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The effects of strain rate and pressurization on the ductile-brittle
transition temperature of polycrystalline sintered tungsten

The ductility of polycrystalline body-centred cubic transition metals is well
known to be sensitively dependent on temperature and many physical and metal-
lurgical factors such as purity, grain size, strain rate and, for iron, chromium! and
molybdenum?, pressurization. The transition with decreasing temperature, 7, from
ductility to brittleness, defined as an absence of detectable macroscopic plastic
deformation, we? shall refer to as tZe transition temperature, 7'r. It is generally
found that 7'r increases with increasing strain rate, &, but a satisfactory formulation
of this dependence based on theories of yielding and fracture does not appear to
exist. Recently#, we have postulated a phenomenological correlation between 7'r and
¢ for molybdenum in which the transition occurs at a constant stress, oc. To apply
this model it is also required that the stresses for yield, ov, and brittle {racture, o,
are approximately continuous, known functions of 7" and ¢ in the transition region.
The principal aim of this investigation was to see whether this simple model was
applicable to sintered tungsten.

A difficulty in the study of brittle fracture of this material is the occurrence of
“low-stress failures”. These are sometimes avoided (quite frequently at temperatures
not more than 50°K below 7'r) and brittle {fractures take place at stresses at which
it is predicted the material would yield, if it were ductile. At the transition temper-
ature brittle fracture thus occurs at the vield stress and it appears that immediately
below 7't this is, at least, approximately so.

Another aim of the investigation was to determine the effects, if any, of
pressurization at 14 kbars on the ductile-brittle transition temperature. If poly-
crystalline specimens of the other Group VIA b.c.c. transition metals, chromium?
and molybdenum?, are subjected to a hydrostatic pressure of the order of 15 kbars
irreversible effects on the mechanical properties at atmospheric pressure, e.g. lowering
of T, are sometimes found.

Tensile test pieces of ~18 mm gauge length and ~2 mm gauge diameter were
ground from two batches of } in. diameter Sylvania sintered tungsten rod. One batch
of over thirty specimens was used to investigate the effects of pressurization on 7'r,
and the other of over fifty specimens to study in detail the effect of strain rate on 7'r.
All the specimens were recrystallized to a grain diameter of ~ 50 u by heat treatments
of 1 h at ~1750°C in vacua of 10-¢ torr. Then, before testing, the specimens were
electropolished in a 29, NaOH solution at ~g V.

[n tungsten the important impurities are thought to be the interstitials and
accordingly analyses were carried out for oxygen, nitrogen, hydrogen and carbon.
The analyses figures are: No: 1—2 p.p.m., Ha: <1 p.p.m. and Oz: 3-8 p.p.m. by mass
spectrometry (A.E.L’s MS 10); O2: 26-87 p.p.m. by conventional vacuum fusion; and
C ~1 p.p.m. by neutron activation.

The investigation of the effects of pressurization at 14 kbars (carried out by
Harwood Enginecering Co.) was performed on one batch of specimens on an Instron
testing machine at strain rates of approximately 10-4, 4x 1074, 1073, 2% 10~% and
10-2 sec~1. I'urther tests, on the other batch of specimens which were all not pres-
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surized, were carried out on a Hedeby universal tester at strain rates of about 10-5,
104, 5% 1074, 1073, 2%x 1073, 5x 1073 and 10-% secl. Temperatures, other than
ambient, were obtained by surrounding the specimen with a heated vegetable or
silicone oil, maintained at a temperature constant to within +1°K during a test.

For all strain rates the incre;e in vield stress and the decrease in ductility
with decreasing test temperature characteristic of the b.c.c. transition metals were
observed. Yield points were exhibited by only 17 of the 30 “definitely ductile”
specimens of both batches and for the ductile specimens not showing a yield point
the stress at the apparent proportional limit was taken to be the yield stress. For tests
carried out at, especially, the lower strain rates difficulty was experienced in deciding
from the autographic charts whether a specimen was “‘just ductile” or brittle. There
were 28 “definitely brittle” specimens and 19 in the former category. As we have
defined T'r as the lowest temperature at which macroscopic plastic deformation is
detectable, our values of T'r, shown plotted as a function of ¢ in Fig. 1, are the upper
limits of the transition temperatures. The values of the transition stress were 53, 57,
55, 55, 54, 61 and 57 kg mm~2 at strain rates of 1073, 1074, 5 X 1074, 1073, 2 X 1073,
5x 10-3 and 10~2 sec~! respectively, 7.e. 57 +4kgmm~2.
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Fig. 1. The dependence of the ductile-brittle transition temperature, Tp, on strain rate, & in
recrystallized sintered tungsten of mean grain diameter 50u.

The pressurization treatment failed to produce detectable irreversible changes
in either the yield stress or the transition temperature at the 5 strain rates and
accordingly it is concluded that 14 kbars is insufficient to alter irreversibly the
mechanical properties of our sintered polverystalline Sylvania tungsten. Hereafter no
distinction will therefore be drawn between pressurized and unpressurized specimens.
Tests on cast® specimens pressurized at ~3o0 kbars and on sintered (American)
General Electric specimens? pressurized at 25 kbars also failed to reveal any effect.

