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Abstract The microhardness of thenium sheets was determined as a function of indentation load and temperature.
The temperature dependence of the microhardness between room temperatures and 1000°C was studied using a hot
microhardness tester equipped with a Vickers indenter. The load dependence of the microhardness was investigated
using both a Vickers and a Knoop indenter. The indentation size effect (ISE) was well explained using the normalized
Meyer's law. The hardness of the annealed rhenium sheet approached that of the as-rolled sheets at large indentation
loads because of work-hardening under the indenter during indentation. The hardness at “zero load” (obtained from
extrapolation of the load dependence of the hardness) suggested that the hardness is controlled by two different mech-
anisms having different thermal activation. At low temperature the activation energy for the mechanism controlling
the hardness was approximately 0.02 eV, whereas at higher temperatures that was approximately 0.15 eV. The transi-

tion temperature between the two different controlling mechanisms was about 2507C.
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1. Introduction

Rhenium is an outstanding material for high tempera-
ture applications because of its high melting tempera-
ture (T» = 3186°C), good high temperature mechani-
cal strength, and creep properties .""? However, rheni-
um is often required to have a protective coating (e.g.,
Iridinum) when used in oxidizing environments due to its
poor oxidation properties.® Rhenium foil with excellent
formability at room temperature is normally produced
by cold-working. However, the ductility is often limited
to only a few percent deformation during high tempera-
ture annealing because of rapid work-hardening.”
Thus, a good understanding of the mechanical behavior
of rhenium during deformation at room-temperature

and at elevated temperatures is needed to establish the
optimum forming conditions. Several studies of the de-
formation and work-hardening behavior of rhenium
have been carried out, including studies on the density
change of rhenium sheets produced using traditional
powder metallurgy during cold rolling.* ®

Indentation hardness testing is a simple technique to
assess the mechanical properties of materials. However,
the most studying on
microhardness indentation is the fact that the materials
plastically deform during indentation. The nature of the

important concern in

indenter/sample interaction makes it difficult to proper-
ly assess the hardness of materials after different a-
mounts of deformation. In recent years, there has been
considerable interests in the nature of the hardness-
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load dependence, where the hardness is measured as a
function of indentation load.”® The indentation size ef-
fect ({ISE) has been attributed to a variety of mecha-
nisms tasking a place in conjunction with the plastic de-
formation of material as well as indenter/sample inter-
action during indentation.

In the present work, the microhardness indentations
on rhenium sheets were carried out at different temper-
atures and indentation loads to understand the depen-
dence of temperature and indentation lcad on
microhardness using a Vickers indenter. In addition, the
microhardness indentations as a function of indentation
load were carried out using a Knoop indenter to assess

and examine the ISE better at room temperature.
2. Experiment al procedure

2.1 Sample preparation
Two rhenium sheets were used to examine
microhardness indentation in this study. One was the
rhenium sheet produced from rhenium metal powder by
pressing, pre-sintering and sintering, following by cold
rolling (so called “as-deformed”). After cold rolling,
rhenium sheet samples were deformed to about 30%
strain in 5% deformation increments without intermedi-
ate annealing. The other was the rhenium sheet ob-
tained from annealing at 1600°C for 20 minutes with
deformed sheet (so called “annealed”). Both samples
were cut from the rolled sheets into rectangular prisms
{approximately 25mm X 4mm X 1.5mm) using a dia-
mond saw, and the four major surfaces were polished
using different grades of diamond paste, finishing with
1 /m grade and Syton (a colicidal silica slurry) to
achieve a scratch-free mirror-like surface finish for
the subsequent microhardness measurements.

2.2 Microhardness indentation

The microhardness of two samples at 50g load was
measured between room temperature and 800°C at 50
‘C increments using a hot microhardness tester [Model
QM, Nikon, Inc., Japan] operating at 107° torr vacuum
and equipped with a Vickers indenter. The load depen-
dence of the microhardness was investigated using both
a Vickers and a Xnoop indenter. The Vickers indenta-
tions on rhenium sheets were carried out as a function
of temperature, between room temperature and 1060°C
in 100°C intervals, using the hot microhardness tester,
whereas the Knoop indentations were obtained at room
temperature using a Zwick hardness tester.

