure was then repeated, i.e. about four strain

rate cycles at room temperature followed by about four cycles at the

different temperature. Temperature and strain rate cycling were

repeated until necking occurred in the crystal which could always be

detected by a sharp drop in load. Generally, each crystal was

cycled between room temperature and one additional temperature.

However, because of the scarcity of crystals of a given orientation

or impurity content, some crystals were cycled between room

temperature and two additional temperatures in order to obtain the
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maximum amount of information from these crystals. The deviation

from standard procedure had no effect on the final results of this

investigation.

During temperature changes, the load was not generally

removed in order to avoid relaxation induced yield points as reported

by K. R. Evans and W. F. Flanagan (3). The exception to this was the

occasional necessity for recalibrating the zero suppress circuit to

a new value which required removing the load. However, recalibration

involved less than a minute, and no problems from anomalous yield

points were ever encountered.

A typical Instron strip chart is shown in Figure 2. The load

changes with strain rate changes as well as temperature changes were

obtained from these charts. Also, these data with relation to strain

were obtained. All load changes due to strain rate changes were

determined from the load increment resulting from a strain rate

increase. Similarly, load increments due to temperature changes were

determined by cooling the crystals. The method supposedly eliminates

errors due to avalanches of dislocations which could be released by

heating the crystals or because of instability of low temperature

structures (4).

There is some question as to whether yield points should be

included in determining the load change which results from changes

in strain rate and temperature. Generally, the inclusion or omission

of the yield point is not significant in the latter but is more

appreciable in the former. In the experiments with yttrium single
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crystals during strain rate changes, for example, yield points were

completely absent at 77°K, but their magnitudes ranged from about

five to twenty percent of the load change at room temperature. There

is no standard method for handling these data with regard to yield

points, although it is recognized that a standard method should be

adopted (5).

One can argue, following the reasoning of Z. S. Basinski,

that yield points should be included in any determinations of

differential stress because the same dislocation configurations as

well as the same mobile dislocation density are then more likely (6).

Most studies of deformation characteristics involve rate theory

through the use of the well-known Arrhenius equation. Since these

factors appear in the pre-exponential terms of this equation, it is

essential that they remain constant (see Appendix V). Thus, yield

points, when present, were included in all data obtained in this

investigation.

After a crystal was pulled, the overall length was measured.

From the difference between this length and the original length, the

total strain was calculated. The calculated strain was compared with

the total strain indicated on the Instron strip chart. Agreement

between these two values indicated that there were no errors relating

to strain measurements.

The surfaces of the crystals were examined using phase

interference optical microscopy to determine the operating slip and

twin systems. These were identified by plotting their axes on
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stereograms which, in turn, were obtained by the usual graphical

methods from Laue Xray photographs of the single crystals (7).
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IV. EXPERIMENTAL RESULTS

The present investigation can be divided into three parts.

The deformation characteristics were determined for L yttrium single

crystals in which the C-axes were essentially perpendicular to the

tensile axes in the first part. Similar experiments were repeated

with BM yttrium single crystals in the second part. In the third

part, again similar experiments were performed with L yttrium single

crystals, but the C-axes were nearly parallel to the tensile axes.

Plate 9 is a photograph of two yttrium crystals pulled to a shear

strain of about 40 percent; the tensile axis of one crystal was

nearly parallel to the C-axis, whereas the C-axis was nearly

perpendicular to the tensile axis in the other.

Microscuy

Plate 10 is a surface photomicrograph revealing the

substructure present in the yttrium single crystals. Yttrium oxide

precipitates, which were identified by electron probe analysis, are

shown in Plate 11 for an L yttrium single crystal, while Plate 12

shows a similar photomicrograph for a BM yttrium single crystal.

An enlarged view of a yttrium oxide precipitate in a L yttrium single

crystal is shown in Plate 13. Phase interference photomicrographs

of the slip lines on L yttrium single crystals which were oriented

with the tensile axes nearly perpendicular to the C-axes are shown in

Plate 14 for 77°K, Plate 15 for 195°K, and Plate 16 for 300°K.
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Plate 17 shows a phase interference photomicrograph for an L yttrium

single crystal oriented with the tensile axis nearly parallel to the

C-axis during the initial stage of deformation (normal strain 0.3

percent), while Plate 18 shows a similar photomicrograph at the end

of an experiment (normal strain 24 percent).

Stress-Strain Relationships

Turning again to the Instron strip charts, as mentioned

previously, the applied loads as well as the changes in load with

both changes in strain rate and temperature were obtained from these

charts. True normal stresses were then calculated using the usual

relationship at = ae (e+1), where ae and e are engineering stress and

engineering strain respectively. Also, the elongations were obtained

from the Instron strip charts, and the true shear strains were

calculated from these data. The appropriate relationships are as

follows (8):

True shear stress = T = a
t
cos 0 cos A

o

a
t
= true normal stress

o
= original angle between the slip

plane normal and tensile axis

o
= original angle between the slip

direction and tensile axis
2

{(---) - sin
2

A
o

- cos A
o

True shear strain = y =
o

cos 0
o



15

Q = length of crystal at strain of

interest

k
o

= original length

Both 0
o

and X
o
were determined for the operating slip system

from the previously mentioned stereograms for each crystal. A Schmid

chart was very useful for determining the product of the cosines of

these angles, often called the Schmid factor, which was used in

subsequent calculations.

The applied true shear stress vs true shear strain curves for

each part of this investigation were determined by this procedure.

(An alternate method for calculating shear stress is discussed in

Appendix III.) The stress vs strain curves for L yttrium single

crystals in which the tensile axes were nearly perpendicular to the

C-axes are shown in Figure 3. Similar curves for BM yttrium are shown

in Figure 4. Similar curves for L yttrium except that the tensile

axes were nearly parallel to the C-axes are shown in Figure 5.

The effects of strain rate and temperature cycling were removed from

these curves by extrapolating between portions of the curves with a

given temperature and strain rate. Furthermore, following the method

of T. Tanaka and H. Conrad, a typical curve for each part of this

investigation was adopted as a standard for the room temperature

stress vs strain relationship, and all other curves at the different

temperatures were normalized to this curve (9). By using this method,

variations in the different crystals do not mask the effects which

are really due to temperature.
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Thermal and Athermal Components of Flow Stress

A. Seeger has demonstrated that the applied stress for plastic

deformation, i.e. the flow stress, can be divided into stress

components as follows (10):

Ta = Tu T*

T
a

= applied flow stress

T
u

= athermal component of flow stress

T* = thermal component of flow stress

However, Tu is thought to be dependent on only the shear

modulus (11). Accordingly, Tu is calculated with the following

relationship (9):

TT pT

T = 0

P
T
0

T
T
o
= flow stress where T

* is zero or

about 300°K for yttrium

PT
o
= shear modulus at T

p
T

= shear modulus at temperature of

interest

The appropriate shear modulus is C
66

for crystals oriented

with the C-axis perpendicular to the tensile axis and C
44

for crystals

oriented with the C-axis parallel to the tensile axis. Further

details on the coefficients are given in Appendix IV. As will be

discussed later, first order prism slip is the appropriate deformation

mode for the former orientation, whereas second order pyramidal slip
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is appropriate for the latter. Figure 6 shows T
a

and T
u

vs

temperature for first order prism slip in L yttrium, Figure 7 for

first order prism slip in BM yttrium, and Figure 8 for second order

pyramidal slip in L yttrium. Figure 9 shows T* (called tau star),

which is, of course, the difference between Ta and Tu, vs temperature

for first order prism slip in L yttrium, Figure 10 for first order

prism slip in BM yttrium, and Figure 11 for second order pyramidal

slip in L yttrium. A major finding of this investigation was that

these were the only two operating slip systems; consequently, they

are shown with reference to the hexagonal close-packed unit cell in

Figure 12.

Activation Volume

The data from strain rate cycling, i.e. the stress change

due to strain rate change, were used to calculate the activation

volume with the following relationship (12):

V = kT
(PO)

T

V = activation volume

T = temperature

k = Boltman's constant

alnt = change in natural logarithm of

strain rate

BT
*

= change in flow stress
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Curves showing activation volume vs strain for the various

temperatures are shown in Figure 13 for first order prism slip in

L yttrium, Figure 14 for first order prism slip in BM yttrium, and

Figure 15 for second order pyramidal slip in L yttrium. Figure 16

shows the activation volume vs temperature relationship at a shear

strain of 0.20 for first order prism slip in L yttrium, first order

prism slip in BM yttrium, and second order pyramidal slip in L

yttrium. Note that the activation volumes are given in cubic Burgers

vectors, i.e. activation volume from the given equation divided by

the Burgers vector cubed; the Burgers vector for first order prism

slip in yttrium is 3.647 X and for second order pyramidal slip is

6.792 A (13).

Activation Enthalpy

The activation enthalpy was calculated from the temperature

cycling data by using the following relationship (14):

AH = -VT r*
aT

OH = activation enthalpy

A complete derivation of the equation for activation enthalpy

as well as the equation for activation volume are given in Appendix V.

The activation enthalpy vs shear strain relationships

obtained from temperature cycling data are shown in Figure 17 for

first order prism slip in L yttrium, Figure 18 for first order prism

slip in BM yttrium, and Figure 19 for second order pyramidal slip in
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L yttrium. Using the same temperature cycling data, Figure 20 shows

activation enthalpy vs temperature at a constant shear strain of 0.20

for both slip modes. All of these relationships were determined from

temperature cycling data by assuming that 3T = AT and for large AT

may not be an accurate assumption. Unfortunately, the magnitude of

the error due to this assumption cannot be accurately assessed

because it depends on the magnitude of AT as well as the curvature of

the stress-temperature relationship. These factors, in turn, can

vary substantially.

It was found in the course of the present investigation that

T
*1 vs T1 plotted as a straight line for both first order prism slip

and second order pyramidal slip. As a consequence, T*1 = Kl K2 T1

where K
1

and K
2
are constants. Differentiating both sides gives the

following equation:

(aT*)

aT T1

The above relationship is then substituted in the previous

equation for calculating the activation enthalpy. This differential

method is much more accurate than the temperature cycling method, as

the assumption that 3T = AT is eliminated. Unfortunately, the

differential method is only applicable for temperatures at which T*

has a finite value and therefore, as will be shown later, is only

suitable for low temperature deformation mechanisms. Note that both

methods for calculating the activation enthalpy assume that

aT
applied

aT* which is a generally accepted assumption.
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Mechanical and Thermal Energy Requirements for Deformation

The energy requirement for a dislocation to overcome the

resistance caused by a short range obstacle is the thermal energy,

AH, and the mechanical energy, T*V. The total energy, or iH', is

the sum of the two energy components. These are shown with respect

to temperature for first order prism slip in L yttrium in Figure 21,

for first order prism slip in BM yttrium in Figure 22, and for

second order pyramidal slip in L yttrium in Figure 23. The activation

enthalpy in Figures 21, 22, and 23 was calculated by the second

previously described method.

Dislocation Velocity Exponent

W. G. Johnson and J. J. Gilman reported in their classic

paper that the average dislocation velocity in lithium fluoride was

an exponential function of the applied stress (15). W. G. Johnson

and D. F. Stein later demonstrated that this relationship also applied

to silicon-iron (16). Subsequently, this functional dependence has

been found to apply to many other metals and has become a common

method for analyzing their deformation characteristics. The

dependence of the average dislocation velocity on applied stress is

given as follows:

*V = A T*111

17 = average dislocation velocity

A = material parameter
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m* = dislocation velocity exponent

The following equation can be used for calculating m*:

m* =
aknT*

T

However, the following identities are more useful:

m
* Nat) * (akni) T*V

BLIT* T aT* kT
T

The dislocation velocity exponent vs temperature is shown in

Figure 24 for first order prism slip in L yttrium, first order prism

slip in BM yttrium, and second order pyramidal slip in L yttrium.
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V. DISCUSSION OF RESULTS

First Order Prism Slip

Only first order prism slip was observed in yttrium single

crystals oriented with the tensile axis nearly perpendicular to the

C-axis, but secondary slip systems might become active above 300°K.

Furthermore, no twin systems were observed. The absence of twinning

is not surprising as the resolved shear stress for most common twin

systems is zero for this orientation (17).

