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MECHANICAL BEHAVIOR OF CHEMICALLY VAPOR DEPOSITED
TUNGSTEN AT ELEVATED TEMPERATURES

e
Vol L /‘9,?4 i
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' ABSTRACT
S Many applications of chemically vapor deposited (CVD)

R

tungsten require that the material be stressed at elevated
temperatures. We have runrgieep-rupture tests at 1650 and
2200°CJKo evaluate the mechanical behavior of this material,
/Ehd the properties are compared with those of a typical heat
of powder metallurgy (PM) tungsten. At 1650°C the CVD prod-
uct has low fracture strains (approx 5%) and a lower minimum
creep rate. At high stresses the rupture life is shorter
than that of the PM material; at low stresses the rupture
lives are about equivalent. At 2200°C the minimum creep rate
is higher and the rupture life lower for the CVD produc@ij

[Two microstructural features of importance were noted
in the CVD tungsten: (1) the formation and growth of voids
and (2) the columnar nature of the grains. Fractographic
techniques were _used to study void nucleation and growth in
the materialﬁ“ﬁNucleation appears to be spontaneous as the
material iS heated to elevated temperatures, indicating the
presence of an impurity having a high vapor pressure. The
growth appears to occur almost entirely by the stress-induced
diffusion of vacancies into the void. 'At 2200°C under stress
the voids reach such a large size that they comprise about
10% of the test specimen. The columnar grain structure of the
material is important because it is very difficult to get
extensive grain-boundary sliding and rotation in this type of

structure:i

We have rationalized the creep behavior of this material
on the basis of the effects that both the void growth and the
columnar grain structure have on the individual deformation
processes that sum to give the overall creep behavior.

INTRODUCTION

Chemical vapor deposition (CVD) is now recognized as an attractive
way of obtaining complex tungsten shapes without subsequent fabrication

as well as a means of obtaining high-purity stock for further fabrication.




The production process generally involves the hydrogen reduction of WFg
to deposit tungsten on a heated substrate.® It has been shown that,
after suitable heat treatment, the low-temperature mechanical properties
of the CVD tungsten are comparable with those of tungsten produced by
conventional methods.? The excellent resistance of tungsten produced by
this process to grain growth at elevated temperatures has also been
demonstrated. > However, voids have been observed when this material
is annealed at elevated temperatures, particularly when a stress is

3,5,6 Taylor and Boone® found that the tensile strength and

applied.
fracture ductility of the CVD material were less than the respective
values for powder metallurgy (PM) tungsten, but the creep properties of
this material have not been evaluated.

In the present study we evaluated the creep-rupture properties of
several lots of CVD tungsten at 1650 and 2200°C. We shall compare the
results of these tests with those of similar tests on a heat of PM tung-
sten. ©Since the properties of the two materials differed considerably,
we performed extensive optical and electron microscopy in an effort to

ascertain the reasons for the differences. Although numerous unanswered

. questions remain, we were able to propose a qualitative explanation for

the creep-rupture behavior of CVD tungsten.

R, 1. Heestand, J. I. Federer, and C. F. Leitten, Jr., Preparation
and Evaluation of Vapor Deposited Tungsten, ORNL-3662 (August 1964 ).

?A. C. Schaffhauser, "Low-Temperature Ductility and Strength of
Thermochemically Deposited Tungsten and Effects of Heat Treatment,"
Pp. 261~276 in Summary of the Eleventh Refractory Composites Working
Group Meeting, AFML-TR-66-179 (July 1966).

3A. C. Schaffhauser and R. L. Heestand, "Effect of Fluorine
Impurities on the Grain Stability of Thermochemically Deposited Tungsten,"
pp. 204—211 in 1966 IEEE Conference Record of the Thermionic Conversion
Specialist Conference, Institute of Electrical and Electronics Engineers,
New York, 1966.

“A. F. Weinberg, J. R. Lindgren, N. B. Elsner, and R. G. Mills,
Grain Growth Characteristics of Vapor-Deposited Tungsten at Temperatures
up to 2500°C, GA-6231 (1965).

°H. E. McCoy, Creep-Rupture Properties of Tungsten and Tungsten-
Base Alloys, ORNL-3992 (1966).

6J. L. Taylor and D. H. Boone, J. Less-Common Metals 6, 157 (1964).




EXPERIMENTAL DETATILS
Test Materials

The PM sheet used in this study was obtained under a Bureau of
Naval Weapons Contract and the fabrication details are covered in the
final report on this contract.? It was fabricated by the PM technique
and was rolled to a final thickness of 0.060 in. The final treatment
was a 5-min anneal at 1150°C. The high purity of this material is illus-
trated by the results of chemical analyses shown in Tables 1 and 2.