A fter indentation, the length of the two diagonals of
the Vickers impression (d; and &2 and the length of
the long diagonal of the Knoop impression (L) were im-

mediately measured using an optical microscopy
[Nikon, Japan] equipped with precision micrometer
evepiece. Both the Vickers and Knoop hardness were
calculated using formulae based on ASTM hardness
numbers.'” However, instead of using conventional
hardness nurmbers (having a dimension of Kgf/mm?,
hardness values with the dimension Pz = N/m® are
used in this paper. Thus, the Vickers microhardness
value was calculated using

H=C Pld (1

where Pis the load in gram, d is the average length of
the indent diagonal in ¢m, and C, = 18.2 is a constant.
Similarly, the Knoop microhardness value was calculat-
ed using

H}(= C;P/Lz (2)

where L is the length of the long diagonal in /m, and C,
= 139.6. Microhardness values are reported as the
averages of at least 10 indentation at each test load
and temperature, ’

3. Results

3.1 Temperature dependence of the Vickers
Microhardness

The temperature dependences of the Vickers
microhardness using P=>50g for the as-deformed and
annealed samples are shown in Figure 1. Each data
point represents the average of ten indents. As shown
in Figure 1, the hardness of the as-deformed sample
was slightly higher than that of the annealed sample in
the overall temperature range. The hardness of both
samples was almost constant up to 300°C from rcom
temperature, however, decreased with increasing tem-
perature above 300°C.

3.2 Indentation load dependence

Given the fact that the microhardness is load depen-
dent because of plastic deformation at the vicinity of
the indenter and indenter/sample interactions, it is im-
portant that the hardness is defined so that a consistent
set of data (both with respect to temperature and in-
dentation load) Knoop
microhardness using loads between 50 and 1500g at

room temperature was examined to investigate the ISE.

can be generated. Thus,

As shown in Figure 2, the measured hardness varies be-
tween approximately 10 GPa at 50g load and about 4
GPa at 1500g load. Furthermore, it can be seen that
hardness is very load sensitive at small indentation
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Fig. 1. Temperature dependence of Vickers microhardness of rhenium foil at a constant load 50g.
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Fig. 2. Load {a) and indentation size (b) dependence of the Knoop microhardness of rhenium foil at room temperature,

Table 1. The temperature dependence of Vickers microhardness at zero load, H(0), P=50g load, H(50), and P==1000g

load, H(1000), in as-deformed and annealed rhenium foil,

Termp. Annealed As-deformed
[c] H(0) H(50) H(1000} H(0) H(50) H(1000)
[GPa] [GPal [GPa] [GPal {GPal [GPal
25 9.5 8.1 45 11.0 8.9 51
150 9.2 79 4.1 10.0 8.7 44
250 9.0 77 31 9.8 86 43
350 8.1 6.9 2.6 8.1 7.8 4.1
450 7.5 6.3 24 83 6.9 3.2
550 6.7 5.6 2.2 7.0 6.0 25
650 5.2 4.4 1.9 5.8 48 2.2
750 45 36 14 4.6 38 18
850 35 30 1.1 36 3.2 1.7
1000 2.3 20 1.0 2.4 24 14

loads'”, and becomes approximately constant at large
loads {the load independent region) .4~

3.3 Indentation load dependence as a function of

temperature

The large and varying strain at the vicinity of the in-
dents, as well as the significant indentation load depen-
dence at room temperature, prompted concerns of
whether the measured microhardness (determired as a
function of temperature at a constant load of 50g

shown in Figure 1) represented hardness values from
different regions of hardness—indentation load curves.
Thus, the Vickers microhardness was determined as a
function of load as well as temperature {Figure 3). It
can be concluded that the Vickers microhardness is a
significant function of load at all temperatures, espe-
cially at small indentation loads.

