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tungsten. The apparent occurrence of dynamic recrystallization is also
discussed.
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INTRODUCTION AND BACKGROUND

A. Deformation

Dynamic thermomechanical testing (TMT) of tungsten heavy alloys (WHA) and —
commercially pure tungsten is the focus of this work. The dynamic properties were obtained
using the Gleeble 1500 over a wide range of temperatures and strain rates. Evaluation of this data
depends upon the choice of constitutive equation(s) and the material model of the physical
processes occurring. The approach used in the previous work was to mathematically fit the data
to a classical strain rate and temperature dependent flow stress equation. This was used to
describe the material's flow behavior in terms of either strain, strain rate or temperature. An in-
depth discussion of this background can be found in references [1,2]. A power law expression of
the form;

- g =A(de/dt)® (1)

describes the dependance between strain rate and stress, at constant temperature and strain. The

constant A is the stress at a strain rate of one and m is the strain rate sensitivity and is determined
by the slope of a log-log plot of this equation. An additional representation of the flow stress can
be made by using the Arrhenius equation;

o = C exp(Q/RT) ¥

Where Q is the activation energy of the thermally activated process, R is the universal gas
constant, T is the absolute temperature (°K) and C is a material dependent constant. The slope at
any point of a plot of In o versus 1/T is the value of Q/R. This is most informative when this plot
results in a straight line and the activation energy can be described over a wide range of
temperatures.

This study examined tungsten heavy alloys that are essentially composite materials
produced by powder metallurgy techniques. The microstructure of a typical heavy alloy is shown
in Figure 1(a). Note that the rounded grains are the tungsten phase. The material surrounding is a
multi component matrix phase most often consisting of nickel with iron, cobalt and copper as
common additives. The models discussed above do not include the microscopic details of the
interactions of the tungsten heavy alloy phases. Nonetheless the description provided by these
relationships suggested that some specific types of microscopic deformation occurred.

B. Recrystallization

Recrystallization (static or dynamic) is the process by which strain-free grains grow from
mechanically worked grains. The following observations have been made summarizing the effect -
of time, temperature and deformation on recrystallization kinetics and can be applied to either
static or dynamic recrystallization [3-5].




. A minimum deformation (total strain) is required to cause recrystallization
. An inverse relationship exists between total strain and recrystallization temperature, ie.
the  smaller the degree of deformation, the higher the temperature of recrystallization.
. Increased annealing times result in lower recrystallization temperatures.
. Larger original grain sizes require greater total strains to observe equivalent .
recrystallization temperatures and times. —
. Thehlgh«themdﬁngpoMofthcmﬂmaLthehgh«thermystﬂhzaﬂontanperaﬂue

Dynamic recrystallization is a process that can occur within a metal or alloy while
deformation is in progress. That is, when the deformation temperature is sufficiently high, new
strain free grains are being formed as the deformation progresses. Previous studies of dynamic
recrystallization have generally used the total strain and stress at the onset of recrystallization as
the sole parameter of the process [6]. Additional work suggests that, when dynamic
recrystallization occurs, the strain at the peak stress is related to the critical strain for the onset of
recrystallization. Also, the rate of decrease in flow stress after the peak is related to the rate of
recrystallization [7]. It is also known that the temperature dependance of the critical strain
influences the recrystallization behavior during hot working. It is also seen that the rate of
recrystallization increases with increasing temperature while the time required falls concomitantly.
Whether recrystallization occurs during a metalworking process depends on the severity of the
operation and the recrystallization temperature as described above. In tungsten heavy &'loys, for
example, the static recrystallization temperature of the tungsten phase has been observed to be as
low as 800°C [5].

As previously described, the tungsten heavy alloys are two component composites
consisting of tungsten grains surrounded by a matrix phase. The tungsten grains are essentially
pure tungsten. While the matrix phase is an alloy of nickel with iron, cobalt and/or copper with all
the tungsten that can be taken into solution. When separately examined the properties of each
phase are unique. The tungsten is body centered cubic while the matrix is face centered cubic.
Tungsten alone can be quite brittle while the matrix alloy is very ductile. These two components
result in a composite that has high density and mechanical properties that are structurally useful.
It could also be expected that the two phases would respond to mechanical working and thermal
treatments in different ways. For example, aging of the heavy alloy depends on the solubility of
the matrix in the tungsten grains [8-10]. It is also known that the matrix and tungsten phases will
have different recrystallization temperatures [11]. Under certain circumstances of cold work and
annealing the matrix phase may be fully recrystallized while the tungsten phase will remain in the
cold worked condition. Which is a strong reminder that the definition of cold working is work
that occurs below the recrystallization temperature.