The CVD material was produced by the hydrogen reduction of WFg on
a heated substrate. The details of the deposition process have been
described previously.l The material was deposited as a box about 2 by
2 in. in cross section and 20 in. long; the thickness varied from 0.050
to 0.060 in. It was deposited on the inside of a mandrel — copper for
the "H" series; molybdenum for the "P" series. The mandrel was removed
by chemical etching, and test specimens were made from the sides of the

box. Chemical data are given for several heats in Tables 1 and 2.

7G. C. Bodine, Tungsten Sheet Rolling Program — Final Report Covering

Period 1 June 1960 to 1 March 1963, Fansteel Metallurgical Ccrporation,
under Contract No. NDW-60-0621-C (March 1, 1963).

Table 1. Chemical Composition of Test Materials

Chemical Content (wt %

Lot Number 5 = (C i) = (pgm)
Powder metallurgy 0.0029 < 0.0005 < 0.001L 0.0004 5
CVD, PW-3 0.011 < 0.,0005 0.003 0.0004 21
CVvD, PwW-19 0.014 0.0009 0.002 0.0005 23
CvD, PW-20 < 0.0005 0.0005 0.003 0.0001r 16
CVD, PW-23 0.0067 0.0005 0.001 0.0002 22
CVD, PW-24 0.022 0.0014 0.004 0.0002 21
CVD, PW-18 0.0010 < 0.0005 <« 0.001 0.0002 9,5
CVD, PW-69 0.0005 0.0005 0.0006 0.0002 25,28
CVD, H-16 0.0064 < 0.0005 0.002 0.0005 14




Table 2. Semiquantitative Chemical Analysis
in Parts Per Million (Weight)

Element PM PW-3 H-16 PW-18 PW-20
Al | 0.2 0.4 0.1 0.3
B 0.06 0.06 0.06 0.7 0.7
Ca 2 0.2 0.2 <O0.1 0.7
cd <0.1 <0.1 <0.1 6 < 0.1
Co 0.03 < 0.1 0.1
Cr 3 3 1 0.3 1
Cu 0.3 1 0.03 <o0.1 < 0.1
Fe 3 9 3 2 3
X 0.6 2 0.6 <O0.1 < 0.
Mg 0.1 <O0.1 0.5 0.1 0.
Mn 0.1 0.1 0.03 0.1 0.03
Mo 20 6 6 0.3 0.3
Ni 1 ' 0.1 0.

s 3 10 10 < 0.1 < 0.1
Ta 3 3 3
v 0.1 0.03 0.03 <O0.1 < 0.1

Test Specimens

A small sheet test specimen with a gage section 1.5 by 0.25 in. and
an overall length of 3.5 in. was used. There were small holes near each
end for pinning the specimen to the extension rods. The PM tungsten
specimens were made by grinding. The CVD tungsten was too fragile for
grinding and the specimens were made by electrodischarge machining. A
tool was made for the Elox machine which utilized simple brass shapes.’
The tool was inexpensive and could be rebuilt easily. About 0.002 in.
was removed from the machined surfaces by abrasion with diamond paste to
remove small intergranular cracks that were formed by the electrodischarge
machining. The as-deposited surfaces were lapped in some instances, but

this did not seem to have any effect on the high-temperature properties.




Testing Methods

All of the tests were run in a Brew Creep Testing Apparatus, Model
No. 1064, having a tungsten mesh heating element. The vacuum system was
cold trapped and was capable of maintaining a pressure of 1 X 10'7 torr
at a test temperature of 2200°C. The temperature was automatically
controlled using a total radiation pyrometer which was sighted on the
test specimen and a controller which adjusted the power to the furnace.
This control system was stated to have a control accuracy of i3°C. The
temperature could also be read by an optical pyrometer through a sight
port in the front of the test chamber. The strain was measured by a dial
gage which indicated the motion of the pull rod.

Test specimens were normally built into the test equipment, pumped
for 2 hr, heated to about 600°C and pumped for 12 hr, heated to the test
temperature in about 4 hr, and loaded.

Several specimens were analyzed for interstitials after testing.

No evidence of contamination was noted except in cases where the pressure
was known to have increased during the test. Data from tests where leaks
were known to have developed have not been considered.