3.4 Hardness at zero and 1000g indent ation loads

To provide a consistent definition of hardness, both
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Fig. 3. Load dependence of Vickers microhardness of rhenium foil as a function of temperature.
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Fig. 4. Temperature dependence of Vickers microhardness. {a) H{0) versus T [ ‘C] and (b) H(1000) versus T[C].

with respect to indentation load and temperature, the
extrapolated hardness at zero load, H (0}, and the hard-
ness at 1000g load, H {1000}, were investigated (Table
I and Figure 4). H(0) was calculated by fitting the
measured microhardness in the load-dependent region
to a polynomial function. This represents the hardness
before any deformation is introduced by the indenter.
Conversely, H(1000) corresponds to the hardness in the
load-independent region at all temperatures, at which
the deformation sub-structure introduced by the in-
denter is reasonably stable (or invariant to small chang-
es of the indentation load) .

4. Discussion

4.1 Microhardness load dependence

It is obvious from Figure 3 that the microhardnesses
in both samples have a significant load-dependence at
smali loads. Thus, it is of importance to understand and
model how the hardness is influenced by the applied
load.

41.1 The PSR model

Based on the observation that indentation-unloading
curves are reasonably linear, Liand Bradt® proposed a
proportional specimen resistance model (PSR} to ex-
plain the indentation size effect. During Knoop
microhardness indentation, the friction between a sam-
ple and an indenter would be proportional to the Knoop
indentation size according to

PSR = a,L {(3)

The effective indentation test load would then be the
applied indentation load minus the proportional speci-
men resistance (P = P- PSR). Equating it to Kick's
law [P = a.d7], the following relationship between the
actual indentation load (/P and indentation size (L) is
found

Table 2. The parameters a; and a: according to the PSR
model in as-deformed and annealed rhenium foil.

Specimen a; [g/im) az [g/m?]
As-deformed 1.67 0.02

Annealed 1.77 0.02
P= al + azd2 4)

Here a; is the Newtonian-like indenter/sampie friction-
al resistance, and . is the Kick’s law coefficient related
to the true load-independent material hardness. Of in-
terest is to note that when combining Eqgs. (2) and (4),
the hardness can be described as

HK = C.t a;/L -+ C.;-az (5)

where Ciuz. is the load-independent hardness obtained
at large indentation size L.

In order to apply the PSR model as explaining the
ISE of this materials in Figure 3, both the g, and a; val-
ues must be deterrnined. These values can be obtained
through the linear regression of P/ L versus L. Such an
analysis of the Knoop microhardness indentation
results is shown in Figure 5, and the PSR fitting param-
eters are shown in Table 2. Although the fit assuming
the PSR model shown in Figure 5 is relatively poor, the
assumption that the
micrchardness at small loads can be fitted with a poly-
nomial function is consistent with PSR model (at least

lcad dependence of the

as a first approximation) .
4.1.2 Meyer's law
A more general description of the ISE is provided by
the so called Meyer's law'®

P= Ad" ©

ar
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(a) as-deformed and (b} annealed rhenium foil.

nP=mA+nind (7)

where A and # are empirical parameters. Using the
results shown in Figure 2, plots assuming the logarith-
mic Meyer’s law to describe the relationship between
the indentation test load and indentation size are shown
in Figure 6. With aid of regression analysis, A and »
can readily be determined from the intercepts and the
slopes of the lines in Figure 6, respectively, and are
summarized in Table 3. The power exponent, #, was de-
termined to be between | and 2, which resulted in a
higher apparent microhardness at low indentation loads
compared to that at higher indentation loads.

In order to alleviate the problerns assoctated with the
peculiar dimension of the constant A in Eq. (8}, Li and
Bradt'* suggested a normalized form of Meyer's law ac-
cording to

P=2P/n(L/L" (8)

This equation defines the load-independent hardness
through the constants F. and L. which can be obtained

Table 3. Empirical parameters assuming Mevyer's law for

as-deformed and annealed rhenium foil.