Microscopy

Although no high angle grain boundaries were present in the

yttrium single crystals used in this investigation, low angle

boundaries were present as indicated in Plate 10. The subgrains

delineated by these boundaries, though somewhat elongated, averaged

about 75 microns in diameter. This diameter is larger than the ten

microns reported by T. Tanaka and H. Conrad in titanium single

crystals (9). The angle of these boundaries in the yttrium single

crystals was very small as no bending of the slip lines due to their

presence could be detected by optical microscopy. Thus, it is

reasonable to conclude that the effect of these low angle boundaries

on the movement of dislocations was negligible.

The yttrium oxide precipitates were present in two different

morphologies. These were rather irregular particles scattered
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randomly throughout the crystal and lenticular particles lying

parallel to the basal planes. As might be expected, the relative

amount of these precipitates was larger in L yttrium than BM yttrium,

as shown in Plates 11 and 12, because the former contained about

twice as much oxygen as the latter. Also, as again might be expected,

the flow stress levels were higher in L yttrium than BM yttrium, as

indicated in Figures 3 and 4. The difference is no doubt due to the

contribution of these precipitates to the athermal component of the

flow stress, as it is well known that this effect can often be

attributed to second phase particles (18). A much magnified

photomicrograph of a lenticular yttrium oxide precipitate, Plate 13,

indicates a structure similar to that of a graphite colony in grey

cast iron (19).

Wavy slip was observed at the higher temperatures, 300°K and

above, as shown in Plate 16. First order prism slip predominates,

but the slip lines are wavy and coarse. The wavy nature of the slip

lines could be the result of cross slip to secondary slip systems

followed by cross slip back onto the first order prism planes.

H. Conrad et al report that transmission electron microscopy

indicates cross slip readily occurs between the prism and basal

planes during the deformation of titanium single crystals (20).

J. P. Hirth and J. Lothe report that in yttrium as well as magnesium,

titanium, and zirconium <1120> remains the slip direction in the

secondary slip systems which become operative at higher temperatures

(21). The stress required for dislocations to overcome obstacles
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could be lower at the higher temperatures, and if partial

dislocations rather than pure screw are involved the energy necessary

to constrict these dislocations prior to cross slip could be smaller.

Therefore, cross slip and slip on secondary slip systems could account

for the wavy nature of the slip lines in yttrium at and above 300°K.

In sharp contrast, slip lines resulting from first order

prism slip at low temperatures, e.g. 77°K shown in Plate 14, are

completely straight and closely spaced indicating the absence of

cross slip. However, at intermediate temperatures, e.g. 195°K

shown in Plate 15, coarse slip lines are evident, but fine slip lines

are also present.

At all temperatures, however, only one first order prism slip

system was active as evidenced by the chisel shaped necks that

resulted from large strains, Plate 9, and the lack of intersecting

slip lines. The presence of only one active slip system is not

entirely unexpected, as the crystals were oriented so that the Schmid

factors were nearly maximized for slip on only one first order prism

slip system, thus minimizing the possibility of slip on the two

remaining first order prism slip systems. In this way any

complications due to slip on more than one first order prism slip

system were eliminated.

Stress-Strain Relationships

Turning to the stress strain curves, a comparison of Figure 3

for L yttrium with Figure 4 for BM yttrium shows that the flow stress
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is higher for L yttrium than for BM yttrium. As mentioned previously,

this is a consequence of the higher density of yttrium oxide

precipitates in the former. But the general form of the curves is

similar for both L yttrium and BM yttrium as indicated by a work

hardening rate that is nearly independent of temperature, strain, and

impurity content, i.e. within the necessarily limited range of these

parameters in this investigation. The work hardening index, as

indicated by the parameter
0
, where 0 is

dT
aT and p is the shear

u

modulus, is about 2-10-3 . This is similar to that reported for

first order prism slip in titanium single crystals (9).

As a nearly linear work hardening rate characterized almost

the entire deformation process, it may be referred to as almost

entirely stage II deformation (22). Interestingly, no significant

stage I deformation was evident, i.e. a so-called easy glide region

with little or no work hardening. Furthermore, no stage III region

was detected. A stage III region results from the destruction by

plastic deformation of obstacles to dislocation movement. It is

indicated by a decrease in slope of the stress-strain curve. This

characteristic was observed near the end of each deformation

experiment but was always associated with necking rather than a

stage III process.
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Thermal and Athermal Components of the Flow Stress

The athermal component of the flow stress, or ru, for first

order prism slip increased with strain in both L yttrium and BM

yttrium single crystals as indicated by Figures 6 and 7 respectively.

This component of the flow stress is a consequence of precipitates,

such as yttrium oxide precipitates in the yttrium single crystals

and long range stress fields (23). The resistance of these obstacles

to dislocations as they sweep through the crystal is much too large

to be overcome by thermal activation. The athermal component of the

flow stress is simply subtracted from the applied stress to give the

thermal component. Because the thermal component is primarily of

concern here, the remainder of the discussion on first order prism

slip in yttrium single crystals, unless otherwise noted, will be

addressed to the thermal component of the flow stress and its

characteristics.

A discussion of the thermal activation of dislocations past

obstacles necessarily involves some knowledge of rate theory.

Generally, the well known Arrhenius equation is assumed to apply.

If a dislocation encounters several types of obstacles, there will

be in effect several Arrhenius equations in series, i.e. one for

each type of obstacle. The obstacle giving the smallest rate will

govern dislocation movement; this is called the rate controlling

obstacle.

The rate controlling obstacle to dislocation movement,

whatever it may be, governs the general characteristics of the
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thermal component of the flow stress or T*. The rapid increase

in T* with decreasing temperature, as shown in Figures 9 and 10, is

generally regarded as an indication of a thermally activated process.

Also, T* for first order prism slip in yttrium single crystals is

independent of strain which indicates that the same type of obstacle

is rate controlling throughout the deformation process. Furthermore,

T* with relation to temperature is generally similar for both L

yttrium and BM yttrium indicating that the influence of the different

impurity contents is small and suggesting that the same kind of

obstacle is rate controlling in both.

Above a temperature of about 300°K, sufficient thermal

energy is available that dislocations can overcome the resistance of

the rate controlling obstacles without the benefit of mechanical

energy. At this temperature, often called the athermal temperature,

or T
o

, the thermal component of the flow stress is then zero. It is

important to note, however, that To is difficult to define exactly,

as has been emphasized by C. T. Wang and D. W. Bainbridge (24).

This lack of precision has resulted in much confusion in the

literature, and the consequences will be discussed later in greater

depth.

In addition to these general characteristics of the thermal

component of the flow stress, a peak in the T* vs temperature curves

for L yttrium is found at about 195°K. This peak is more pronounced

at the lower strains as shown in Figure 9. It is important to note

that a similar peak does not occur in BM yttrium. The presence or
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absence of a peak is undoubtedly related in some way to the different

impurity contents of the two metals, as all other experimental

conditions were identical. J. C. Williams, A. W. Sommer, and

P. P. Tung reported similar peaks in alpha titanium which were

associated with high oxygen contents (25). Their results are

consistent with the results of the present investigation as L

yttrium contained 1907 ppm oxygen, whereas BM yttrium contained only

1120 ppm oxygen. However, oxygen is relatively soluble in titanium--

a maximum of about 12 weight percent, but the oxygen solubility in

yttrium is less than 0.06 weight percent at 600°C and decreases

rapidly with temperature (26). No oxygen solubility data for yttrium

is available for the temperatures used in this investigation, but

the solubility must be extremely low. Low oxygen solubility is

confirmed by the microstructures and electron probe results which

indicate that most, if not all, of the oxygen is present in the form

of yttrium oxide precipitates. Thus, it is unlikely that oxygen

content plays a similar role in yttrium as it does in titanium.

The peak in the thermal component of the flow stress at

about 195°K in L yttrium appears to be associated with the two kinds

of first order prism slip. Coarse slip bands are separated by

regions of fine slip at 195°K, Plate 15. At 77°K only fine slip is

present, Plate 14, but at 300°K only coarse slip bands are present,

and these are wavy, Plate 16. Thus, at about 195°K a transition

occurs between the two kinds of slip. J. C. Williams et al

associated a similar peak in alpha titanium to a transition from
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planar to wavy slip which is consistent with the slip characteristics

observed in yttrium (25). These investigators attributed the

transition to the increased difficulty of cross slip at lower

temperatures and at higher oxygen contents. In yttrium, cross slip

is undoubtedly more difficult at lower temperatures, but, as mentioned

previously, oxygen content is unlikely to be a significant factor,

although both nitrogen and carbon could be important in inhibiting

cross slip. Since both carbon and nitrogen form stable compounds

with yttrium, complexes of short range order could occur at low

temperatures but could also dissociate at higher temperatures. As a

consequence, short range order could prevent cross slip at low

temperatures but not at higher temperatures. Nevertheless, it is not

clear why a transition from one kind of slip to another could cause

a peak in the thermal component of the flow stress in L yttrium and

why the stress-temperature response of BM yttrium is different.

Therefore, complete details of the mechanism are still obscure.

It is interesting to note that several other investigators

have reported anomalous peaks in various stress-temperature

relationships. For example, a peak in the stress-temperature

relationship for niobium has been attributed to the activation of an

additional slip mode (4). A similar explanation cannot be assigned

to L yttrium because only first order prism slip was observed.

Similar peaks have been attributed to the "decomposition" of

dislocations in magnesium which was confined to a narrow temperature

range (27). Similar peaks associated with zirconium at 300°K and
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900°K were thought to be due to hydrogen and oxygen, nitrogen, and/or

carbon respectively (28). From this short review, it can be

concluded that there are substantial differences of opinion as to the

causes of these peaks in the stress-temperature relationship. Perhaps

one or at most a very few of these mechanisms predominate or perhaps

all of these mechanisms as well as others could each operate under

certain special but as yet unpredictable conditions. Clearly more

work needs to be done in this area.

Activation Volume

The activation volume for first order prism slip in both

L yttrium and BM yttrium is fairly independent of strain at

temperatures ranging from 77°K to about 300°K, Figures 13 and 14,

but some decrease in activation volume with strain is noted at 300°C

and above, and the trend becomes more pronounced with increasing

temperature. At 373°K the activation volume decreases rapidly with

increasing strain. The activation volume for a given shear strain,

e.g. 0.20 in Figure 16, increases approximately linearly with

temperature to about 250°K and after a distinct transition temperature

range increases rapidly with a further temperature increase. This

behavior suggests that dislocation movement is governed by two

mechanisms--a low temperature mechanism and a high temperature

mechanism.

Yttrium is similar to titanium in this respect (29). However,

there is some disagreement regarding the correct form of the activation
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volume vs temperature curves for titanium. E. D. Levine in his study

of first order prism slip in titanium single crystals has indicated

the low temperature region with a straight line of moderate slope

and the high temperature region with a much steeper straight line

(30). K. R. Evans also favors the two straight line method for

titanium alloys (29). Conversely, D. G. Westlake believes that a

smooth curved line should be drawn between the experimentally

determined points (31). Since the data from this investigation is

similar to that reported for titanium, the discussion is also

applicable to yttrium. Although the two straight line method is

possibly not without merit for some metals and alloys, the activation

volume vs temperature relationships for yttrium have been drawn as

smooth curves. Even though the presence of low and high temperature

rate controlling mechanisms is not disputed, the smooth curves appear

justified because there is a definite temperature range over which

one rate controlling mechanism changes to the other. This

temperature range is narrow for the titanium alloys reported by

K. R. Evans but broad for zirconium-oxygen alloys reported by D. Mills

and G. B. Craig; the latter authors favored smooth curved lines to

define the activation volume vs temperature relationships (32).

Perhaps the aforementioned controversy could be resolved by simply

recognizing the wide variations in the form of the activation volume

vs temperature relationship.

The temperature at which one rate controlling mechanism for

first order prism slip in yttrium changes to another is assumed here
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to be T
o

or 300°K. As T
o
is the temperature at which the thermal

component of the flow stress becomes zero and, as mentioned

previously, is rather poorly defined in yttrium, the absence of a

corresponding sharp break in the activation volume vs temperature

relationship is not surprising.

It is interesting to note that the activation volume vs

temperature relationship for polycrystalline yttrium, as reported by

B. G. Koepke et al, also shows an increase in activation volume with

temperature, but the results of this investigation on yttrium single

crystals indicate a much larger rate of increase for first order

prism slip (33). The grain boundaries in the polycrystalline yttrium

could provide additional barriers to dislocation movement, thus

lowering the activation volume. Similar trends for polycrystalline

and single crystal titanium have been reported by K. R. Evans (29).