At the time the specimens fractured, the lower pull rod dropped and
caused a temporary pressure rise that caused the power to the furnace to
be cut off. Since the specimens were heated by radiation, the cooling
rate was high enough that the structures observed subsequently were

typical of the deformed state.

Fractographic Techniques

Tungsten fractures in a brittle, intergranular manner at low temper-
atures, and voids formed at elevated temperatures can be exposed without
distortion by snapping the specimens at room temperature. The fracture
surfaces were replicated directly with carbon and shadowed with platinum.

Replicas were taken from the creep-fracture surfaces and from surfaces

‘below the original fracture surface that were exposed by fracturing at

room temperature. The replicas were examined in the electron microscope
to determine details about the voids such as size, number, geometry, and

location.




EXPERIMENTAL OBSERVATIONS

The creep-rupture properties of several lots of CVD tungsten are
compared with those for PM tungsten in Fig. 1. At 1650°C the rupture
life of the CVD tungsten is generally less at higher stresses (e.g.,
6000 psi) and equivalent at léwer stresses. Lot PW-20 is somewhat anom-
alous in that its rupture life is greater than that of PM tungsten. At
2200°C the CVD material has a shorter rupture life except for the PW-3
specimen tested at the lowest stress.

Figure 2 compares the minimum creep rates of PM and CVD tungsten.
At 1650°C the CVD material exhibits a lower creep rate and at 2200°C the
opposite is noted. '

The fracture strains for the CVD and PM materials are compared in
Fig. 3. At 1650°C the CVD material exhibited strains of about 5% with
only two notable exceptions — lot PW-18 with 13.2% and H-16 with 21.0%.
The two exceptions are quite important and will be discussed later. At
2200°C grain growth occurs quite rapidly in the PM tungsten and this

probably accounts for the decrease in ductility with increasing rupture
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life. The CVD tungsten generally exhibits fracture strains in the range
of 15 to 25% at 2200°C. Again there are two exceptions — lot PW-19 at
4.2% and PW-3 at 29.2%.

A detailed study has been made of the intergranular void formation
in PM tungsten and these findings have been reported previously.8 How-
ever, we shall show some typical micrographs for the purpose of making
comparisons between the PM and CVD materials. Figure 4 shows the frac-
ture of a PM specimen tested at 6000 psi and 1650°C. The failure is
obviously due to the linking of intergranular cracks. The fractograph
shown in Fig. 5, from a region 10 mm below the high-temperature fracture

surface, shows these cracks in an early stage of development. These

83. 0. Stiegler, K. Farrell, B.T.M. Loh, and H. E. McCoy, "Nature
of Creep Cavities in Tungsten,” submitted to Transactions of the American
Society for Metals.
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Fig. 4. Photomicrograph of PM Tungsten Sheet Tested at 6000 psi and
1650°C. Rupture occurred at 135 hr and 31.2% strain. As polished.
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Fig. 5. Fractograph of a PM Tungsten Specimen Tested at 1650°C and
7000 psi. 11,250X.

cracks originate as intergranular voids that are located quite randomly
and are irregular in shape. There is considerable evidence of preferen-
tial growth and linking in particular directions. The larger irregularly
shaped voids would appear as intergranular cracks when viewed perpendic-
ularly to the plane of Fig. 5.

Figure 6 shows the microstructure of PM tungsten after testing at

1500 psi and 2200°C. Features of importance are the extensive grain
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Fig. 6. Photomicrograph of PM Tungsten Tested at 1500 psi and
2200°C. Rupture occurred at 42.1 hr and 16.6% strain. Etchant:
50 parts NH,OH and 50 parts HyO0s.

growth and the formation of intergranular voids. The fractograph in
Fig. 7 defines the nature of the intergranular voids more accurately.
The voids have well-defined shapes and the details of the crystallography
are discussed elsewhere.®

The CVD tungsten is characterized by large cclumnar grains which
are oriented in the thickness dimension of the deposited sheet. A layer
of small grains forms at the substrate surface where the deposit begins.
A cross-sectional view of a CVD tungsten sheet is shown in Fig. 8a.
This particular sheet is atypical in that the gas supply was interrupted
and a laminate formed near the center of the sheet. A view of the sheet
parallel to the surface is shown in Fig. 8b. The microstructure in this

plane gives the appearance of an equiaxial grain structure. The test

°K. Farrell, B.T.M. Loh, and J. O. Stiegler, "Morphologies of Bubbles
and Voids in Tungsten," submitted to Transactions of the American Society
for Metals.
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Fig. 7. Fractograph of a PM Tungsten Specimen Tested at 2200°C and
2000 psi. 7500X%.

specimens were oriented so that the stress was applied perpendicularly
to the columnar grain boundaries.
Figure 9 shows a microstructure typical of lot PW-3 after creep

testing at 1650°C. The fracture is intergranular and the cracks are
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Fig. 8. Photomicrographs of As-Deposited CVD Tungsten, Lot PW-3.

