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ABSTRACT

X-say line broadening in freshly
been sub]ected to Fourier analysis.

cold-worked and parnally annealed tungsten filings has
Values of small domain size, microstrains and dislocation

densities have been estimated. Annealing for an hour ar 300°C is shown to reduce the

dislocation density in the filings

from 3:30x 1012 1o 1-68 X 10l cm/cm.3

The fow

stresses estimated from dislocation densities at different temperatures are found to approximate
to measured yield stress values for an annealed sample extrapolated to an extremely high

strain rate.

INTRODUCTION

%7 -RAY line shape analysis of cold-worked
V5 metals is done in terms of small domain
size, microstraing and stacking faults within
ithese domains. These features are all a
manifestation of the complex dislocation sub-
structure in cold-worked metals and a cate-
gorization is made only for convenience In
enalysis. With modern X-ray diffractometer
techniques it is now possible to separate out
these causes of X-ray line broadening quanti-
tatively with a reasonable degree of confidence.

The object of the present paper is to study
the recovery of dislocation density in cold-
worked tungsten on annealing at increasing
temperatures. Owing to the elastic isotropy
and absence of stacking faults on cold-work in
tungsten, it is possible to attempt an empirical
correlation of the .X-ray line broadening
results in terms of small domain size and lattice
strain with the mechanical properties of the
metal, *

FXPERIMENTAL PROCEDURE

High-purity tungsten (9%-99%) was de-
formed by filing at room temperature (30°C).
The resultant filings were screened through
0-075 mm classifiers and compacted to the
required briquette shape for the diffractometer
holder. X-ray diffraction peaks were chart-
recorded in a Philips X-ray Diffractometer
with a scanning speed of 1/8° (in 24)/minute,
using filtered CuK, radiation. The deformed
filings were annealed for one hour under high
vacuum (~ 1073 torr) successively at 300°C,
550° C and 800°C The X-ray diffraction
peaks were chart-recorded {rom hand-packed
hriquettes of these filings. Well.annealcd
tungsten powder (G.E. Standard) was used for
recordings of X-ray diffraction peaks under
identical conditions to correct for instrumental
hroadening,

To determine accurately the background
level of the broadened peaks the comparison
method affer BSatol was employed. Intensity
datg from breadened and standard diffraction
peaks were used for computation (with an
IBM 7044 computer) to arrive at the wvalues
of Fourier coefficients corrected for instru-
mental breadening by the Stokes® method.

EXPERIMENTAL RESULTS

Tungsten is an element of high stacking
faull energy’ and thus the contribution to the
broadening of X-ray diffraction peaks by
stacking faults is negligible, To separate out
une effects of strain and domain size, the
Warren-Averbach method? was followed. The
experimentally determined Fourier coeflicients
(after Stokes correction) A, are given in this
method by

Ap = AT - AP (IJ
where the particle size coefficients A * represent
the effect of small domain size and are inde-
pendent of the order of reflection, while the

distortion coefficients A P represent the effect

of latfice strains and may be approximated by
the relation

AR = exp. [

(2)

where (¢, ?}is the mcan square strain at a dis-
tance L normal to the diffracting planes of
spacing d. Thus the inftercept of a plot of
InA ' against 1/d= for different orders of the
same reflection gives A, * direcctly, while the
negative initial slope is .equal to 2MRL= (« )%,
Since tungsten is clastically isolropic, data for
all rcflections can be used for obtaining a
plot of InA, vs. 1/d.* Figurc 1 shows the plots
of Ar wvs. L for the cold-worked and partially
annealed tungsten samples.  The wvalues of

- 2 L2 (€ ® )J

domain size D found from the intercept of the
initial slope of the A®* curve onto I, axis are
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F1G. 1. Plots of particie size coefficients {( A,F) versus

distance in ingstrnms (L) for cold-worked and partially
annealed tungsten filings,

listed in Table 1., Figure 2 shows the varia-
tion of the rms strain {¢ )2 with L. Values

of [(€, )", averaged over the entire domain

length (from L—=20A to D) are also given
in Table I.