Activation Enthalpy

The activation enthalpy is independent of strain for first

order prism slip in yttrium which indicates that the rate controlling

obstacles are not influenced by the deformation process. At low

temperatures, the activation enthalpy increases only moderately with

increasing temperature as shown in Figure 20. Above about 300°K, the

activation enthalpy increases very rapidly with increasing

temperature. These characteristics support the conclusion that a

low temperature mechanism and a high temperature mechanism control

dislocation movement. Also, a definite transition temperature range
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is evident, and the previous discussion concerning a transition

temperature region is applicable to the activation enthalpy as well

as the activation volume. It is interesting to note a peak in the

activation enthalpy at 195°K for L yttrium, whereas it is completely

absent in BM yttrium. This peak is probably related to the peak in

the thermal component of the flow stress; the possible reasons for

the latter peak have been discussed previously.

Mechanical and Thermal Energy Requirements for Deformation

The thermal energy acquired by a dislocation and used to

overcome a local obstacle is, of course, the activation enthalpy.

Below T
o

, however, mechanical energy must also be supplied for an

activation event to occur. But the reader will recall that

additional mechanical energy may be necessary to overcome long range

obstacles; dislocations cannot overcome these obstacles by thermal

activation. The following discussion, however, is confined to short

range obstacles. The thermal energy is therefore the activation

enthalpy, or AH, and the mechanical energy is T*V. The total energy

is the sum of the thermal energy and the mechanical energy, or AH'.

These values for first order prism slip in L yttrium and BM yttrium

are shown in Figures 21 and 22 respectively. As might be expected,

the activation enthalpy increases with temperature. Conversely, the

mechanical energy decreases with temperature. The total energy is

nearly temperature independent. Extrapolating AH (or AH1) to To
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gives the energy required to activate a dislocation past a short

range obstacle which is 0.29 eV for L yttrium and 0.33 eV for BM

yttrium. If the same kind of obstacle is rate controlling for

dislocation movement in both L yttrium and BM yttrium, as suggested

previously, the obstacle energy is approximately the average of

these two values, or 0.31 eV.

Dislocation Velocity Exponent

The dislocation velocity exponent, or m*, increases only

moderately with decreasing temperature to about 165°K as indicated

in Figure 24; below 165°K m* increases rapidly with a further

temperature decrease. The latter trend is more pronounced for L

yttrium than BM yttrium. No explanation for the difference can be

given except that it undoubtedly reflects the different impurity

contents of the two types of yttrium. The peak in the m* vs

temperature relationship at about 195°K for L yttrium is probably a

consequence of the peak in T* at this temperature, and possible

explanations for the effect have been given previously.

The recent literature contains many critical as well as

favorable evaluations of the dislocation velocity exponent as applied

to the deformation characteristics of metals (34,35,36,37,38). These

evaluations will not be expanded here except to note that the

dislocation velocity exponent is an empirical parameter and is not a

consequence of theoretical analysis. For this reason as well as

others, J. W. Christian advocates its abandonment (34). On the other
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hand, J.C.M. Li believes that the dislocation velocity exponent is

a useful parameter and does not agree that it should be abandoned

simply because its nature is not completely understood at this

time (35). Presumably, the dislocation velocity exponent will

become a more useful parameter as more experimental data are

accumulated. Primarily because of this reason, the information is

given here for low temperature deformation of yttrium single crystals.

Mechanisms Controlling Dislocation Movement below 300°K

The activation parameters as well as the various

relationships that have been presented can be analyzed to identify

the rate controlling activation event that limits dislocation movement

and thus controls first order prism slip in yttrium below 300°K.

These will now be summarized. The approximately linear activation

volume and activation enthalpy relationships with respect to

temperature suggest that one type of rate controlling obstacle is

operating below 300°K. Since the activation volume and activation

enthalpy are fairly independent of strain, only one type of obstacle

is rate controlling throughout the deformation process. The total

energy required to overcome an obstacle is approximately 0.31 eV.

Although many kinds of obstacles can control dislocation

movement, five of the most appropriate to this investigation will be

reviewed here. These are intersection of glide dislocations with

forest dislocations, depinning from substitutional atoms, cross slip,

Peierls, and interstitial interaction.
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Intersection of Glide Dislocations with Forest Dislocations

Forest dislocations lying in the basal planes (and possibly

other planes) and threading the first order prism planes were

examined as possible rate controlling obstacles because forest

cutting is known to be rate controlling for basal slip in zinc (39).

A theoretical study has established that T = apb./77 where a is a

constant, p is the dislocation density, and T, p, and b have their

usual meanings (40). The temperature dependence of the flow stress

is seen to be related only to the temperature dependence of the shear

modulus which, in turn, is weakly temperature dependent. However,

the flow stress is strongly dependent on temperature at low

temperatures for first order prism slip in yttrium. Furthermore,

assuming a reasonable dislocation density, the activation volume for

an intersection mechanism would be much higher than the experimentally

determined values in yttrium. It can be concluded, then that forest

cutting is not rate controlling for first order prism slip in yttrium

below 300°K.

Depinning from Substitutional Atoms

Both L yttrium and BM yttrium contain impurities that occupy

substitutional positions in the yttrium crystal lattice. These

impurities could conceivably pin dislocations which, in turn, could

control dislocation movement. J. Friedel has derived the following

equation that is based on the depinning of dislocations from

substitutional atoms (41).
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T* T*
0 To

3/2

In this equation, To
* is the thermal component of the flow

stress at 0°K, and the other symbols have been previously defined.

If this mechanism is rate controlling, T* vs [(T
o
- T)/T

o
I
3/2

should

be a straight line relationship. Examination of Figure 25 which

shows these relationships for L yttrium and BM yttrium clearly

indicates that this equation is not satisfied. It can be concluded

that depinning of dislocations from substitutional atoms is not rate

controlling for first order prism slip in yttrium below 300°K.

Cross Slip

A cross slip mechanism has been found to be rate controlling

for prism slip in magnesium (42). Screw dislocations in the prism

planes of yttrium might cross slip onto the basal planes. These

dislocations could then dissociate into partial dislocations

separated by stacking faults. For further slip on the prism planes,

the partial dislocations must recombine before they can cross slip

back to the prism planes. P. W. Flynn, J. Mote, and J. E. Dorn have

derived the following equation for a cross slip mechanism (42):

1
= R

R2
- -

T*T 1 T

R
1

and R
2
are constants, and the other symbols have their

usual meanings. If this equation is obeyed, a plot of 1/T*T vs 1/T

should form a straight line. The appropriate data for first order

prism slip in both L yttrium and BM yttrium are not straight line

relationships as shown in Figure 26, indicating that a cross slip



38

mechanism is not rate controlling for first order prism slip in

yttrium below 300°K.

Peierls

The Peierls stress is the stress required to move a

dislocation through the crystal lattice; inherent lattice friction

is the only resistance to dislocation movement. If a Peierls

mechanism is rate controlling for dislocation movement, T* should be

strongly temperature dependent. Also, the activation volume and

activation enthalpy should be substantially independent of strain.

The activation volume should be small, e.g. variously estimated as

10b
3

, 20b
3

, and 5 to 50b
3

(43,3,44). The first two conditions are

satisfied for first order prism slip in yttrium, but the last is not.

The measured activation volumes for both L yttrium and BM yttrium

increase fairly linearly with temperature, suggesting only one rate

controlling mechanism is operating. But at, say 200°K, the activation

volume is about 150b
3
which is much higher than the accepted limits.

If the magnitude of the activation volume is a good index of the

validity of the Peierls mechanism, then it must be eliminated as the

possible rate controlling mechanism for first order prism slip in

yttrium below 300°K.

Nevertheless, it should be noted that the Peierls mechanism

is often thought to be rate controlling because of a criterion

originated by J. E. Dorn and S. Rajnak (45). Using a line energy

model, they determined that U
n
/2U

k
is a unique function of T*/T
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where U
n

is the energy required to nucleate a pair of kinks, 2Uk is

the excess energy of a kink pair, and T or the Peierls stress is the

thermal component of the flow stress at 0°K. The concept behind this

model is that a dislocation moves from one energy valley to another

in a crystal by nucleating a pair of kinks and then expanding these

along the dislocation line. Noting that Un/2Uk = T/To, a theoretical

curve of T/T
o
vs T*Pc is shown in Figure 27. An extrapolation of

the T* vs temperature curves gives T
p
equal to 2.76 Kg/mm

2
for L

yttrium and 3.04 Kg/mm
2

for BM yttrium. A good fit can be obtained

for first order prism slip, as shown in Figure 27, if 165°K is chosen

for T
o
rather than 300°K. Although the choice of T

o
is rather

imprecise, 165°K does not seem justified.

Even though the parameters involved, i.e. To, T
p

, as well

as a constant a which is related to the Dorn-Rajnak theoretical curve,

can be chosen so that the flow stress data give a good fit to the

theoretical curve, this fit can be quite fortuitous. Hence, in itself

it is insufficient evidence to support a Peierls mechanism. K. R.

Evans and W. F. Flanagan have presented data for copper solid

solutions which give a good fit to the Dorn-Rajnak theoretical curve,

but the large activation volumes as well as other criteria rule out

the Peierls mechanism as rate controlling (46). Based on similar

evidence, the same conclusion appears reasonable for first order

prism slip in yttrium.
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Interstitial Impurity Obstacles

Interstitial impurities can interact with dislocations and

sufficiently inhibit their movement that a dislocation-impurity

interaction is the rate controlling mechanism. H. P. Conrad has

proposed a model for an interstitial mechanism in which the following

equation is given (47):

T = T AT
O

A is a constant and T
o

*
is the thermal component of the flow

stress at 0°K (equivalent to T in the previous discussion). The

equation is reported by T. Tanaka and H. Conrad to be applicable for

first order prism slip in titanium (9). Figure 28 shows that the

T
* vs T

i relationship for first order prism slip in yttrium is not a

straight line, and therefore this model is not appropriate.

The most commonly accepted interstitial model is that

proposed by R. L. Fleischer (48). His model assumes that a

dislocation interacts strongly with an interstitial defect because

of the tetragonal distortion associated with the defect. According

to this model, the following equation is a result of the dislocation

impurity interaction:

( -4) = 1 --
1

TO
0

A plot of T *I-
vs T/ for both L yttrium and BM yttrium, as

shown in Figure 29, gives a straight line relationship indicating

that this model is valid for first order prism slip in yttrium.
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As a further consequence of Fleischer's model, the following equation

is given:

T o* = Fo /bL

In the above equation, L = b/(4 c/3) is the spacing of

two-thirds of the interstitial defects along the dislocation line, and

F
o

= pAcb
2
/3.86 (1-v). The concentration of interstitial defects is

C, Ac is the difference between the longitudinal and transverse

strain of the distortion due to an interstitial defect, v is Poisson's

ratio, and the other symbols have their usual meaning. The equation

is valid for edge dislocations; screw dislocations moving on the first

order prism planes are believed to not interact with interstitial

impurities (49). Since the oxygen impurity in both L yttrium and

BM yttrium is substantially in the form of yttrium oxide precipitates,

it is reasonable to assume that only carbon and nitrogen are present

as interstitial impurities. The total interstitial content is then

205 ppm for L yttrium and 203 ppm for BM yttrium on a weight basis.

Considering a correction factor of 4 suggested by G. B. Gibbs, the

tetragonal distortion is 0.27 for L yttrium and 0.31 for BM yttrium

(50). These values appear reasonable when compared to 0.41

experimentally determined for carbon in iron (51).

The theoretical activation energy based on the Fleischer

model is as follows (52):

G = Fob 1 - (T
^
-1 = Fob

T
.;

o
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At the temperature To, i.e. 300°K, where T* equals zero,

the activation enthalpy, neglecting entropy effects, is equal to Fob.

The activation enthalpy is calculated to be 0.24 eV for L yttrium and

0.29 eV for BM yttrium, again using a correction factor of 1.3

suggested by G. B. Gibbs (50). These calculated values compare

favorably to the measured values of 0.29 eV and 0.33 eV for L yttrium

and BM yttrium respectively.