Etchant: 50 parts NH,OH and 50 parts HpOz.
(b) Parallel to surface.

(a) Cross section.
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Fig. 9. Photomicrographs of CVD Tungsten from Lot PW-3 Tested at
4000 psi and 1650°C. Failed in 413.0 hr and 3.2% strain. (a) Fracture,
as polished. (b) Cross section 1/2 in., from fracture. Etchant:

50 parts NH4OH and 50 parts Hy0;.
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obviously made up of interconnected voids. 0

The density of voids is
reasonably high near the fracture and diminishes rapidly away from the
fracture. Figure 10 is a fractograph of a surface about 10 mm from the
fracture. Note that the voids preéent are quite small. Figure 11 is a
fractograph made at a similar location in a specimen tested at 1650°C

and 6000 psi. By comparison with Fig. 10 it can be seen that the veoid

size is greater at the higher stress, even though this specimen was at
temperature a small fraction of the time of the specimen held at the
lower stress. The voids in Fig. 11 have very well-defined geometrical
shapes as compared with those formed in the PM material under similar
conditions (Fig. 5).

Lot H-16 exhibited a somewhat different microstructure, primarily
with respect to a greater propensity for void formation. At 1650°C and
6000 psi numerous voids were formed, but the total void fraction was
small. At 4000 psi (Fig. 12), the voids were quite large and the void
fraction was high. Fractographs showed the presence of large voids with
regular, geometrical shapes.

Lot PW-20 also exhibited extensive void formation at 1650°C.

Figure 13 shows the fracture of a specimen tested at 6000 psi. The small,
almost continuous intergranular network of voids extended throughout the
specimen.

We made an effort to increase the fracture duetility at 1650°C by
creating a more equiaxial grain structure. This was done by (1) warm
work and recrystallization and (2) deposition of a product with a finer
grain size. The warm-worked material, lot PW-69, was deformed (by rolling)
80% at 500°C and recrystallized by annealing 1 hr at 2200°C. The specimen,
which was then stressed at 6000 psi, failed at a strain of 3.7%. The

fracture is shown in Fig. 14. The grain size is large, but the structure

10ye have used the term "void" throughout this paper in referring to
the cavities that are formed. In the PM material these cavities are
indeed voids. During nucleation and the early stages of growth, the
cavities in the CVD material probably contain a gas and are more properly
called bubbles. However, under stress these bubbles grow quite large by
the condensation of vacancies. The gas pressure likely becomes quite
small and the term void is again more descriptive.
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Fig. 10. Fractograph Approximately 10 mm from the Fracture of a
CVD Tungsten Specimen Tested at 4000 psi and 1650°C. Ruptured in 413 hr

with 3.2% strain. 11,250X.
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Fig. 12.

Specimen from Lot H-16 Tested at 4000 psi and 1650°C.
50 parts NH,OH and 50 parts HpyOs.

with 21.0% strain. Etchant:
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Fig. 13. Fracture of a CVD Tungsten

at 6000 psi and 1650°C.
50 parts NH,O0H and 50 parts HzOz.
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Fig. 14. Fracture of a CVD Tungsten Specimen from Lot PW-69 Tested
at 6000 psi and 1650°C. Warm worked 80% and recrystallized at 2200°C
prior to testing. Failed in 37 hr with 3.7% strain. Etchant:

50 parts NH,OH and 50 parts Hy0s.

appears equiaxial. The inhomogeheous distribution of the voids is very
obvious. The impurity responsible for the nucleation of the voids was
probably swept up by the first boundary that moved through each area,
thus accounting for the segregation. Figure 15 shows a fractograph of
the specimen from lot PW-69. The structure is dominated by the large,
crystallographic voids. The material deposited with a finer grain size
was lot PW-18. Figure 16 shows the fracture of a specimen from this
material that was tested at 1650°C and 6000 psi. A fracture strain of
13.2% was obtained. Although fracture appears to have resulted from the
connecting of intergranular voids, there is evidence of considerable
plastic deformation. A fractograph of this specimen made on a face
about 10 mm from the fracture is shown in Fig. 17. The voids in this

specimen resemble more closely those of the PM tungsten (Fig. 5) than
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Fig. 15. Fractograph of CVD Tungsten Specimen Approximately 10 mm
from Original Fracture. Lot PW-69 tested at 6000 psi and 1650°C. 12,500X.