TapLe 1

Results of Fourter ancalysis of X-ray line
broadening in tungsten filings

Dislocatinn density data
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in Angstmms (L) for cold-worked and partially annealed
tungsten filings,
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DISCUSSION
Williamson and Smallmant® have shown that
it is possible to obtain two estimates of dis-

location density from X-ray line broadening
measurements. The contribution {0 dislocation

density »_ by domain size is given by
_ 3
= 53
The dislocation density can also be computed

P (3)

from the rms sirain using the following
relationship
k [(e 2} D
Pe‘:"[b; ) | 4)

where b is the Burgers vector and k is a para-
meter of the order of 20. The true dislocation
density is generally evaluated as

pe = [poPel ? (5)
Values of p,, p.. p/pe and p, are also listed in
Table I,

1t is obvious from the data in Table I that
the dislocation density (p,) in tungsten filings
1Is reduced on annealing at 300°C to nearly
half the value at 30° C. Although Koo and
Schultzb attributed the recovery of electrical
resistivity at annealing temperatures below
40C° C to annealing out of single wvacancies
with an activation energy of 1:7 eV and above
400° C 1o the annihilation and rearrangement
of dislocations, the present X.ray findings
show without doubt that annihilation and
rearrangement of dislocations take place to a
considerable extent even at as low a tempera.
ture as 300° C in this metal with the highest
melting point (3,410° C). Rearrangement of dis-
locations at 400° C has been observedT by elec-
tron microscopy and X-ray topography, which
supports our present findings, Qur X-ray
results are also consistent with the fact that in
tungsten dislocations along (110) planes are
not extended, so that the screw dislocations
can giide out of their origina]l slip planes for
ennihilation and rearrangement without requir-
ing a high activation energy. Similarly, the
climb of edge dislocations is also expected to
occur readily in tungsten.

The ratio ~ /p, remains nearly the same for
cold-werked and partially annealed samples
(Table I), thus suggesting that with incresse
in  temperature the dislocation density (p,)
decrcases, but the distribution of dislocations
remains perhaps the same as in the fresh filings
at roem temperature, since small domain size
angd strain are a manifestation of the number
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and distribution of disloccations in a deformed
metal,

We have recently found?® in case of deformed
filings of several HCP metals that the flow
stress  values calculated from  dislocation
densities obtained by similar X-ray analysis
are approximately equal to the yield strengths
of the well-annealed metals, The values of
flow stress (7r) in cold-worked and partially
annealed filings of tungsten calculated in the
seme way from the relation

= 030G (p;)2 (6)
(where G is the shear modulus) are listed in
Table I. The top curve of Fig, 3 showg the
variation of T with -temperature.

The yield stress (YS) in tungsten has been
found fto be markedly sensitive to the strain

rate. For example, increase in strain rate
from about 1(9%sec™? to about 10 2sec-?
raises the YS by a factor of 3 (Betch-
0ld?). When  extrapolated to g sirain
rate of 1071se¢c1 the YS 1is approximately

80,000 psi at 250° C, which is in good agree-
ment with our extrapoclated value of = at 250° C
(Fig. 3). 'Thus, it may be concluded that the
fiow stress in drastically deformed tungsten
(Blings) calculated Jfrom equalion () 1is
approximately equal to its vyield streangth
measured with a very high strain rate
(~ 1071cec™1),

Also shown in Fig, 3 are the values of flow
stress for tungsten as a functicn of tempera-
ture for different strains at a constant rate of
extension (2:8 X 10-4sec’l) from the data of
Betchold and Shewman.l? Filing is a drastic
form of deformation both in terms of strain
and strain rate, thus 7 (for filings) can be
censidered to represent the flow stresg for an
exiremely high strain value. This is sup-
ported by the results shown in Fig. 3, since
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the plot of v vs. temperature as per our X.ray
data lies above the curve for flow stress wvs.
temperature at the highest strain (8 = 0:05),
If we plot the flow stress values against natural
strain (d) from Fig. 3, our wvalues are found
to approximate to flow stress values extra-
polated for 0 = 0-1,
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F1G. 3. Eifect of temperature on flow stress of (a)
cold worked and partially annezled tungsten filings (pre-
sent work ) and {#) annealed tungsten with different strain
at the constant extension rate of 2+8 x 107%sec™ (from
the data of Betchold and Shewman).
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IGLYCINE Manganese Chloride dihydrate
(NH,CH,COOH),.MnCl,.2H.,0 (hereafter
referred to as G,MCD), 15 one of the very few
paramagnetic Substances showing ferroelectric
nature at room temperature. Pepinsky et all
studied the dicleeiric properties of ihis crystal

2

Irom 345° K to 77 K. Beyond 328° K, it loses
its water of hydration. In the above range
of temperalure, they could not find the Curie
temperature, ¢, E.SR studies on this com-
pound have becn taken up by ug with a vicw
to cestimate the Curie temperature and the