EXPERIMENTAL PROCEDURE

Right circular cylinders of the tungsten-based materials were fabricated with length to
diameter ratios of 1.5. For convenience, the specimens were sliced from stock that was already
ground to a previously selected diameter for another application. As a result, the diameters of
each slightly varied. The ends of the specimens were ground flat and parallel within + 0.013 mm.
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The diameters, along with the nominal chemical composition of the alloys are shown in Table 1.
Also shown are the quasistatic mechanical properties of these alloys, as previously determined and
reported in reference [12]. The microstructures of the alloys tested are shown in Figure 1 (a,b,
and c). The two heavy alloys clearly show the two-phase nature of those materials while the pure
tungsten has a highly elongated microstructure that results from the extrusion processing to which
that material is typically subjected.

TABLE 1

Composition, Mechanical Properties and Size of Specimens Tested

Nominal Composition wt%

Y.S. | UTS | elong
mm Ni Fe Co Cu | MPa | MPa

91W 6.10 15] 45 2.0 2.5 — | 1275 | 1285 | 94%
ITW 6.22 1.5 1.6 0.7 0.1 05 11029 [ 1036 |31%

A full schematic description of the Gleeble test setup and associated data acquisition
apparatus is shown in references [1,2]. All testing was done in compression in the temperature
range 600° to 1200°C. The heating of the specimens was accomplished by electrical self-
resistance and controlled by a type K feedback thermocouple percussion welded to the specimen.
The strain rates applied were between 2.5 x 10 and 2.5 x 10° per second and the total true
compressive strain was nominally 20%. As done in the previous work [1,2], a 1200°C anneal, for
five minutes, was applied to the test specimens in situ in the Gleeble apparatus. This was required
since the materials were supplied in the worked and aged condition and the strengths exceeded
the capacity of the hydraulic ram and the associated load cell. Because of the anneal, the hardness
of the specimens was observed to decrease from HRC 37 to less than HRC 20. All testing,
including the anneal were done in a vacuum of less than 4 x 10 torr. Heating and free cooling
rates were found consistent from specimen to specimen.

RESULTS AND DISCUSSION

Figure 2 (a, b and c) shows the true stress-true strain results of the 91% heavy alloy at

600°, 800°, 1000° and 1200°C at average strain rates of 2.5 x 10?2, 2.5 x 10" and
2.5 x 10° sec™. The thermomechanical response of this material was as expected, as it behaved in
the classical manner, ie. thermal softening. At all strain rates the yield and flow stresses were
observed to decrease with increasing temperature. The work hardening behavior of this alloy was
positive at lower temperatures while at the elevated temperatures it was characterized by a neutral
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behavior ( zero slope). This was seen at all strain rates examined. Similar results can be reported
for the 97% heavy alloy except that the work hardening was observed for all conditions except
the slowest strain rate at 1000 and 1200° C where flow softening was seen. In the commercially
pure material (100W), no flow softening occurred and work hardening was only noticeable at the
highest strain rate (2.5 x 10°sec™). Figure 3 (a and b) shows the results of the 97% and 100%
tungsten compression testing performed at the lowest strain rate. In examining the details of the
curves in Figures 2a, 3a and possibly in 2b there is a noticeable waviness in the flow curve. This
occurs at low strains in 2a and 3a while at higher strains in 2b. In previous work this has
suggested dynamic recrystallization in other materials [13]. In working at low strain rates and
high temperatures it is typical to expect periodic recrystallization. What is not certain is which
phase is undergoing the recrystallization and whether the recrystallization is occurring at other
strain rates since it is likely masked by the work hardening. Metallographic evidence will be
discussed later in this section.

The flow data was examined in two forms. First the flow stress at 10% strain, for all of the strain
rates, was plotted versus the test temperature. This information is grouped by material and is
shown in Figure 4 (a,b and c). The slopes, do/dT, of these curves are very similar for the 91W
and 97W and are steeper than the curves for the 100W. Calculated values of these slopes, over
the temperature range 600-1200°C, are -0.65, -0.63 and -0.27 MPa/°C respectively. The
influence of the nickel based matrix is seen quite dramatically in comparing the slopes of the pure
tungsten to those of the heavy alloys. The heavy alloy curves are steeper by more than a factor of
two. The slope difference is a result of the significant softening of the matrix phase. Recall that
the melting point, T,,, of the matrix phase is approximately 1450°C and that most of this study
was done at temperatures exceeding 0.5T,, where the strength and hardness of that phase can be
expected to be quite low. With the two heavy alloys, an observation that can be made is that the
slopes appear to increase slightly as the strain rate decreases, suggesting that recrystallization is
contributing to the softening and is more dominant at those low strain rates.