those of the other CVD specimens. The voids are linking together as
well as showing growth in a particular direction. ,

At 2200°C the various lots of material did not exhibit such a wide
variation in microstructural appearance. Figure 18 shows the type of
microstructure typically observed for the CVD material that failed in
relatively short times. As the stress was lowered and the length of the

test increased, the voids were larger and fewer in number (Fig. 19). The
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Fig. 16. Micrograph of a CVD Tungsten Specimen from Lot PW-18
Tested at 6000 psi and 1650°C. TFailed in 32 hr with 13.2% strain.
Etchant: 50 parts NHLOH and 50 parts H,O;.

grain structure also became more equiaxial, indicating the freedom of the
boundaries to migrate under stress. The data in Table 3 indicate that
the void volume in the specimens from lot PW-3 that were tested at 2200°C
did not vary greatly with rupture life. Thus, the larger voids (Fig. 19)
were probably formed by the coalescence of the smaller voids (Fig. 18)
observed in tests of a shorter duration.

The voids were so large in the specimens tested at 2200°C that they
were difficult to study by fractographic techniques. Figure 20 shows an
area where the bubbles were relatively small. Note their regular crystal-
lographic shapes. The retention of this regular shape along the bounda-
ries (where three grain surfaces intersect) indicates that very little

grain-boundary sliding occurred.
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Fig. 17. Fractograph of a CVD Tungsten Specimen Located Approximately
10 mm from Original Fracture Surface. Lot PW-18 tested at 6000 psi and
1650°C. Failed in 32 hr with 13.2% strain. 12,500X.

Although the effect of stress on the growth of voids in the CVD
material has been implied in several instances, a comparison of Figs. 18

and 21 clearly demonstrates the effect. These specimens were in the

‘ test furnace at the same time, the only difference being that one was
! unstressed. The void fraction data in Table 3 are again useful. The
|

| average void fraction of the stressed specimen was 6.1%, whereas that

of the unstressed specimen was only 0.20%. :
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Fig. 18. Cross Section of CVD Tungsten from Lot PW-20 Tested at
2200°C and 2000 psi. Specimen failed at 1.86 hr and 15.6% strain.
Etchant: 50 parts NH,OH and 50 parts Hy0,. '

Fig. 19. Cross Section of CVD Tungsten from Lot PW-3 Tested at
2200°C and 2000 psi. Failed at 789.9 hr and 29.2% strain. Etchant:
50 parts NH,OH and 50 parts Hy0.

0.035 INCHES

v 100X

o

0.035 INCHES
100X

T




23

‘anoqe usuitoods se A1038TY TEWISUZ wEmmp

‘UOTSTAT( SOTWBIS) pue STBISH ‘dnoayn LydesBoTtelsl ‘ALo189 "W °& £q @pmm@

G800 X 9TT'0 - o0zo 0G0 - €0°0 q¥sd 0 “0.0022 0z-Md
TE'0 X €%°0 T'9 A '8 9°¢T 6°T Tsd 0002 ‘00,0022 02-Mmd
TE0 X €%°0 1°6 9 Y 6°%T 2 62 06/ tsd 0621 “0.0022 £-Md
TE'O X €770 6°9 6" '8 991 L g€ Tsd Q0ST ‘0,0022 c-Md
T€°0 X €%°0 G/ Gy LTT 612 € 12 Tsd 0002 ‘0,0022 c-md
TE°0 X €%°0 6T°0 .00 G€'0 rALS €T 1sd 000% ‘D,069T c-md

28BIoAY UMWTUTH WU TX B A&v (1)
AEEV ULeI}g oI 1] Joqunpy
SUOTATPUOD 3§39
9ZTg PTSTL 101
9% ‘uoT3oBII PTOA sanadnyg

pSUsUWTOSdg snotaep JOF SUOTIORIL PTOA € STq®RL




24

from Lot PW-20

imen

Fractograph of a CVD Tungsten Spec
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Tested at 2000 psi and 2200°C.
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Fig. 21. Photomicrograph of Specimen from Lot PW-20 Annealed 1.9 hr
at 2200°C in Vacuum Without Applied Stress. Etchant: 50 parts HN,OH and
50 parts Hz0>.