Consider now the force-distance curves due to a dislocation

encountering an interstitial obstacle. The retarding force acting

on a mobile dislocation is given by the following equation:

F = T*kb

In the above equation, R, is the length of the dislocation

segment. If an interstitial mechanism is rate controlling for

dislocation movement, 9., is the distance between the interstitial atoms

and according to H. Conrad is related to the interstitial content by

the following equation (47):

= b/(2c)

Note that this equation is slightly different from the

equation given by Fleischer. The activation distance is the distance

from an interstitial atom over which a dislocation moves in overcoming

this rate controlling obstacle. The activation distance may be

calculated according to the following equation:

X = V/kb

Since the T* and activation volume values have been

established experimentally and the interstitial carbon and nitrogen
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contents are known, the effective force-distance curves can be

constructed. These curves are shown in Figure 30 for first order

prism slip in L yttrium and BM yttrium. The area under a force-

distance curve represents the total activation energy, All'. Assuming

mobile dislocations first "see" the stress centers caused by the

interstitial atoms and react with them at a distance of about six

Burger's vectors, AH', as indicated by the areas under the force-

distance curves, is 0.33 eV for L yttrium and 0.32 eV for BM yttrium.

These total activation energies agree very well with the experimentally

determined values and further support the conclusion that an

interstitial mechanism is rate controlling for dislocations moving on

the first order prism planes.

By noting Figure 31, which also shows the T*1 vs temperaturJ

relationship for first order prism slip in titanium, zirconium, and

hafnium, it is immediately apparent that the Fleischer model also

applies to these metals (9,53,54). Unfortunately, first, there is no

general agreement on the exact details on how the interstitial

mechanism operates. Second, there is no universal agreement that an

interstitial mechanism is rate controlling in these metals. These two

factors will now be briefly reviewed.

Consider first the underlying details on how the interstitial

mechanism could operate. Fleischer's model seems difficult to accept

because it is based on tetragonal strains caused by interstitial

impurity atoms. But the interstitial impurity atoms in hexagonal

close packed metals are in octahedral sites rather than the smaller
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tetragonal sites, and an examination of Table II shows that the usual

interstitial impurity atoms will readily fit into the octahedral

sites in yttrium if a hard ball model of the atoms is assumed. Thus,

the strain fields associated with the usual interstitial impurity

atoms must be small even though non-metal atoms are reported to always

expand the interstices they occupy (55). W. R. Tyson has suggested a

way around this difficulty (49). He has calculated that there can be

no interactions between octahedral solutes and <1120> 11100] screw

dislocations; only edge dislocations can interact. However,

D. H. Sastry, Y.V.R.K. Prasad, and K. I. Vasu apparently disagree with

Tyson's calculation, as they state that asymmetrical distortions due

to interstitial solutes will produce large interactions with both

screw and edge dislocations (56). Nevertheless, if a screw

dislocation is assumed split into partial dislocations according to

the reaction a/3 [1120] -4- a/6 [1121] + a/6 [1121], an edge dislocation

component must necessarily be present in at least one of the partials,

thus assuring some interaction. Also, as a partial dislocation moves

to an octahedral site it is converted to a much smaller tetragonal

site. If this tetragonal site is occupied by an interstitial impurity

atom, its strain field will become much stronger, thereby satisfying

a necessary requirement for the Fleischer model.

A further difficulty arises in explaining the high activation

energy of 1.4 eV for a dislocation to overcome a short range obstacle

in titanium. W. R. Tyson has calculated that on the basis of elastic

interactions the activation energy should be only about 0.3 eV (49).
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He speculates that the discrepancy could be caused by the necessity

of moving the interstitial solute atoms out of the way of the

dislocation core or, alternatively, the breaking of bonds between the

interstitial solutes and the neighboring atoms.

Considering the latter possibility, G. A. Sargent and

H. Conrad have suggested that the pinning effect of interstitial

oxygen atoms in titanium can be explained by breaking of the chemical

bonds between titanium and oxygen (57). Their calculation of the

activation energy based on this idea agrees with the experimental

value. This bond-breaking mechanism could apply as well to yttrium.

According to their theory, the yttrium and interstitial impurity atoms

form hybridized bonds of s, p, and d electrons. In a fully hybridized

condition, six lobed arrays of electrons are formed between the

yttrium and impurity atoms. As a dislocation passes through the

crystal, it presumably must break these bonds. Assuming the stable

structure forms between yttrium and the interstitial nitrogen and

carbon atoms, i.e. YN and YC2, the energy required to break one of the

six bonds would be 0.52 eV and 0.17 eV respectively. Assuming that

the pinning effects of the carbon and nitrogen impurities are in some

way synergistic, the measured activation energies of 0.29 eV for L

yttrium and 0.33 eV for BM yttrium appear to support the conclusion

that a bond breaking mechanism could be applicable to first order

prism slip in yttrium. It is interesting to note that the breaking

of yttrium-oxygen bonds cannot be an important factor in the bond

breaking mechanism. The energy required to break a yttrium oxygen
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bond is about 3.3 eV which is much too large to explain the observed

values. Again, this is consistent with the experimental results, as

very little oxygen was present as interstitial solute; it was in the

form of yttrium oxide precipitates. However, neither yttrium nitride

nor yttrium carbide precipitates were detected by electron probe

analysis inferring that only nitrogen and carbon were present as

interstitial solutes.

The strength of the bonds between yttrium atoms is no doubt

also important to the deformation characteristics, particularly with

regard to the stress required for plastic deformation. It is

interesting to note from Figure 31 that the thermal component of the

flow stress for yttrium is much smaller than for titanium, zirconium,

and hafnium.

According to the Engel-Brewer theory of bonding of the

transition metals, the mechanical strength is related to the number

of unpaired d electrons available for bonding in each atom (58).

Two unpaired d electrons per atom are available for bonding in

titanium, zirconium, and hafnium, whereas only one unpaired d

electron per atom is available for bonding in yttrium. Thus, the

lower flow stress for yttrium is consistent with the Engel-Brewer

theory. The stress required for plastic deformation also depends, of

course, on the interstitial impurity content, as has been convincingly

demonstrated for Zr-O, Zr-C, and Zr-N alloys, but it appears that the

number of unpaired d electrons available for bonding also plays a

major role (32,59,60).
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In addition to the types of interstitial mechanisms

previously mentioned, i.e. dislocation drag from asymmetrical

distortions due to interstitial impurity atoms and interstitial

impurity bond breaking, a third interstitial mechanism has been

proposed. The third mechanism is based on ideas first advanced by

A. T. Churchman (61). His ideas have been extended to include

zirconium-oxygen single crystals by D. Mills and G. B. Craig who

suggest the interstitial oxygen solutes require expansion of the

dislocation core which, in turn, causes a drag force on the mobile

dislocations (32). S. N. Tiwari, D. J. Lloyd, and K. Tangri also

invoke this theory involving interaction between interstitial solute

atoms and the dislocation core rather than dislocation-tetragonal

strain field interaction or dislocation-interstitial impurity bond

breaking to explain the rate controlling mechanism for dislocation

movement in polycrystalline zirconium (62). Assuming the validity of

the Mills and Craig theory, the interstitial carbon and nitrogen

impurity atoms in yttrium could react with dislocations in a similar

manner.

Returning to the problem of explaining the high activation

energy of 1.4,eV for titanium, P. P. Tung and A. W. Sommer may have

found a way around the difficulty (63). Their experiments with

titanium may shed new light on the dislocation dynamics of the

hexagonal close packed transition metals which, of course, include

yttrium. These investigators have found that as a result of

structural changes the athermal component of the flow stress in
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titanium increases much more rapidly with decreasing temperature than

can be accounted for by the temperature dependence of the shear

modulus. A consequence is a variable work hardening rate which is

temperature dependent. These investigators report an obstacle energy

in titanium of only 0.3 eV, and thus the difference between this

value and the commonly accepted value of 1.4 eV presumably should be

assigned to the athermal component of the flow stress, as it is energy

required to overcome long range obstacles that are a consequence of a

variable structure. The work hardening rate for first order prism

slip in yttrium which is largely independent of temperature and strain

indicates the absence of a variable structure, and therefore there is

a high degree of confidence that the experimental obstacle energy of

0.31 eV is correct. Since the c/a ratio of titanium is close to that

of yttrium and if it is assumed that c/a ratio is the primary factor

involved, then the obstacle energy should be nearly equal.

Summarizing, W. R. Tyson has shown that due to tetragonal

distortions, which are the cornerstone of the Fleischer mechanism,

the obstacle energy in titanium should be about 0.3 eV. P. P. Tung

and A. W. Sommer report that the obstacle energy in titanium may

indeed be 0.3 eV. As a result of the present investigation, the

obstacle energy in yttrium was found to be similar. These are strong

arguments to support the conclusion that the rate controlling

obstacles for first order prism slip below 300°K in yttrium as well as

titanium and probably zirconium and hafnium are tetragonal distortions

caused by interstitial impurities.
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Curiously, in view of the above arguments as well as the work

of several investigators who report a sharp decrease in activation

volume with increasing interstitial impurity content in both titanium

and zirconium, there is no general agreement that an interstitial

mechanism is rate controlling for dislocation movement (56,64). For

example, E. D. Levine concluded that a Peierls mechanism is rate

controlling in titanium, and his conclusion has recently been

supported by D. H. Sastry and K. I. Vasu (30,64). It has been

pointed out, however, that the activation volumes reported by the

latter investigators ranged from 10b
3

to 150b
3
which is larger than

expected for a Peierls model (62). Furthermore, the Peierls stress

was reported to be dependent on interstitial content which is not

consistent with a Peierls model. Nevertheless, a theoretical study

by K. Ono and A. W. Sommer has indicated that the Peierls mechanism

can be influenced by impurities, and the impurity influence is

concentration and temperature dependent (65). The influence of

impurities can be small at low impurity contents and at very low

temperatures so that the Peierls mechanism predominates, but at

higher impurity contents and at higher temperatures the dislocation-

impurity reaction is rate controlling. This characteristic has been

reported in vanadium and could also occur in the Group IV A metals as

well as yttrium (24).

Conclusions

A reasonable conclusion is that an interstitial mechanism

controls dislocation movement on the first order prism planes in
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yttrium containing a total of about 200 ppm by weight of interstitial

carbon and nitrogen at temperatures ranging from about 300°K to at

least as low as 77°K. But the exact details of the mechanism on an

atomic scale are still not firmly established. The evidence

supporting an interstitial mechanism is as follows:

1. The data developed by this investigation is

consistent with that reported for titanium,

zirconium, and hafnium; the general consensus

is that an interstitial mechanism is rate

controlling in these metals.

2. Fleischer's criteria supporting an interstitial

mechanism are satisfied.

3. Activation energies determined from force-

distance curves which, in turn, depend on

interstitial impurity content, agree with

experimentally determined values.

4. The activation volume is too high to support a

Peierls mechanism.

5. The activation volume is nearly independent of

strain which eliminates all mechanisms

involving interactions between dislocations.

6. The appropriate criteria supporting a cross slip

mechanism or depinning from substitutional solutes

are not satisfied.
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Mechanism Controlling Dislocation Movement above 300°K

At temperatures above 300°K a different type of obstacle

controls dislocation movement on the first order prism planes;

dislocations cannot be thermally activated past these obstacles.

The activation volume becomes very large as indicated in Figure 13.

For example, at 373°K the activation volume in L yttrium is 1870b3

at a shear strain of 0.1 but decreases to 1037b
3

at a shear strain of

0.4. This decrease in activation volume with increasing shear strain

indicates that the spacing between the obstacles controlling

dislocation movement is decreasing with increasing strain. These

obstacles are presumably additional dislocations that are generated

during the deformation process. Therefore, it is concluded that an

intersection mechanism is controlling dislocation movement on the first

order prism planes above approximately 300°K.
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Second Order Pyramidal Slip

Much has been written in recent years concerning the

importance of second order pyramidal slip, also known as c+a slip or

{1122} <1123> slip (13,17). Some of this discussion has been

stimulated by an attempt to explain the observed ductility of

polycrystalline titanium and zirconium. According to the Taylor

criterion, a polycrystal requires five independent shear systems to

undergo homogeneous strain without a volume change. Neither basal

slip nor first order or second order prism slip can satisfy this

criterion because the Burgers vectors for all of these slip systems

are parallel to the basal plane. Clearly, a slip direction with a

component parallel to the C-axis is required. As a consequence, it is

generally believed that c+a dislocations are required to satisfy the

Taylor criterion, and in fact c+a dislocations have been observed in

titanium and zirconium as well as other hexagonal metals (25,66,67).