The second approach to evaluating the data employed Arrhenius plots of the flow stress at 10%
strain. These plots are shown in Figure 5 (a,b and c). There are three strain rates represented on
each plot. This is most easily seen for the 100% tungsten. The activation energy for the flow
behavior of these materials was determined from the slope of these curves and revealed some
unique features of the deformation. The activation energy (Q) for the deformation process was
most easily calculated for the pure tungsten. Averaging the three curves gave the result;

9.4 KJ/mole. The situation for the heavy alloys was more difficult as a complex deformation
behavior was revealed. The three strain rates can be seen to have very different slopes at high and
low temperatures. The consequence is six curves for each of the two heavy alloys, three at the
elevated temperatures and three for the lower ones. It appears that an inflection point occurs at
approximately 800° C (this point may occur at higher or lower temperatures but the temperature
interval used here does not allow for a more accurate definition of this transition). Anyway, the
data for the 91W and 97W were combined and the average activation energies were calculated for
each of the two temperature regimes. At high temperatures (> 800°C) Q = 6.7 KJ/mole, while at
low temperatures (< 800°C) Q = 30.0 KJ/mole. In the heavy alloys, the activation energy at high




temperature is nearly identical to the activation energy of the 100W over the entire temperature
range. It is believed that the significance of the dual activation energies relates to the alloy phase
undergoing deformation in each temperature regime. At low temperatures, the matrix phase is
first being work hardened to the strength of the tungsten phase. This work hardening is occurring
because the matrix is initially weaker than the tungsten phase. When the two phases become
equal in strength, the load is then carried by each phase in proportion to their volumes. At high
temperature the matrix phase has no role in the deformation or load carrying and the load must be
borne by the tungsten phase alone.

There are several microstructural features of interest in the specimens tested that allow for some
of the conclusions above. For comparison, the reader’s attention is directed to Figure 1 (a,b and
c), the microstructures of the pretest material. Figure 6 (a,b,c and d) contains the post test
microstructure of four 97W specimens corresponding to the four temperatures of interest. These
specimens were subjected to the slowest strain rate used. The most salient feature in these
micrographs is the clear progression of tungsten to tungsten grain contact failure and decohesion
of the tungsten/matrix interface as the test temperature increases. It is the most pronounced at
1200° C. A less obvious feature is seen within the tungsten grains themselves. The
microstructure of the heavy alloy at the lower temperatures shows uniform deformation of the
tungsten and matrix phases after the 20% total applied strain. At the higher temperatures, the
deformation is entirely concentrated within the tungsten grains and is manifested by the presence
of slip bands within the grains. It is interesting to note that the slip deformation in the tungsten
grains in the heavy alloys does not appear in all of the grains. The likely cause is the single crystal
nature of these grains and that they are in random orientations to the deformation. Some of the
crystallographic directions and planes of these grains are oriented to the plane of observation in
such a way that the deformation is apparent in the micrograph. Similar results were observed for
the 91W material and one example is shown in Figure 7. The 100W material, because it was
single phase and had a highly elongated microstructure, did not suffer from decohesion as seen in
the heavy alloys but exhibited slip at all temperatures. This is shown in Figure 8. In a manner
similar to the heavy alloys slip is not seen in all of the grains, only in the grains favorably oriented
to the plane of view.

SUMMARY

Thermomechanical testing of two tungsten heavy alloys and a commercially pure tungsten in the
temperature range 600 to 1200° C at strain rates up to 2.5 sec™ gave the following results.

All materials thermally softened in classic response to increasing test temperature. The rate of
softening with increasing temperature (do/dT) was calculated and found to be more than twice as
great for the heavy alloys in comparison to the pure tungsten. This response was attributed to the
increased rate of strength loss in the matrix phase.

Through Arrhenius plots; the heavy alloys were found to change their deformation behavior as
the temperature increased over 800° C. The matrix phase again was identified as the reason for
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the variation. It was concluded that the tungsten phase is responsible for carrying the load at
elevated temperatures.

Examination of the metallographic data revealed that as the temperature increased a greater
number the tungsten grain contacts failed. It was also seen that the tungsten/matrix interface
increasingly failed. Of particular note was that at the highest temperatures, the tungsten phase
showed deformation slip bands that had not been seen in the lower temperature regime. This
suggested that at below 800° C the deformation was uniform but at high temperature it is
concentrated in the tungsten grains.
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Figure 3, Compressive true stress-true strain results for (A) 97% heavy alloy and (B)

commercially pure tungsten. Both tests at a strain rate of 2.5 x 10? sec”. Compare to Figure 2A.
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Figure 5. Arrhenius plots of the 10% strain flow stress versus the reciprocal temperature for each
of the strain rates used; (A) 91% heavy alloy, (B) 97% heavy alloy and (C) 100% tungsten.
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Figure 6. Post test microstructural features of the 97% tungsten heavy alloy. Strain rate
2.5 x 102 sec™. Test temperatures; (A) 600, (B) 800, (C) 1000 and (D) 1200° C.
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Figure 7. Posttutmicrostructumlfeatumofthe9l%tungstenheavyalloywstedatastrainrate
of 2.5 x 10" sec™ and a temperature of 1000° C.

Figure 8. Post test microstructure of a 100% tungsten specimen tested at 25x10%sec ata
temperature of 1200° C.
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