DISCUSSION OF RESULTS

In creep tests at elevated temperatures, void formation or "cavita-

tion" has been observed to lead to intergranular cracking and failure in

11 1

numerous materials — copper, L magnesium,ll types 304 and

304L stainless steels,>? nickel,'? Inconel 600 (ref. 13), iron,:3

alpha-brass,

Nimonic 90 (ref. 14), and others. In this work we observed that cracks

7. N. Greenwood, D. R. Miller, and J. W. Suiter, Acta Met. 2, 250
(1954 ). =

12G-unji Shinoda, Tadao Sano, and Tadakazu Sakurai, J. Japan Inst.
Metals (Sendai) 24, 818 (1960).

13y, E. McCoy, Jr., Effects of Hydrogen on the High-Temperature
Flow and Fracture Characteristics of Metals, ORNL-3600 (1964 ).

14D, McLean, J. Inst. Metals 85, 468 (1956-57).
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developed in both PM and CVD materials from small grain-boundary voids

or bubbles although the appearance and behavior of the voids differed in
the two types of tungsten. We will now consider how differences in
nucleation and growth of such cracks can lead to the differences in struc-

ture and properties that were observed.

The several methods that have been proposed for the nucleation of

15 Most mechanisms

voids have been reviewed by Davies and Dennison.
involve a grain-boundary discontinuity of some type and a shear stress
along the boundary. Detailed observations of the PM material suggest
that voids were nucleated in this manner as a result of considerable

plastic deformation.t®

However, in the CVD material, plastic deformation
was not a prerequisite for void formation. Bubbles, formed simply by
heating the material to temperatures above about half the absolute melting
point, were able to act as void nuclei. The voids (or more properly
bubbles) at this stage were likely caused by a locally high concentration
of some impurity which is gaseous at the test temperature. The voids
(bubbles) are generally attributed to fluorine impurities,*?*? but the
present observations do not show a correlation between the fluorine
content and the volume of voids formed under stress. For example,

heats H-16 (Fig. 12) and PW-20 (Fig. 13) exhibited a greater propensity
for void formation than heat PW-3 (Fig. 9) although the former heats had

lower fluorine contents (Table 1). Thus, it appears that, at least under

15p, W. Davies and J. P. Dennison, J. Inst. Metals 87, 119 (1958-59).

163, 0. Stiegler, K. Farrell, B.T.M. Loh, and H. E. McCoy, "Nature
of Creep Cavities in Tungsten,” submitted to Transactions of the American

Society for Metals.

175, ¢. Schaffhauser and R. L. Heestand, "Effect of Fluorine
Impurities on the Grain Stability of Thermochemically Deposited Tungsten,”
pp. 204-211 in 1966 IEEE Conference Record of the Thermionic Conversion
Specialist Conference, Institute of Electrical and Electronics Engineers,
New York, 1966. '

1837, L. Taylor and D. H. Boone, J. Less-Common Metals 6, 157 (1964).

19k. Farrell, J. T. Houston, and A. C. Schaffhauser, "The Growth of
Grain Boundary Gas Bubbles in Chemically Vapor Deposited Tungsten,” paper
to be presented at the Conference on Chemical Vapor Deposition of Refractory
Metals, Alloys and Compounds, Gatlinburg, Tennessee, September 12-13, 1967.
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stress, variables in addition to the bulk fluorine content must be of
importance in void formation.

Once nucleated, voids may grow by plastic deformation (dislocation
motion and grain-boundary sliding) or by stress-induced vacancy migration
and condensation. Under some conditions void growth occurs in the PM
material by plastic’deforvmation.16 However, the limited ductilities of
the CVD specimens suggest that plastic processes are not important in
determining the rate of growth of the voids. Accordingly, we will con-
sider void growth in the CVD material in terms of the vacancy diffusion
process. Any growth by plastic deformation will simply augment the
growth by vacancy diffusion.

A void in a solid is thermodynamically unstable and reduction of
the surface area of the void by sintering reduces the total energy of
the solid. The void can be stabilized by application of a stress to

balance the surface tension of the void such that,20

0= — (1)

where
0 = applied stress,
v = surface energy of the voild,
r = radius of the void, | .
6 = angle between the normal to the plane in which the void lies

and the direction of the applied stress.

If this equality is not met, an elastic strain field surrounding the
cavity will either cause it to grow by absorbing vacancies or to shrink
by emitting them. If a gas is present in the void, the applied stress
necessary to stabilize a void of a given radius will be reduced.