Furthermore, the crystallographic relationships have been examined by

H. S. Rosenbaum; he suggests that a sequence of four displacements

produces second order pyramidal slip (68). Nevertheless, the

deformation characteristics of second order pyramidal slip that

include the activation area and activation enthalpy have been reported

only for zinc (69). Thus, no analogous deformation data is available

for hexagonal metals with c/a ratios less than ideal. The lack of

deformation data no doubt stems from the difficulty of growing

crystals with the C-axis parallel to the growth axis (see Appendix I).
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In this investigation, only one L yttrium crystal from a total of

about 40 grew with this orientatation, and as a fortunate consequence,

the deformation characteristics of this crystal are presented here.

Microscopy

A yttrium crystal pulled about 0.3% at 297°K with the C-axis

nearly parallel to the tensile axis twinned extensively as shown in

Plate 17. Two types of twins are evident--long, thin twins on the

{1121} planes and short, thick twins on the {1012} planes. The {1012}

twins ranged from about one micron to ten microns in width. The

width of the {1121} twins could not be accurately measured, but their

width is certainly less than one micron. It is interesting to note

that no slip lines are present at this low state of deformation.

Second order pyramidal slip lines are clearly evident in

Plate 18 which is a photomicrograph of a yttrium crystal that has been

pulled while cycled between 77°K, 195°K, and 297°K for a total shear

strain of 48 percent. Also, in addition to the second order

pyramidal slip lines and even though the crystal has been severely

deformed, remnants of both {1121} and {1012} twins are discernible.

During the initial stage of deformation, twinning is the primary

deformation mode, but above a shear strain of about 0.1 second order

pyramidal slip becomes the dominant deformation mode. The twins do

not appear to inhibit subsequent slip as evidenced by the lack of

discernible bending of slip lines passing through the twins.
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Curiously, at no stage of the deformation process was there

any evidence of rapid load drops or audible "clicks" which commonly

accompany twinning even though optical microscopy clearly showed that

twinning was present. These indications of twinning, however, were

present in some experiments with polycrystalline yttrium and even

yttrium bicrystals. Furthermore, these indicators are very pronounced

when any yttrium crystal is bent. No clear explanation can be given

for these observations except that perhaps compressive stresses must

be present and/or some other twin system must be operating for

twinning to be accompanied by load drops and audible "clicks."

Stress-Strain Relationships

The work hardening rate of yttrium single crystals pulled

with the tensile axes nearly parallel to the C-axis so that

deformation is by second order pyramidal slip, as indicated in

Figure 5 which shows the stress-strain curves, is about five times

larger than for first order prism slip, i.e. 0/p is 10.10
-3

for the

former and only 2.10
-3

for the latter. Moreover, the stress level is

much higher for crystals pulled with the tensile axis nearly parallel

to the C-axis. For example, at a shear strain of 0.2 the flow stress

is 8.5 kg/mm
2 for second order pyramidal slip in L yttrium at room

temperature but only 2.1 kg/mm
2

for first order prism slip. However,

the work hardening rates for both types of slip are substantially

independent of temperature and strain.
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Both the high work hardening rate and high stress levels that

are characteristic of second order pyramidal slip result primarily

from the interactions of dislocations on intersecting second order

pyramidal planes. In order to activate a second order pyramidal slip

system, the crystal must be oriented with the C-axis parallel or

nearly parallel to the tensile axis. Thus, the Schmid factors will

also necessarily be high on several of the six possible slip systems.

Therefore, more than one second order pyramidal slip system is likely

to be active. Multiple second order pyramidal slip is indicated by

the circular necks that are evident in yttrium crystals subjected to

large strains with the tensile axis nearly parallel to the C-axis,

Plate 9. Slip on two or more intersecting slip systems has been

reported to cause high work hardening rates and high stress levels

(70). Presumably, the dislocations moving on intersecting second

order pyramidal planes react to form barriers to further dislocation

movement in a manner analogous to Lomer-Cottrell barriers in face

centered cubic metals (41). But surprisingly, yttrium crystals

pulled with the tensile axis nearly parallel to the C-axis are fully

as ductile as those pulled with the tensile axis nearly perpendicular

to the C-axis; shear strains of about 0.40 are readily obtained before

necking occurs.
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Thermal and Athermal Components of the Flow Stress

The athermal component of the flow stress, or T , for second

order pyramidal slip in L yttrium increases with strain, Figure 8;

but the thermal component or T*, is substantially independent of

strain, Figure 11. The lack of strain dependence is an indication

that only one type of obstacle is rate controlling for dislocation

movement throughout the deformation process. In addition, the rapid

increase in T* with decreasing temperature is indicative of a

thermally activated process. The temperature at which T* becomes

zero, or To, is about 300°K, but note again that the choice of this

temperature is rather arbitrary. It is interesting to note a peak in

the T* vs temperature curve at 195° for a strain of 0.1. No doubt

this peak is a consequence of the same phenomenon responsible for the

peak in the analogous curve for first order prism slip. The possible

reasons for the latter peak have been discussed previously.

Activation Volume

The activation volume for second order pyramidal slip

decreases slightly but generally with strain at low temperatures, and

this decrease is more pronounced with increasing temperature, Figure

15. A much sharper decrease in activation volume with strain up to a

shear strain of about 0.1 is present at 297°K. A similar decrease in

activation volume with strain, although less pronounced, is also

present at 160°K and 195°K and, though probably also present at lower
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temperatures, is more difficult to detect because of the smaller

magnitude of the activation volume. It is apparently associated with

the twinning that was observed during the initial stage of deformation.

The activation volume increases linearly with temperature in the entire

temperature range that was investigated. A lack of a break in the

activation volume-temperature curve is commonly assumed to indicate

that only one rate controlling mechanism controls dislocation movement.

The reader should keep in mind that the magnitude of the

Burgers vector for second order pyramidal slip is about two times

that for first order prism slip. As a consequence, activation volumes

expressed in cubic Burgers vectors will be relatively much smaller for

the former. This is illustrated by the much smaller activation

volumes shown in Figure 16 for second order pyramidal slip even though

the activation volume values expressed in say cubic centimeters are

only slightly smaller for second order pyramidal slip than first order

prism slip.

Activation Enthalpy

The activation enthalpy is completely independent of strain

for temperatures below 160°K but decreases moderately with strain

above this temperature as shown in Figure 19. Also below 165°K, the

activation enthalpy increases only slowly with increasing temperature

but increases rapidly above this temperature as shown in Figure 20.

A marked transition temperature region is not present. A break in the

activation enthalpy vs temperature curve has been interpreted as an



58

indication that two rate controlling mechanisms are operating (29).

The break in the activation enthalpy vs temperature curve is in sharp

contrast to the activation volume vs temperature curve; the lack of a

break in the latter curve suggests only one rate controlling mechanism.

The implications of these two divergent observations will be discussed

later.

Mechanical and Thermal Energy Requirements for Deformation

The relationships between the activation enthalpy AH, the

mechanical energy T*V, and the total energy AH' vs temperature,

Figure 23, are generally similar to those for first order prism slip.

The mechanical energy decreases with temperature and becomes zero at

T
o
or 300°K, but both the activation enthalpy and total energy

increase with temperature. Extrapolating AH or AH' to To gives

0.54 eV as the energy required for a dislocation to overcome a rate

controlling obstacle. This energy is much higher than the average

obstacle energy of 0.31 eV obtained for first order prism slip.

The obstacle energy is fairly temperature independent for

first order prism slip but increases strongly with temperature for

second order pyramidal slip. The obstacle energy for second order

pyramidal slip is 0.54 eV at 300°K but decreases to 0.31 eV at 77°K.

Extrapolating the AH' vs temperature curve to 0°K gives an obstacle

energy of only 0.23 eV at this temperature. The energy required for

a dislocation on the second order pyramidal planes to overcome an
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obstacle is less when the dislocation is acted upon by a mechanical

stress which is a condition required for dislocation movement at

temperatures below To. At these lower temperatures, T* becomes large,

thus moving the dislocations closer to the obstacles. The decreased

distance between dislocations and obstacles, in turn, reduces the

distance over which an activation event occurs. One could say that

the area under the force-distance curve, which, of course, is an

indication of the energy requirement, decreases. As a consequence,

the total energy necessary for a dislocation to overcome an obstacle

is lowered (3).

Dislocation Velocity Exponent

The dislocation velocity exponent for second order pyramidal

slip in L yttrium increases moderately with decreasing temperature to

about 160°K. Below this temperature the dislocation velocity

exponent increases sharply with a further decrease in temperature.

Consequently, assuming the validity of the parameter, the average

dislocation velocity becomes very temperature sensitive below 160°K.

Mechanisms Controlling Dislocation Movement below 300°K

As discussed previously, twinning is the primary initial mode

of deformation for crystals oriented with the C-axis nearly parallel

to the tensile axis. At an equivalent shear strain of about 0.1,

second order pyramidal slip becomes the predominant deformation mode.
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Because the main concern here is the characteristics of second order

pyramidal slip, the following discussion is centered primarily around

this deformation mode.

Again, as with the analysis of first order prism slip, the

kinds of obstacles that possibly could control dislocation movement

for second order pyramidal slip will be discussed. These are

intersection of glide dislocations with forest dislocations,

depinning from substitutional atoms, cross slip, Peierls, and

interstitial interaction. Since the principles underlying these

mechanisms have already been covered, they will not be repeated in

order to avoid unnecessary repetition. Instead, the following

discussion will be confined to the applicability of these mechanisms

to second order pyramidal slip in yttrium.

Intersection of Glide Dislocations with Forest Dislocations

The flow stress for second order pyramidal slip is strongly

temperature dependent which precludes the intersection of glide

dislocations with forest dislocations as the rate controlling

mechanism for dislocations moving on the second order pyramidal

planes at temperatures below 300°K. Moreover, the activation volume

is much too small to support this mechanism.

Depinning from Substitutional Atoms

If depinning from substitutional atoms is the rate controlling

mechanism, a plot of T* vs [(To-T)/T
o

]

3/2
should form a straight line.

Examination of Figure 32, which shows this relationship for second
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order pyramidal slip in yttrium, indicates that a straight line is

not formed. Therefore, it is concluded that depinning from

substitutional atoms is not the rate controlling mechanism.

Cross Slip

A plot of 1/T*T vs 1/T should form a straight line to support

a cross slip mechanism. This condition is not satisfied for second

order pyramidal slip in yttrium as indicated in Figure 33. Thus, it

is concluded that a cross slip mechanism is not rate controlling for

dislocation movement.

Peierls

Some of the characteristics of a Peierls mechanism are: T*

is strongly temperature dependent, the activation volume and activation

enthalpy are strain independent, the activation volume is low. All

of these requirements are satisfied for second order pyramidal slip in

yttrium. Furthermore, the Dorn-Rajnak theoretical relationship is

satisfied, as indicated in Figure 27, but only if T
o

is chosen as

about 165°K rather than 300°K where T* becomes zero. Interestingly,

Ya. M. Soifer and V. G. Shteinberg in their investigation of second

order pyramidal slip in zinc did not choose To by the conventional

method (69). They chose a significantly lower temperature for To.

By choosing a lower temperature for To, their data agrees very well

with a simplified version of the Dorn-Rajnak relationship. As a

result, they conclude that a Peierls mechanism is rate controlling

for second order pyramidal slip in zinc. Their data for zinc is
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similar to that obtained in the present investigation for second

order pyramidal slip in yttrium below 165°K. On the basis of similar

reasoning, a Peierls mechanism could also be rate controlling for

second order pyramidal slip in yttrium but only at temperatures

below 165°K.

Interstitial Impurity Obstacles

The reader will recall that only edge dislocations on the

first order prism planes interact with interstitial impurities; screw

dislocations do not interact. This finding, which is attributed to

W. R. Tyson, is based on a theoretical analysis using the well known

method of A. W. Cochardt, et al (49,51). Unfortunately, analogous

calculations for interactions between dislocations moving on the

second order pyramidal planes and interstitial impurities have not

been reported. Nevertheless, it is assumed here that these

dislocations interact with interstitial impurities in such a way that

this interaction can be rate controlling for dislocation movement.

