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Abstract. High pressure measurements of electrical resistivity of polycrystalline Ti, Zr and Gd
have been performed in the temperature range 22–1000◦C and in the pressure range 4–48 kbar. The
pressure and temperature coefficients of electrical resistivity of the hcp phase have been determined
and new measurements of the boundaries into hcp-neighbouring phases are presented. All three
metals show typical pressure and temperature dependences of resistivity behaviour in the hcp region,
with Gd displaying the greatest sensitivity to pressure due to its high compressibility.

1. Introduction

At room temperature and pressure Ti, Zr and Gd are hexagonal close-packed (hcp) metals with
incompletely filled d bands and ac/a axial ratio of 1.59, while at high temperatures they adopt
a body-centred-cubic (bcc) structure. The phase diagrams of the three elements are shown in
figure 1 [1, 2]. One of the first sets of high pressure phase diagrams and transport measurements
on Ti and Zr was performed by Bridgman [3, 4] and his data stand as a reference. Many later
studies have reported data on the pressure–temperature (P–T ) phase diagram and the crystal
structure of Ti and Zr [5–13], mainly usingin situ X-ray diffraction and electrical resistivity
techniques.

At room temperature, the hcp phases of Ti and Zr are stable up to 20–25 kbar, where
they undergo a transformation into dhcp phase (β-Po type). The high pressure dhcp phase
persists after pressure release, and the recovery of the hcp phase requires heating to 300◦C.
At 1 atm, Ti and Zr undergo another transformation into the bcc phase at temperatures just
above 850◦C, before melting at approximately 1200◦C. For the high pressure hcp→ dhcp
(β-Po type) transformation at room temperature in Ti and Zr, the results attest to the presence
of both phases in an interval from 15 to 55 kbar. The phase equilibrium boundary is presently
represented in the phase diagrams of Ti and Zr as an intermediate slope between the region of
complete dhcp phase and complete hcp phase. At temperatures above 300◦C, the hysteresis
is effectively zero. An alternative explanation for the large differences in transition pressures
reported in the various studies was given by Olinger and Jamieson [8] and Andersson [14], who
suggested that the hcp→ dhcp transformation is aided by the presence of oxygen, especially in
the case of powdered samples of Ti or Zr. In the same context, it has been shown by numerous
groups [3–6, 11, 12] that the rate of the hcp→ dhcp transformation depends on the purity of
the material, the degree of hydrostaticity and the specimen history.
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Figure 1. Phase diagrams of (a) Ti, (b) Zr and (c) Gd—
constructed using data provided in [1] and [2].

Measurements of electrical resistivity of polycrystalline Ti and Zr have been performed
mostly at low and atmospheric pressure [15–21]. Wasilewski [18] and Zinov’yev [20]
have measured the electrical resistivity of single crystal Ti in the hcp phase region and
showed the existence of anisotropy of resistivity. The number of studies reporting electrical
resistivity measurements of Ti and Zr at elevated pressure is limited [6, 13, 22, 23], but these
experiments have made significant contributions to the mapping of theP–T phase diagrams
of Ti and Zr.

At high pressure, Gd transforms from hcp into a hexagonal structured Sm-type phase,
but the phase boundary is not well determined. Different experimental methods have shown
the beginning of the Sm-type phase in an interval from 15 to 30 kbar [24–27]. At 1 atm and
elevated temperature, a transformation into bcc occurs at 1250◦C and the melting is recorded
at about 1350◦C.
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The high pressure resistivity and compressibility of Gd was reported by Bridgman [24].
Bridgman detected a change inR/R0 with pressure increase, between 20 and 25 kbar, and
considered it an anomaly. On pressure decrease, the reversal does not occur. Later experiments
[27–29] have confirmed the presence of a large hysteresis in the Sm type→ hcp transformation.