The problem in calculating the vacancy flux into a void lies in

estimating the elastic strain field surrounding the void. This determines

20R. W. Balluffi and L. L. Seigle, Acta Met. 5, 449 (1957).
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the chemical potential of a vacancy in the vicinity of the void. Hull

21

and Rimmer simplified the problem by assuming that the potential varied

linearly from a value of — E%Q on the surface of the void to a value oQ
at a point midway between voids, where O is the atomic volume and 0 is
the tensile stress normal to the void. On this basis they showed that

the vacancy flux into the void, j, was given approximately by:

o lg 2y
JZI—{T_a{O-I_P_T}’ (2)
where

Dg = grain-boundary diffusion coefficient,

k = Boltzmann's constant,

T = absolute temperature,

a = void spacing,

P = gas pressure inside wvoid.

This expression shows that the growth rate is proportional to the differ-
ence between (1) the sum of the applied stress and the pressure in the
bubble and (2) a term proportional to the surface tension of the bubble.
Temperature enters mainly through the exponential dependence of Dg on
temperature.

When CVD material is heated to temperatures above about 1400°C, a
gaseous phase precipitates, forming bubbles having a range of sizes.>?
If a stress is applied, the vacancy flux into the bubble is approximated
by Eq. (2). Small bubbles will grow until they reach an equilibrium
size at which time J equals O. For bubbles larger than some critical
size, L equilibrium cannot be established and these bubbles will
continue to grow indefinitely. In terms of Egq. (2), r must decrease to
reach equilibrium, but the sign of j is such to cause r to increase.

We can now understand the differences in creep behavior between the
CVD and PM materials in terms of nucleation and growth of voids. In the
PM material no void nuclei were present initially; voids were nucleated

by plastic deformation. In the CVD material the grain boundaries were

2'D. Hull and D. E. Rimmer, Phil. Mag. 4, 673 (1959).
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covered with bubbles which acted as void nuclei. At high stresses, many
of these bubbles were larger than the critical size. They grew and
linked up, causing failure in a short time. At lower stresses, fewer
nuclei of the critical size were present, their growth rate was lower,
and longer rupture times resulted. This explanation accounts for the
decreased rupture times at the higher stresses for CVD specimens and for
the decreased slope of the stress-rupture time curve. It also suggests
that, for sufficiently low stresses, bubble growth cannot occur and that
the stress-rupture curves of the CVD and PM materials will intersect.
For reasons to be discussed below, we feel that extensive grain-boundary
sliding does not dccur in CVD materiai. Since cavities in the PM mate-
rial are believed to result from sliding, it is possible that the creep-
rupture curves cross and at sufficiently low stresses the CVD material
may have longer rupture lives.

The question of fracture ductility is more complex, for we must
consider not only growth of voids and the elongation they provide, but
also the concomitant processes of grain-boundary sliding and bulk defor-

mation. The total strain, ¢, is the sum of the contributions from bulk

T
deformation, eg, grain-boundary sliding, €y and void formation, €y
The bulk strain arises mainly from dislocation motion. Since the purities
of the PM and CVD materials were comparable, they should show roughly

equivalent bulk strain contributions.

Garofalo?? has recently reviewed the data on grain-boundary sliding.
In general, the strain contribution from grain-boundary sliding increases
as the stress decreases and as the temperature increases. Grain-boundary
sliding requires a shear stress along the grain boundary. Such a stress
was probably present in the PM specimens, as evidenced by the elongated
shapes of the voids. Such shapes could result from plastic deformation
or from stresses that would produce vacancy flux gradients favorable for
this type of growth. However, the magnitude of the strain in PM tungsten
due to grain-boundary shearing at 2200°C probably decreased rapidly with

time due to the excessive grain growth. The CVD tungsten had two factors

22prank Garofalo, p. 142 in Fundamentals of Creep and Creep-Rupture
in Metals, Macmillan, New York, 1965.
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that combined to reduce € to negligible values. The firét was the void
formation that occurred. Shearing the voids would produce some new sur-
face area and thus would require a greater stress than if the voids were
not present. There may also be a strain field associated with the voids
since some localized plastic deformation could have occurred during the
nucleation and early growth of the void. Only lot PW-18 showed any
evidence of grain-boundary deformation (Fig. 17). A second and probably
more important factor was the columnar grain structure of the CVD mate-
rial. The microstructure of the deposits approaches that of long rods
packed together with their axes perpendicular to the applied stress. It
would seem difficult to develop shear stresses of sufficient magnitude
to cause grain-boundary sliding since no shearing stress could be devel-
oped parallel to the axis of the rod. Although there would be a shearing
stress tending to rotate the rods, such a movement would involve much
material and would require very high stresses. Thus, some semblance of
an equiaxial grain structure would appear to be necessary for extensive
grain-boundary sliding to occur. This was only obtained (1) after long
periods of time at 2200°C where some grain-boundary migration could occur
(Fig. 19), (2) in lot PW-69 which was worked and recrystallized (Fig. 14),
and (3) in lot PW-18 which was deposited with a fine-grain structure
(Fig. 16).