Furthermore, the Fleischer model is assumed to apply. As noted

previously, the applicability of his model may be verified by noting

if T*I vs temperaturel is a straight line relationship. As shown in

Figure 34, a straight line relationship is formed throughout the

temperature range that was investigated, i.e. 77°K to 297°K.

Furthermore, the area under the force-distance curve, Figure 35,

which depends on the interstitial impurity content, indicates a total

activation energy of 0.49 eV. This agrees with the experimentally

determined value. Thus, a dislocation-interstitial impurity
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interaction could be the rate controlling mechanism for dislocation

movement on the second order pyramidal planes.

Again, as with the previous discussion of the interstitial

obstacles for first order prism slip, the exact details of the

mechanism are obscure. However, it can be concluded with certainty

that elastic strain fields associated with interstitial impurities

are not a factor in controlling dislocation movement on the second

order pyramidal planes. The lack of strain field importance is

evident from the interaction distance of less than one Burgers vector

as indicated by the force-distance curve. Clearly, such a small

interaction distance is inconsistent with any appreciable elastic

interaction. Thus, dislocation-obstacle interaction due to bond

breaking or dislocation core expansion is more likely.

Conclusions

Because the criteria supporting the Fleischer model of

interstitial impurity interactions with dislocations are satisfied,

a reasonable conclusion is that this is the mechanism controlling

dislocation movement on the second order pyramidal planes at

temperatures ranging from at least 77°K to 297°K. The linear

relationship between activation volume and temperature indicates

that only one rate controlling mechanism is operating in the entire

temperature range and consequently further supports this conclusion.

Also, agreement between the experimental obstacle energy and the

obstacle energy determined from the area under the force-distance

curve lends additional support. On the other hand, the Dorn-Rajnak
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analysis supporting a Peierls mechanism is satisfied at temperatures

below 165°K. Furthermore, a break in the activation enthalpy-

temperature curve at this temperature suggests that one mechanism

controls dislocation movement below 165°K and another above this

temperature. In addition, the activation volume is sufficiently low

to be consistent with a Peierls mechanism.

Thus, it is reasonable to conclude that a dislocation-

interstitial impurity interaction is rate controlling for second

order pyramidal slip in yttrium containing about 200 wt ppm

interstitial carbon and nitrogen at temperatures ranging from 165°K

to 297°K and quite possibly in the entire temperature range

investigated, i.e. 77°K to 297°K. A rigorous analysis of the

experimental data, however, requires recognition of the possibility

that a Peierls mechanism might be rate controlling at temperatures

below 165°K. Mechanisms involving interactions between dislocations,

cross slip, or depinning from substitutional atoms can be discarded

as rate controlling.

Basal Slip

An attempt was made in this investigation to determine the

deformation characteristics of basal slip by pulling a yttrium single

crystal with the basal plane inclined 49 degrees to the tensile axis.

Thus, the resolved shear stress for basal slip would be nearly

maximized. Only first order prism slip was observed when the crystal

was deformed in tension at 300°K. The experiment demonstrated that
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the critical resolved shear stress for basal slip is at least 2.3

times greater than the critical resolved shear stress for first order

prism slip. This result is consistent with the observation of

T. G. Carnahan and T. E. Scott who report that the critical resolved

shear stress for basal slip in yttrium is about four times the

critical resolved shear stress for first order prism slip (71).

First Order Prism Slip vs Second Order Pyramidal Slip

The Schmid factors indicated on standard stereographic

triangles for first order prism slip and second order pyramidal slip

are shown in Figures 36 and 37 respectively. The latter is applicable

only for yttrium, but the former is applicable to any hexagonal close

packed crystal. The critical resolved shear stress is about two times

higher for second order pyramidal slip than for first order prism slip

in L yttrium single crystals at 300°K--3.55 kg/mm
2

for the former and

1.80 kg/mm
2

for the latter. By applying the law of critical resolved

shear stress, which states that the critical resolved shear stress is

independent of crystal orientation, and in essence combining these

two stereographic triangles, the effect of crystal orientation on the

preferred slip mode can be determined. The influence of crystal

orientation is shown in Figure 38 for yttrium. Second order pyramidal

slip is the preferred slip mode when the angle between the C-axis and

the tensile axis is less than 37 degrees. At larger angles, first

order prism slip is preferred. The critical angle for yttrium is
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remarkably similar to that reported for zirconium by A. Akhtar and

A. Teghtsoonian (72). The critical angle is 35 degrees at 78°K and

45 degrees at 295°K for zirconium containing 120 ppm oxygen. Basal

slip in yttrium single crystals cannot be activated at any

orientation.
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VI. SUMMARY AND CONCLUSIONS

The most important deformation mode in yttrium single crystals

is first order prism slip. The major deformation characteristics as

well as the main conclusions regarding first order prism slip in

yttrium single crystals that were obtained in this investigation are

summarized as follows:

1. The oxygen impurity in annealed yttrium single

crystals is in the form of yttrium oxide

precipitates. The flow stress increases with

oxygen content. Oxygen content influences only

the athermal component of the flow stress; the

thermal component is independent of oxygen

content.

2. Only fine slip is present in yttrium single

crystals deformed at 77°K. At 195°K both fine

and coarse slip are present. At 300°K only

coarse, wavy slip lines are present. It is

concluded, therefore, that cross slip is easier

at the higher temperatures. A peak in the flow

stress vs temperature curve for L yttrium at 195°K

is thought to be due to this transition in slip

characteristics.

3. Deformation is almost entirely a stage II process.

The work hardening rate as indicated by the

parameter 0/p is about 2.10
-3

.
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4. The thermal component of the flow stress is

substantially independent of strain and

impurity content within the necessarily

limited range of impurity contents of the

yttrium single crystals used in this

investigation.

5. The activation volume is substantially

independent of strain below 300°K. Above

300°K the activation volume decreases rapidly

with increasing strain.

6. The activation enthalpy is independent of

strain at all temperatures that were

investigated, i.e. 77°K to 373°K.

7. The athermal temperature is approximately 300°K.

8. The obstacle energy that is rate controlling

for dislocation movement below 300°K is about

0.31 eV and is essentially independent of

temperature.

9. The change in slope of both the activation

volume and activation enthalpy vs temperature

curves at about 300°K indicates that two

mechanisms are rate controlling for dislocation

movement--one below and another above 300°K.
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10. An interstitial mechanism controls

dislocation movement below 300°K.

The important interstitial impurities

are carbon and nitrogen. The area under

the force distance curves, which is a

function of the interstitial carbon and

nitrogen contents, indicates an obstacle

energy that agrees with the experimental

value.

11. An intersection mechanism controls

dislocation movement above 300°K.

12. The deformation characteristics of yttrium

are similar to those of titanium, zirconium,

and hafnium. A major difference is that the

flow stress required for deformation is

substantially lower for yttrium. The

difference is due to the single d electron

per atom available for bonding in yttrium,

whereas two per atom are available for

titanium, zirconium, and hafnium.

A second difference is that oxygen is

reported to significantly influence the

thermal component of the flow stress in

titanium, zirconium, and hafnium; but oxygen

content does not play a similar role in yttrium.
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The deformation characteristics of second order pyramidal

slip in yttrium single crystals were also investigated. The major

deformation characteristics as well as the main conclusions are

summarized as follows:

1. The primary initial deformation is by twinning.

Long, thin 111211 twins and short, thick {1012}

secondary twins are the only two twin modes

involved. Second order pyramidal slip is the

major deformation mode after an equivalent

shear strain of about 0.1.

2. The critical resolved shear stress for second

order pyramidal slip is about two times higher

than for first order prism slip.

3. Deformation is almost entirely a stage II

process. The work hardening rate as indicated

by the parameter 0/p is about 10.10
-3

--five

times higher than for first order prism slip.

4. The activation enthalpy and activation volume

are substantially independent of strain below

160°K. Some strain dependence is evident

above 160°K, and the dependence increases with

increasing temperature.

5. The athermal temperature is approximately 300°K.
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6. The obstacle energy at the athermal

temperature is 0.54 eV but decreases with

temperature; at 77°K it is 0.31 eV.

7. The activation volume increases linearly

with temperature in the temperature range

investigated, i.e. 77°K to 297°K.

8. A break occurs in the activation enthalpy

vs temperature curve at about 165°K.

9. The Fleischer model supporting an interstitial

mechanism as rate controlling for dislocation

movement is applicable in the entire

temperature range investigated. The area

under the force distance curve, which was

determined by assuming an interstitial

mechanism, gives an obstacle energy that

agrees with the experimental value.

10. Below about 165°K the Dorn-Rajnak criteria

supporting a Peierls mechanism is satisfied.

In addition, the activation volume is within

the accepted range for this mechanism.

Therefore, a Peierls mechanism could be rate

controlling for dislocation movement at

temperatures below about 165°K.
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First order prism slip and second order pyramidal slip are

the only slip modes that can be activated by pulling yttrium single

crystals. At 300°K second order pyramidal slip occurs when the angle

between the tensile axis and C-axis is less than 37 degrees; first

order prism slip occurs at all other orientations. Basal slip cannot

be activated at any orientation.

Finally, as a consequence of this investigation some

conclusions can be given regarding the suggested directions for future

investigations. Further deformation investigations of the remaining

hexagonal close packed metals, including some of the rare earth

metals, would be desirable. Much work needs to be done on the

deformation characteristics of second order pyramidal slip in the

hexagonal close packed metals. The fact that the present

investigation is the only one reported on this slip mode in the

hexagonal close packed transition metals emphasizes the need.

The deformation characteristics of crystals with very low impurity

contents would be desirable. If no impurities were present, a

Peierls mechanism would, of course, be the rate controlling mechanism

for dislocation movement. But high interstitial impurity contents

greatly influence dislocation movement. Undoubtedly there is a

threshold impurity content below which a Peierls mechanism is rate

controlling and above which an interstitial mechanism is rate

controlling. Experiments establishing this threshold impurity content

would more positively identify the correct rate controlling mechanism.

Also, following this general line of reasoning, more sensitive tests
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need to be devised for unambiguously identifying the correct rate

controlling mechanisms for dislocation movement in all metals.

The results from the aforementioned experiments as well as

others that may be appropriate would provide additional information

with which a better understanding of the deformation characteristics

of the hexagonal close packed metals could be obtained. Hopefully,

as a larger backlog of experimental information is accumulated and

more experience is gained in its interpretation, a complete

understanding will be ultimately achieved.
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Element

TABLE I. YTTRIUM ANALYSES

L Yttrium BM Yttrium
(ppm) (ppm)

H 7 6

0 1907 1120
N 35 93

C 170 110
Al 25 10

B <100 <100
Ca <500 <500
Cb <100 <100
Cd <100 <100
Co < 10 < 10
Cr <100 <100
Cu 20 20
Fe 100 80
Mg 30 5

Mn 10 5

Mo < 80 < 80
Ni 30 20

Pb < 50 < 50
Sb <100 <100
Si 60 < 10
Sn 8 5

Ti 3000 1000
V < 10 20
Zn <100 <100
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TABLE II. RADII OF INTERSTITIAL SITES
ASSUMING A HARD SPHERE MODEL

Metal

Yttrium

Octahedral Site Tetrahedral Site
(A) (A)

0.75 0.41

RADII OF ATOMIC AND IONIC SIZES

Neutral Single Bond Ionic
Element (A) (A) (A)

0 0.60 0.66 1.40 (02-)
N 0.71 0.70 1.71 (N3-)
C 0.77 0.77 2.60 (C4-)

Note: Atomic and ionic size data from reference (49).
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Figure 1. Orientation of yttrium single crystals
used in this investigation.
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(1122)

Figure 12. Hexagonal close packed unit cells showing slip plane
and slip direction for first order prism slip (top)
and second order pyramidal slip (bottom).
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Figure 25. Thermal component of the flow stress vs [(To-T)/T ]
3/2

for first order prism slip in L yttrium and BM yttrium

single crystals. A straight line relationship would
indicate that depinning from substitutional atoms is
rate controlling for dislocation movement.
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Figure 26. Reciprocal of the product of the thermal component of

the flow stress and temperature vs reciprocal of

temperature for first order prism slip in L yttrium

and BM yttrium single crystals. A straight line

relationship would indicate that a cross slip mechanism

is rate controlling for dislocation movement.
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Figure 27. Dorn-Rajnak theoretical curve. Also experimental data for

first order prism slip in L yttrium and BM yttrium single

crystals as well as second order pyramidal slip in

L yttrium single crystals. The athermal temperature is

assumed to be 165°K. Conformity to the theoretical curve

indicates that a Peierls mechanism may be rate controlling

for dislocation movement.
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Figure 28. Thermal component of the flow stress vs square root of
temperature for first order prism slip in L yttrium and

BM yttrium single crystals. A straight line relationship
has been reported to indicate that an interstitial
mechanism is rate controlling for dislocation movement.
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Figure 29. Square root of the thermal component of the flow stress
vs square root of temperature for first order prism
slip in L yttrium and BM yttrium single crystals.
The straight line relationship indicates that an
interstitial mechanism is rate controlling for
dislocation movement.
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Figure 30. Force-distance curves for first order prism
slip in L yttrium and BM yttrium single crystals.
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Figure 32. Thermal component of the flow stress vs [(T0 -T)/T0 ]
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for second order pyramidal slip in L yttrium single
crystals. A straight line relationship would
indicate that depinning from substitutional atoms
is rate controlling for dislocation movement.
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Figure 33. Reciprocal of the product of the thermal
component of the flow stress and temperature
vs reciprocal of temperature for second order
pyramidal slip in L yttrium single crystals.
A straight line relationship would indicate
that a cross slip mechanism is rate controlling
for dislocation movement.
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dislocation movement.
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Figure 36. Schmid factors for first order prism slip
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Figure 37. Schmid factors for second order pyramidal
slip in yttrium single crystals.
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Plate 1. Overall view of the electron beam furnace.