The 1 atm high temperature electrical resistivity of Gd was measured by Speddinget al
[30] up to 1350◦C and was used to determine the hcp→ bcc transformation. The effect
of temperature on the electrical resistivity of polycrystalline Gd was reported in a number of
other studies [31–33]. Measurements of the electrical and thermal transport properties of single
crystal Gd at 1 atm have revealed the presence of anisotropy of electrical resistivity in the hcp
range [34–39]. The combined effect of high pressure and high temperature on the electrical
properties of Gd above the Curie temperature has been reported in only one study [40].

Most of the high pressure studies of Gd have concentrated on the determination of the
phase diagram and on the effect of pressure on the Curie temperature [6, 23, 25, 41–43]. Using
a four wire technique, Stromberg and Stephens [44] measured the pressure dependence of
electrical resistivity of Gd up to 140 kbar, but the sampling interval was too large to allow for
the accurate mapping of the hcp→ Sm type phase boundary. At pressures higher than 35 kbar
and at temperatures above 300◦C, Gd undergoes another structural transformation from Sm
type to dhcp [25, 28]. The hcp→ dhcp→ Sm type triple point is at about 37 kbar and 340◦C.
However, not all phase diagrams agree with these values and the phase boundaries between
hcp→ Sm type and hcp→ dhcp are still the subject of controversy.

The present study is concerned with the high pressure and high temperature behaviour
of the electrical resistivity of Ti, Zr and Gd, primarily in the hcp phase ranges and at
the transformation boundaries. Presented here are the data obtained for polycrystalline
samples of Ti, Zr and Gd, and the applicability of these results in defining the pressure and
temperature dependences of electrical resistivity, and in contributing to the mapping of their
phase diagrams.

2. Experimental procedure

The purity of the polycrystalline specimens (AlfaAesar) was 99.99% for Ti, 99.5% for Zr and
99.9% for Gd. Except for machining, the high pressure experiments were carried out on the
as-received samples. Zr and Gd sample bars and Ti wire were stored under vacuum to avoid
oxidation. All samples were machined just before assembling the components of the high
pressure cell and the start of the experimental run. The cylindrical sample geometry of 1 mm
diameter×6 mm length was kept constant for all experimental runs. The experiments were
performed in a 1000 ton cubic anvil press, using 1 inch edge length pyrophyllite pressure cells,
previously calibrated for pressure [45, 46].

The first set of high pressure resistivity measurements was performed at room temperature.
Each specimen was placed in a sintered hexagonal boron nitride (hBN) cup. The sample was
in contact with two double platinum electrodes, oriented at 90◦ to each other. The outside ends
of the two double electrodes (four wires) were in direct contact with the four lateral tungsten
carbide anvils of the press.

High pressure and high temperature resistivity measurements were carried out using a
four wire configuration and a Pt/Pt–10% Rh thermocouple. Corrections for the pressure effect
on the thermocouple were applied [47]. Heating of the sample was produced by the Joule
effect using a large d.c. current sent through a cylindrical niobium (Nb) foil furnace, having
the opposite top and bottom anvils of the press as electrodes. The sample in the hBN cup and
the electrodes were placed in the centre of the cell, as shown in figure 2. Thermal insulation
was provided by a cylindrical sleeve made of zirconia around the sample area.
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Figure 2. A cross-sectional view of the central plane of the high pressure cell used for continuous
resistivity measurements at elevated temperature. The electrodes and the thermocouple are
positioned on three different layers: one electrode and the thermocouple below the sample, a second
electrode above the sample.