It is significant that lot PW-18 exhibited good ductility at 1650°C.
The fine-grain size of this material may be due to the cadmium impurity
present. Although the fluorine content was lower than that of: the other
heats, there was still profuse bubble formation. Hence, we feel that the
improved ductility of this material was due primarily to the change in
the grain structure. However, we must point out that these two factors,
grain structure and fluorine content, may not be entirely independent in
the CVD material. For example, previous studies have shown that greater
grain-boundary mobility is obtained with decreasing fluorine content.t?
Thus, the lower fluorine content would allow grain-boundary migration to
occur with the resultant formation of a more equiaxial structure that
would be more conducive to grain-boundary shearing and rotation. However,
it remains to be demonstrated whether under stress the threshold fluorine

(or other impurity) levels are high enough to be attained in practice.



31

Before stressing, lot PW-69 was heated to 2200°C for recrystallization
with attendant large void formation. There was no evidence of grain-
boundary sliding in this material. Thus we would conclude that the €y
would be very small at 1650°C, except in lot PW-18, and would probably
be small at 2200°C except after long test pericds.

The grain-boundary sliding process is important not only because of
its contribution to the overall strain but because it acts as a stress-
relieving mechanism. The deformation of individual grains leads to large
local stresses that can be relieved by sliding. Hence, in the absence
of sliding, these stresses may lead to cracking between the intergranular
voids with resultant premature failure.

The strain due to the voids is most significant at 2200°C. Table 3
lists the results of some void fraction measurements made on the test
specimens. At 1650°C the strain due to void formation in lot PW-3 was a
maximum of 0.35%. However, the strain due to void formation was higher
in lots PW-20 (Fig. 13) and H-16 (Fig. 12). At 2200°C lot PW-3 had void
fractions of 7 to 9%. There was no measurable reduction in width of the
specimen, and the total void fraction can be assumed to be axial strain.
The other lots of material exhibited similar void growth at 2200°C and
we can conclude that up to 10% of the strain in this material can be
attributed to void growth.

The creep properties shown in Figs. 1, 2, and 3 can be rationalized
by the way that the various terms contributing to the total strain are

affected — €g> €p’ and €, At 1650°C, e, and €, are both generally low

b

at high stresses. The creep rate is lower, but the inability for bound-

ary deformation to occur leads to reduced ductility and slightly reduced
rupture life. At low stresses (approx 4000 psi) the stress is not high
enough for extensive void growth to occur (Fig. 10). Thus, the rupture
time more closely approaches that of the PM material. However, the
material still lacks the ability to undergo extensive grain-boundary
sliding with resultant low minimum creep rate and low fracture strain.
The high strain of sample H-16 at 4000 psi was due to the extensive
void formation and a large value of €, iot PW-18 also differed in that

the more equiaxial structure resulted in a relatively large value of €
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The result was a higher creep rate and rupture strain. At 2200°C the €
term is probably initially small and € is large. This results in higher

creep rates, high apparent ductilities, and generally lower rupture lives.
CONCLUSIONS

We have compared the creep-rupture results of several lots of CVD
tungsten with those of PM tungsten. The failed PM tungsten specimens
contained intergranular voids that linked together to form intergranular
cracks. The CVD tungsten formed voids simply on heating to elevated
temperatures. These voids grew under the influence of an imposed stress.
The presence of these intergranular voids and the columnar grain struc-
ture of the CVD material combined to reduce the amount of grain-boundary
shearing that occurred. At 1650°C the minimum creep rate and the rupture
ductility of the CVD tungsten were less than those of the PM tungsten.
The rupture life of the CVD tungsten was less at higher stresses and
equivalent at lower stresses. The stabilization of more voids and their
subsequent growth at the higher stress are thought to be responsible for
the rupture behavior.- The lower creep rate and ductility were due to
the inability for grain-boundary shearing to occur. One lot of material
that had a fine-grain size exhibited much better fracture ductility.

At 2200°C the voids were so large that they contributed signifi-
cantly to the measured strain. The minimum creep rate was higher and

the rupture life was lower for this material than for PM tungsten.
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