Metallographic examination revealed non-propagating cracks, away from the
fracture surfaces, only in ductile specimens. These microcracks appeared to be
located mainly in the surface layer, ~ 100 u deep, and were predominantly inter-
granular in character (Fig. 2). The size of these cracks ranged from ~20 pu to ~150 1,
i.e. several grain diameters.

In this polvervstalline sintered tungsten the transition from ductile to brittle
behaviour appears to occur at a constant stress of 57 +4 kg mm~2 for strain rates
from 10- to 10-2 sec~1 as the transition temperature is raised from ~ 377° to ~465°K.
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The existence of a constant stress, ¢, at the transition enabled us to carry out an
analysis of the dependence of 7r on the strain rate, & Let us, as WRONSKI ¢/ a/l.4
have done for molvbdenum, assume relationships between stress and temperature?
and strain rate®, respectively, of the form:

oy=4—-DBT (1)
and

oy=E¢F (2)
where 4 and B are constant at a given strain rate and E and F are constant at a
given temperature. B is approximately equal to 0.3 kg mm~2 °K-1 for our material
at all strain rates in the transition region and E and F have been evaluated for
sintered tungsten at 473°K to be ~68 kg mm~2 and ~0.09, respectivelys. 1f we also

Composite micrograph
of a curved surface.

Fig. 2. Non-propagating surface crack in a recrystallized sintered tungsten specimen which
cleaved at 442°K at a strain rate of 5 x 1o-3sec-1 after 0.6%, plastic deformation. Note that the
crack follows grain boundaries along A3, AC, CDEF, FH, FG and is transgranular oaly along
the segment GIl. (In order to avoid etch-pitting, Murakami’s reagent, which is a relativeiv poor
ctchant for tungsten, was employed.)

assume that (in the transition region) I is a constant, that the variation of E with
temperature is given by eqn. (1), and make use of the identity:

do\ (¢T\ (0&
@& )dzr), = 3
we derive for the relationship between 7 and ¢, for constant ¢ the expression:
exp(— &0 =K(Eo—0.371) (4

where K and I, are constants. Figure 1 shows 7'y plotted against exp(— £9-9%) and it
is seen that, although not as good for molybdenum?, there is a fair agreement between
the data and the model.

The constant stress at the transition temperature suggests that this is a critical
stress for some mechanism in the fracture process. It appears that the transition
coincides with a change in the critical stage in this process, a hypothesis supported
by the observation of microcracks in ductile but not in brittle specimens. 1f the
cracks observed in the ductile region are of the type that cause fracture, crack
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propagation is the critical stage in ductile cleavage. Because microcracks are not
observed in the brittle specimens away from the fracture surfaces it appears quite
possible that the first crack to be nucleated will propagate.

If, at 7'y, stresses for crack nucleation, ox, and propagation, gp, are equal and
equal to the yield stress, then:

oc=0x=0o0+kx(Yy)lct=gp=hp(Yyn)lc? (5)
where oo, kx, ke are constants, Y is Young’s modulus (4.04 x 102 dynecm~=2), v and
ys are the surface energies for crack nucleation (true surface energy) and crack
propagation across a grain boundary respectively, and /¢ the crack length, which is
probably related to the grain diameter. Let us assume that /c equals the grain
diameter, /, and that kpis(2/7)}, which is given by the simplest (Griffith-Orowan-Irwin)
model of surface crack propagation. ys then evaluates to ~6x 10* erg em~2, which
compares reasonably with surface energy values estimated by HULL ef al.?, e.g.
~3x 104 erg cm~2 at 350°K for propagation of cracks in tungsten single crystals, in
which blunting of the cracks is thought to occur above ~150°K.

Below 150°K their values of » were near the theoretical estimates, e.g. on
GIiLMaN’s modell0: 4.7 x 103 and 3.3 x 103 erg cm~2 for {roo} and {110} cleavage,
respectively!l. Assuming the smaller value to be correct and taking!? &y to be ~2.4
it is also possible from eqn. (5) to estimate the lattice friction stress, oo. It is scen to”
be ~22 kg mm~2, which is in excellent agreement with the value estimated by HuLL
et al.? at a strain rate of 5x 10~* sec~! using a different analysis.

The work described forms part of an investigation supported by the Science
Research Council. Tt was initiated with Prof. A. A. JorNsox by one of us (ASW)
during the tenure of a visiting professorship at the Polytechnic Institute of Brooklyn.
The award was made as part of the Polytechnic’s Science Development Programme
founded by the National Science IFoundation. The authors acknowledge the provision
of laboratory facilities at Bradford by Prof. D. L. SMARE and ACC the award of a
University of Bradford scholarship. The investigation was made possible through
the skill of Mr. L. Bovajiax and Mr. E. JEFFREY who ground the tensile specimens.
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