Plate 2. Electron beam melting head zone melting a single crystal.
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Plate 3. Etched yttrium crystal showing a high angle grain boundary.
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Plate 4. Electrochemical machining apparatus for machining
reduced sections in yttrium single crystals.



117

Plate 5. Floor model Instron tensile test machine that
was used to pull yttrium single crystals.
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Plate 6. Split grips for holding crystals during tensile tests.



Plate 7. Rack attached to bottom of Instron crosshead.
A yttrium single crystal mounted in split grips
is attached to the rack. The other end of the
split grip assembly is attached to the pull rod.



Plate 8. Rack attached to bottom of Instron crosshead
and surrounded by stainless steel dewar.
Normally an insulating shroud (not shown)
surrounds the top of the dewar. Note
thermometer for measuring temperature.
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Tensile Axes

Plate 9. Two yttrium single crystals, one pulled with the
tensile axis nearly perpendicular to the C-axis
(right) and the other with the tensile axis nearly
parallel to the C-axis (left). 2.5X.



122

Growth Axis

1

Plate 10. Substructure of a yttrium single crystal.
Electrochemically etched. 230X.
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Plate 11. Yttrium oxide precipitates in a L yttrium single
crystal. Note two types of precipitates--massive
irregular shaped precipitates and lenticular
precipitates lying in the basal planes. 500X.



Plate 12. Yttrium oxide precipitates in a BM yttrium
single crystal. 500X.
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Plate 13. A lenticular type yttrium oxide precipitate in a
L yttrium single crystal. The C-axis is
perpendicular to the plane of the paper. 1000X.



Plate 14. Slip lines in a L yttrium single crystal pulled
one percent at 77°K with the tensile axis nearly
perpendicular to the C-axis. The slip lines are
due to first order prism slip. Phase interference
photomicrograph. 875X.
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Plate 15. Slip lines in a L yttrium single crystal pulled
one percent at 195°K with the tensile axis
nearly perpendicular to the C-axis. The slip
lines are due to first order prism slip. Phase
interference photomicrograph. 875X.
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Plate 16. Slip lines in a L yttrium single crystal pulled
one percent at 300°K with the tensile axis
nearly perpendicular to the C-axis. The slip
lines are primarily due to first order prism slip.
Phase interference photomicrograph. 875X.
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Plate 17. Twins in a L yttrium single crystal pulled 0.3
percent at 297°K with the tensile axis nearly
perpendicular to the C-axis. The long, thin
twins are type {1121}. The shorter and thicker
secondary twins are type {1012}. 80X.
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Plate 18. Twins and slip lines in a yttrium single crystal
pulled 24 percent with the tensile axis nearly
parallel to the C-axis. The crystal was cycled
through_77°K, 195°K, and 297°K during deformation.
The (1122) plane is a second order pyramidal slip
plane. Twin planes are (1121), (1012), and (1012).
80X.
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Plate 19. Back reflection Laue X-ray photograph showing the
basal plane pattern, i.e. <0002> reflection.
Tungsten radiation. 17 kv. 3 cm. crystal to film.



Plate 20. Back reflection Laue X-ray photograph showing
the type of pattern obtained from a <1010> or
a <1120> reflection. Tungsten radiation.
17 kv. 3 cm. crystal to film.
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Appendix I

Growing Yttrium Single Crystals

Early in this investigation, much effort was directed toward

growing yttrium single crystals. As a consequence, a substantial

amount of experience was gained in growing these crystals. The more

important aspects of this knowledge are given here with the hope that

it will benefit other investigators.

One of the most important factors in growing yttrium single

crystals is that the vacuum in the electron beam furnace must be

adequate. The diffusion pump must be of sufficient size and

preferably equipped with a cold top. The vacuum must be absolutely

10
6

torr or better. It is good practice to pump down the furnace

for about two hours, backfill with helium, and then pump down again

for about 12 hours. The last pump down is conveniently done

overnight. The rigid vacuum requirement is essential even if two

pieces of yttrium are to be welded together though this requires only

a few seconds.

The ease that single crystals can be grown depends on the

oxygen content of the yttrium. At pressures greater than 10
-6

torr, oxygen contamination becomes so serious that single crystals

cannot be grown. Furthermore, any attempts to remove this oxygen

contamination by zone refining will not be successful. For example,

some yttrium rods that were contaminated in this manner could not

be salvaged by zone refining with six passes under a good vacuum.
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The reason why yttrium single crystals cannot be grown from yttrium

containing too high an oxygen content can only be speculated upon at

this time. The oxygen on solidification is in the form of yttrium

oxide precipitates. If these are present in sufficient quantities,

the cumulative effect of their accompanying strain fields may cause

the nucleation of additional grains; but this is mere conjecture

and is given only for heuristic reasons. The main point to note

here is that the importance of a good vacuum cannot be overemphasized.

Because the estimated vapor pressure of yttrium is

2.0 x 10
-3

torr at its melting point, some loss of yttrium through

evaporation is to be expected (73). Fortunately, loss of yttrium

is not prohibitive. A weight loss of only about two percent was

experienced in melting 0.145 inch diameter rods in a vacuum of

8 x 10
-7

torr.

A second important factor in growing yttrium crystals is

that conditions must be stable and uniform which is the reason for

using yttrium rods of uniform diameter. In this way, there is no

need to constantly adjust the high voltage--a necessity when

melting rods of nonuniform diameter. Slight adjustments can be

tolerated, but drastic adjustments usually result in the nucleation

of additional grains. Even a momentary loss of power causes

additional grains. Of course, a stable power supply is required.

In this investigation, an MRC power supply especially designed for

electron beam melting performed very satisfactorily. About 37 watts of

high voltage power was used to melt 0.145 inch diameter yttrium rods.
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No vibrations of the furnace can be tolerated. Accidentally

bumping the furnace usually causes additional grains. The melting

head must traverse uniformly and smoothly. A loss of traverse

motion of the melting head usually ruins the crystal. H. W. Schadler

reports that some metals are best melted with an upward traverse and

others with a downward traverse (74). An upward traverse is best

for yttrium. A traverse speed of two millimeters per minute is

satisfactory.

Tungsten wire 0.020 inches in diameter was used for a

filament. The wire was wound in the form of a loop. Hairpin

filaments are not satisfactory as they do not heat the rods

uniformly. Filaments of smaller diameter wire can be used, but

these tend to be mechanically unstable and eventually deform

sufficiently to short-circuit against the melting head.

Passing direct current through the rods did not appear to

be beneficial in causing a more stable molten zone or in driving

impurities to the ends of the rods. In fact, single crystals were

more difficult to grow when direct current was used to heat the

rods. The additional heat from the direct current reduced the

temperature gradient in the rods. It is well known that steep

temperature gradients are important for the easy growth of single

crystals (74).

All attempts to grow yttrium single crystals with special

orientations by a seeding procedure were unsuccessful. When the

seed was melted and cooled, a new orientation developed and
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propagated throughout the rod. The new orientation was no doubt

due to the bcc - hcp transition that occurs on cooling through

1490°C. It is interesting to note that A. Ahktar reported that

similar seeding experiments were unsuccessful in growing zirconium

single crystals (75). Nearly all of the yttrium single crystals

grew with the C-axis about perpendicular to the rod axis. In the

growth of nearly 40 crystals, one crystal grew with the C-axis

49 degrees to the rod axis and one crystal with the C-axis nearly

parallel to the rod axis.
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Appendix II

Determining the Orientation of Yttrium Single Crystals

The etching technique that was previously described is not

only useful for detecting high angle grain boundaries but is also

useful in orienting yttrium single crystals. Usually after etching

single crystals, two dark and two light bands can be seen arranged

alternately along the length of the crystal. Sunlight is useful in

observing these bands as sunlight is partially polarized. The dark

bands are approximately perpendicular to the C-axis of the crystal.

If the C-axis is parallel to the growth axis of the crystal, no dark

bands will appeal.. Thus by etching the yttrium single crystals, a

rough orientation is readily obtained.

Exact orientation of the crystal can be determined by the

well known Laue technique. Since a rough orientation is known from

the etching procedure, the crystal is mounted in the crystal holder

so that the X-ray beam is approximately parallel to the C-axis.

Usually a center of symmetry will appear on the first Laue photograph

which almost always represents the C-axis. The crystal can then be

rotated to bring the C-axis parallel to the X-ray beam. The second

Laue photograph will then usually show the six-fold symmetry of the

hexagonal close packed crystal structure. Plate 19 is an example

of this pattern. When this pattern is obtained, the orientation of

the crystal is determined completely. The crystal is lightly

scratched to preserve this orientation. The scratch will be much
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more visible if a small area of the crystal is first painted with

blue layout ink which is commonly used in machine shops.

Occasionally the center of symmetry will not represent the

C-axis but axes parallel to the <1010> and <1120> directions.

A pattern of this type is shown in Plate 20. Note that this pattern

shows two-fold symmetry about the C-axis as well as the basal plane.

Unless the spots are sharp and distinct, it will be difficult to

determine which of these orientations is present. Fortunately, this

is not necessary. The brightest line represents the C-axis, and the

crystal can be rotated so that the X-ray beam is parallel to this

line. An additional Laue photograph will show the hexagonal

symmetry.

On rare occasions the center of symmetry will represent the

<1122> direction. This is identified by only one plane of two-fold

symmetry, and this is parallel to the C-axis which again is the

brightest line. Similarly, the crystal is rotated to bring the

.X-ray beam parallel to this line.

An X-ray tube with a tungsten anode is recommended.

Unfortunately, the voltage on the X-ray tube must be kept below

17 kv to prevent fluorescent radiation from exposing the film.

As a consequence, an exposure of about one hour is required for

Polaroid type 57 film.
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Appendix III

A Comparison of two Methods for Calculating Shear Stress

The equation used for calculating the shear stress in this

investigation is as follows:

T = a
e

(1-e) cos 0 cos A

In this equation a
e

is the engineering stress which is equal

to the load, L, divided by the original area, Ao. The engineering

strain, e, is equal to (9.,-2,0)/2,0 with k the length after strain and

k
o

the original length. The product of cos 0 and cos A is the

Schmid factor.

A survey of the literature pertaining to the plastic

deformation of metals reveals that the shear stress is often

calculated with the following equation attributed to E. Schmid and

W. Boas (76).

T

2

A
cos 0o [1 - sing ?to

O

In this equation, which considers the rotation of the slip

planes with plastic deformation, 0
o
and A

o
are the original angles

of the slip plane and slip direction respectively. The Schmid

factors in the present investigation varied from 0.44 to 0.50 with

the majority nearer the latter value. A comparison of these two

methods for calculating the shear stress assuming a Schmid factor

of 0.50 is shown in Figure 39. At low strains very little

difference between the two methods is noted. At high strains the
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Schmid and Boas equation gives lower values of shear stress.