Specimen A n
As-deformed 1.15 1.55
Annealed 1.09 1.51

from experimental results when the microhardness data
is plotted as a function of the indentation test load and
indentation size, respectively (as illustrated in Figure
5). However, in order to apply the normalized form of
Meyer’s law as according to Eq.(8), it is necessary to
determine the load independent hardness, He, and the
characteristic indentation size, L., According to Pollock
ef al' and Li et al'®, an estimate of the load-indepen-
dent hardness from the indentation size versus indenta-
tion load is given by

L= (14225/H)"* P’ — g )]

where L and P have their original meaning according
to Eq.{2), and @is constant. The H. value is the load~in-
dependent (or “true” hardness) characteristic of the
high test load regime. When the indentation size (L)
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Table 4. Empirical parameters assuming the normalized
Meyer's law for as-deformed and annealed rhenium foil.

Specimen H. [GPal L. [1m] P [g]
As-deformed 3.7 196 1030
Annealed 3.4 219 1175

was plotted as a function of P/ this linear relation-
ships became evident (as shown in Figure 7). The
results are summarized in Table 4.
4.2 Temperature dependence of
microhardness
Figure 3 shows that the microhardness decreases
with increasing teraperature, and the difference in hard-

the Vickers

ness between the two samples at all temperatures is
due to the fact that the deformation substructure, intro-
duced during rolling, has changed in the annealed sam-
ple. Using the extrapolated hardness values at zero
load, H(0), and assuming that the deformation, intro-
duced by the Vickers indenter, is thermally activated,
the activation energy was approximately 0.02 eV be-
tween room temperature and 250 °C, and 0.15 eV above
250°C. Both samples showed similar behaviors as a
function of temperature, where the difference in hard-
ness between the samples was a reflection of the re-
tained deforrmation substructure. Studies of the defor-
mation substructure, formed at vicinity of indents at
different temperatures using transmuission electron mi-
croscopy techniques, are underway. Such studies are
expected to give a better understanding of the active
deformation mechanisms at each temperature, and
would provide information of any changes in the defor-
mation controlling mechanism that may take place
around 250°C. One possible expianation to the apparent
change in thermal activation of the mechanism control-
ling the hardness would be that deformation twinning is

activated in addition to dislocation slip.

Of interest is to note that using hardness values, ob-
tained at a load of 1000g, H (1000), suggests that the
hardness of the two samples are very different as a
function of temperature. This behavior is interpreted as
a demonstration of the difficulties to de-convelute the
deformation micro-structure of the samples before in-
dentation from that developed during indentation (in
addition to other indenter-sample interactions) .

5. Conclusions

The following conclusions can be drawn from the cur-
rent investigation of the microhardness of as—defermed
and annealed rhenium foils using Vickers and Knoop
hardness indentation techniques as a function of inden-
tation load and temperature.

1) The as-deformed rhenium foil is harder than the
annealed foil at all temperatures. Thus, the deformation
substructure is affected by the annealing after deforma-
tion. However, the difference in hardness is relatively
small (especially at high temperatures). It can be sug-
gested that a large amount of the deformation substruc-
ture remain after annealing.

2) The hardness at zero load, H (0), represents a con-
sistent definition of the hardness so that comparison of
the hardness as a function of temperature can be made.
Other definitions of the hardness can be used, although
significant problems may arise in de-convoluting the
work-hardening induced by the indenter during inden-
tation from that of the specimen. This difficulty be-
comes even more significant when the hardness is stud-
ied at different temperatures (e.g, the hardness at
1000g load, H (1000}, displays a very complicated be-
havior as a function of temperature when the as-de-
formed sample is compared with the annealed sample).

3} It is evident that the ISE is affected by the sample
/indenter interaction as well as details of the deforma-
tion substructure developed during indentation.

4} At low temperature, the thermal activation is

very small (approximately 0.02 eV), whereas, at tem-

peratures above 250°C, the activation energy is approxi-
mately 0.15 eV. This suggests that a change in the de-
formation mechanism controlling the measured hard-
ness (L.e., the mechanism of plastic deformation) occurs
at that temperature. One possible explanation of the ap-
parent change around 250°C would be the onset of de-
formation twinning in addition to dislocation slip.
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