However, even at an engineering strain of 0.20, which at least in

this investigation was about the strain where necking occurred, a

difference of only 2.8 percent in the shear stress values results

from the two methods. Thus, for investigations similar to that

presented here, no significant difference results from using either

method for calculating shear stress.
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Appendix IV

Elastic Constants for Hexagonal Close Packed Crystals

The stiffness coefficients for yttrium have been given by

J. F. Smith and J. A. Gjevre for temperatures ranging from 4.2°K

to 400°K (77). The elastic compliances or S coefficients can be

calculated from the stiffness coefficients or C coefficients by a

method given by R. F. S. Hearmon (78). The following general

equations are used for this purpose:

AS
ki AC

kiC = S =
ik AS ik AC

S. = S
ki

C. = C
ki

AS = S
11 S14

S
41

AC = C
11

C
14

S41

ACAS = 1

ASki = cofactor corresponding with Ski (eliminate column

and row containing S
ki

from AS, apply rule for

proper sign)
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ACki = cofactor corresponding with Cki (eliminate column

and row containing C
ki

from AC, apply rule for

proper sign)

R. F. S. Hearmon uses the term minor rather than cofactor.

This is a mistake. A cofactor is a minor with the proper sign.

The expression relating the cofactor A in terms of the minor M is

as follows:

= (-1)
minorMcofactor mnor

In this expression p is the number of the row, and m is the

number of the column. All of the equations given above are

applicable to all crystal structures. The appropriate stiffness

coefficients for hexagonal close packed crystals are C
11'

C
12'

C
13'

C33, and C44. By using the Laplace expansion, the following

equations are obtained for determining the elastic compliances:

2-
S
11

= Cl1C33 C13
X

2

S
12

=
-C +

12C33 C13
X

-
S13 =

C11C13 C11C13

X

2 2

S33 =
C11 -C12

X
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S44

S
66

=

=

1

- S
12

)

C
44

2(S
11

These equations for calculating elastic compliances from

stiffness coefficients are applicable only to hexagonal close packed

structures. The most convenient method for calculating the elastic

compliances from stiffness coefficients and vice versa is with a

computer. The elastic coefficients for yttrium as well as the

program which uses the above equations follow:



// FOR
.10(5 (CARO. 1132 PRINIER)

---*ExTENDEn PRECISION

CERRS...57ND.0 F C R TRAN SOURCE ST A 1 E M ENTS IDENTFCN

WRITE ( 3,5 )

5 EORMAT(2X.ITEMPC.5X..C11'.5WC33.16X.'066.116X..E44'.6WC12'.6X0

20 READ(2.10.8N0.421TEMPK.C11.(331C44.(12.C13
10 PORmA716F9.1,

x.Ct1.2.(33-2.0CII*C134.2+2.0*C12*C132-C122.C13
511=ICII4C31-C132)/x
512t(-C12-C33.C132)/x
S13(C12C1S..C11(13)/X
513.(C11,.2C12..2)/X
544=1/C44
566.2.0.1511...5121
C66.1C11..C127/2.0
WRITE(3.301TEMF4 C11 C3S.C66*(440C12C13.511.512.513. 533544.566

30 FOR14A711x.13P9.51
GO 10 20

40 CALL EXIT
END

FEATURES SuPPORTED
ONE WORD INTEGERS
ErTENDED PRECISION
1305-

1152 PRINTER
C/.413

CORE REQUIREMENTS FOR -
COMMON- Co VARIABLES AND TEMPORARIES- se. CC/15700.S AND PROGRAM- 284

ccmPILER NESSACES

END OF SUCCESSFUL

v/ REQ

COMPILATION

.1011Dynes, , cm. 2 0-1" ynecm.2/8u

TEMPI( C11 C33 C65 C44 C12 C13 511 512 S13 533 544 566

4.20000 8.34000 6.01000 2.71500 2.69000 2.91000 1.90000 0.14039 -.0.04375 "0.32292 0.13571 3.37174 0.36832

10.00000 8.34000 8.01000 2.71500 2.63400 2.91000 1.900(0 0.14039 -0.04376 "0.02292 0.13571 0.37257 0.36832

60.00000 9.33080 8.00000 2.70000 2.62003 2.48000 1.90000 0.140116 ..0.04431 - 0.02293 0.13089 0.37453 0.37037

75.00000 8.30000 7.98000 2.58500 2.6560C 2.93000 1.1000C C.14110 -.0.04511 ..0.02165 0.13508 0.3'650 0.31243

100.00000 8.21000 7.96000 2.66000 2.63500 2.95000 1.30000 0.0203 -0.04593 -0.02173 0.13545 0.37950 0.37593

125.00000 8.22000 7.93000 2.54000 2.61300 2.94000 1.70000 0.14263 - (.04675 -0.02055 0.13471 0.38270 0.37378

150.00000 1.16000 7.91000 2.61500 2.5860C 2.93000 1.70003 0.14386 - 0.04733 "0.02014 0.13533 0.33669 0.38240
115.00000 5.10000 7.58000 2.59000 2.55700 2.92000 1.80000 0.14555 - 0.04749 - 0.02239 0.13713 0.39101 0.31610
100.00000 1.03000 7.84000 2.55000 2.53000 2.91000 1.60000 0.14709 - 0.04921 - C.02270 0.13797 0.39525 0.39062

225.00000 7.97000 7.81000 2.54030 2.51100 2.17000 1.90000 0.14874 - 0.04810 - 0.02448 0.13995 0.39124 0.39370
250.00000 7.90000 7.77000 2.51500 -2.98000 2.81000 2.00000 0.15173 -0.04807 -0.02542 0.14230 0.40322 0.39761

275.00000 7.84000 7.73000 2.49000 2.45600 2.86000 2.0(000 0.15213 0.04866 .-0.02676 0.14321 0.40716 0.40160

300.00000 7.79000 7.69000 2.47000 2.43100 2.55000 2.10000 0.15368 -0.04554 -0.52176 0.14575 0.41135 0.40465

325.00000 7.75000 7.67000 2.45000 2.40503 2.55000 2.10000 0.15495 - 0.04913 '0.02197 0.14524 0.41530 0.40115
eec.00003 7.71300 7.66000 2.43000 2.38200 2.85300 2.10000 0.15602 -.0.04973 - 0.0291) 0.14652 0.41981 0.41152
575.00000 7.67000 7.65000 2.41500 2.35700 2.84030 2.13000 0.15695 - 0.05008 - 0.02933 06_14682 0.42426 0.41407
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Appendix V

Derivation of Equations for Activation Volume

and Activation Enthalpy

The concept of thermally activated plastic deformation has

been reported to have originated as early as 1925 (23). It was not

until about 1960, however, that deformation characteristics of

metals were investigated from the standpoint of thermally activated

processes. An important stimulus to this development was a short

note in Acta Metallurgica by H. Conrad and H. Wiedersich which is a

remarkable melding of rate theory, thermodynamics, and the

characteristics of plastic deformation (14). Much has been done

since then, and a good review has been presented by A. G. Evans and

R. D. Rawlings (18). The appropriate equations that were used in

this investigation are derived here for the convenience of the

reader.

The energy required to move a dislocation past an obstacle

can be written as follows.:

AG = Ag - T* bkx

In this equation, b is the Burgers vector, 2.is the length of

the dislocation segment, x is the activation distance, and Ag is the

change in free energy associated with the localized atomic

displacement during activation. Since T* bkx is the work done by

external forces (which may be a mechanical force, an equivalent

thermal force, or a combination of these forces) and is of concern
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here, then AG = -T* bix. The product b2x is commonly called the

activation volume, V.

(

Applying the differential operator
a

to the equation
3T*

T
AG = --r*V gives

zero.

volume.

aV(9AG1
= -[V(aT*)+ T ( )

3T* aT* aT*

Because the activation volume is constant, the last term is

(aAG)
v = -

T

This equation is commonly used to define the activation

(1)

The Arrhenius equation as applied to plastic deformation is

as follows:

AG
= 10 exp -

kT

The term 1;,0, the pre-exponential factor, is defined by

Friedel with the following equation (41):

Yo =ibAvci

p is the dislocation density (number of dislocations per

square centimeter), d the distance between pinning points or the

length of dislocation involved in an activation event, b the Burgers

vector, A the area swept out by a dislocation during an activation

event. The term v b/d is the frequency of attack of the dislocation

on the obstacle with v equal to the Debye frequency or about 10
13

hertz.
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Take logs of both sides of the Arrhenius equation.

. AG
kn-,? = knyo - 17p

(

Apply the differential operator
a

.

aT* T

(32.1 (32,n10) 1 (

a,*

DAG)

aT T oT
kT

The pre-exponential factor 'to is assumed to be a constant.

Therefore, the differential of 32,n1,0 is equal to zero.

kT

(12401 = - (al
aT aT

T T

Substitute equation (1) defining the activation volume:

V = kT
T

(2)

The equation for the activation enthalpy can be derived in

a similar manner.

AG
= if() exp -

kT

AG
kir( = knlo -

kT

knf
1

= inl - AGT
-1

o k

Apply the differential operator (
3T

and note that - is a
o

T
constant.
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(Dknf) [T-1 (DAG)
AG (

(21
DT aT aT

k (22_411 _ (MG +)
AG

aT DT * T

T

( aEG
T + AG

DT)

T2

kT
2 (Dknl) (DAG

T + AG
DT aT) *

Apply the thermodynamic identity.

(AG
= - AS

DT)

In addition, apply the following statement of the second law

of thermodynamics.

AG = AH - ThS

= AH + T (0)

T

kT2 (Dknll dDAG)
T + pH +

3T DT

( )
DH = kT

2 nnt
DT

(3)

Equation (3) is useful for creep tests but not for

differential strain rate tests. The appropriate equation for the

latter is determined as follows:
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The free energy is a function of the independent variables

int, T*, and T.

flint, T*, T) = AG = 0 at equilibrium

int = f (T*, T) T
* = f (int, T)

Apply the chain rule.

dint = nn(-1 dT* + nill, dT
3T* 3T

T T
*

* ( aT* 1 al
dT

Dint
T

dT = dint + (3,-7

int

Substitute for dT*.

dint =
[(D

T di +
aT*

dint d]
T

aT

int

T

+
(2111 dT

3T

Combine terms.

dint = (211 t211-1
oT

+ ( 44111) (29
314 Din

dT
t DT

( RLai
dT

aT

d (2Ani) (-4ILI 1=
DT*

fltai)

T
Dint aT*

(2_1!)
aT

dT

11_21/1* dT
DT

In the determination of the activation enthalpy, the

temperature is changed, but the strain rate is constant. Therefore,

if t is constant, int is constant, and dint is equal to zero.
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(aT,.57*

aT
T71dT + dT = 0

11211 T (aT

(3in-t ( 9T* 32ml
3T* aT aT *

T S2,1r,(

Substituting this equation into equation (3) gives

OH = kT
2 (31

kT2
@T*

3T DT* ) (3T
)

(4)

Also, substituting equation (2) into equation (4) gives a

more useful equation.

tH = -VT
3T

(---
aT ). (5)

Although equation (4) has been derived in detail, the more informed

reader will note that a fundamental theorem of the calculus gives

the result immediately.

(

l ( 3Y ) ( az -1)If f (X,Y,Z) = 0, then
a7

An important point to note is that no assumptions regarding

the entropy are necessary in deriving these equations. As emphasized

by G. B. Gibbs, these equations are exact solutions, and both the

activation volume and activation enthalpy can in principle be

determined by applying them directly (12). An assumption often

thought to be necessary is that AH must be substituted for AG in the

strain rate equation which in turn requires the assumption that AS/k

is equal to zero, and thus exp AS/k is equal to unity. These are

unnecessary assumptions as has been demonstrated in these derivations.



161

Fortunately, investigators usually apply the correct equations even

though their origin is apparently not clearly understood. Hence

comparisons of the experimental results from different investigators

are usually valid. In any event, J. C. M. Li has pointed out that

experimental evidence indicates that the entropy change during

plastic deformation is usually close to zero, and thus the entropy

factor is close to unity (79).