Two different configurations were employed in the design of the cell. One configuration
was for continuous resistivityρ(Pconst , T ) measurements and another for discrete resistivity
measurements in the isothermal–isobaric regime. Continuous data recording required the
simultaneous use of the four Pt electrodes, with the temperature being measured and controlled
by a through-gasket Pt/Pt–10% Rh thermocouple placed at 2–3 mm beneath the sample and
lower electrode. All six wires (four electrodes and two thermocouple wires) were covered
by alumina tubing to protect them from mechanical and electrical contact with the Nb foil
heater. Outside the cell, the thermocouple wires were protected with Teflon tubing against
electrical contact with the anvils. This configuration allowed for resistivity measurements
while temperature was varied. The advantage of the continuous technique was that even the
smallest variations in resistivity were recorded andP–T phase transformations were observed
with high accuracy, as the system collected data at a sampling rate of 2 to 3 readings s−1. The
disadvantage was the damage of the alumina and Teflon insulation covering the thermocouple
wires in the gasket regions, which resulted in electrical contact shorting between thermocouple
and anvils. At pressures above 30 kbar, the through-gasket thermocouple wires started failing,
unable to support the extensive shearing and compression in the gasket region combined with
the stress produced by the outward flow of the pyrophyllite on temperature increase.

Measurements of resistivity for the Ti and Zr specimens were performed using the
continuous recording approach, by increasing the pressure in steps of 2–4 kbar, and collecting
data on both temperature increase and decrease at each pressure level. The heating and cooling
rates were the same for both metals at all pressures.

The measurement of electrical resistivity of Gd at high pressures and temperature was
performed using a discrete method of data recording. The configuration of the high pressure
cell was changed, since the through-gasket thermocouple was eliminated—as shown in figure 3.
One of the Pt electrodes was replaced with a Pt/Pt–10% Rh thermocouple, which performed
the dual function of electrode and thermocouple. During temperature increase or decrease,
when the furnace power supply required a temperature value as a feedback to control the
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Figure 3. A cross-section of the high pressure cell used for discrete resistivity measurements at
high temperature.

heating/cooling rate, the Pt/Pt–10% Rh wire acted as a thermocouple. But, at constant
temperature, the Pt/Pt–10% Rh wire was used as a current and voltage electrode. The heating
and cooling rate were maintained the same at each pressure level, and data were collected only
after the system achieved thermal equilibrium at every temperature setting.

Except for pressure increase and decrease, the entire experiment was computer controlled,
including the corrections for geometry and thermal expansion applied to the derived resistivity
values.

3. Results and discussion

The measured resistance values were used to calculate the electrical resistivity. Geometry
corrections corresponding to volume variation with pressure and temperature were applied
to the entire data set, using the bulk modulus [48] and thermal expansion [49] values from
table 1. The results for the pressure dependence of resistivity at room temperature are plotted
in figures 4(a)–(c). All three metals exhibit similar behaviour, with resistivity decreasing
with increasing pressure. Table 2 contains the values of the pressure coefficients of resistivity
(PCRs) d lnρ/dP , calculated for both pressure increase and decrease, and compared with

Table 1. Bulk modulusK,K ′ = (dK/dP)T [48] and thermal expansion coefficientsAi [49].

Ti Zr Gd

K (kbar) 1094 1028 355
K ′ = (dK/dP)T 3.4 3.1 4.8
A0 −0.918 −0.111 −0.051 −0.373
A1 5.072× 10−4 2.325× 10−4 6.381× 10−4 9.222× 10−4

A2 6.50 × 10−7 5.595× 10−7 5.446× 10−7 1.657× 10−7

A3 −2.203× 10−10 1.768× 10−10 3.157× 10−10 1.347× 10−9

T interval forAi (K) 150< T < 1156 293< T < 1137 400< T < 800 800< T < 1200

The linear thermal expansion is calculated using the aboveAi coefficients and the following relations. Ti and Zr:
1L/L0 = A0 +A1T +A2T

2 +A3T
3.

Gd, 400 K< T < 800 K: 1L/L0 = A0 +A1(T − 400) +A2(T − 400)2 +A3(T − 400)3.
Gd, 800 K< T < 1200 K:1L/L0 = A0 +A1(T − 800) +A2(T − 800)2 +A3(T − 800)3.
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Figure 4. The pressure dependence of the electrical resistivity of
Ti, Zr and Gd.

Bridgman’s data [3, 4, 24]. All three metals show a delayed recovery of resistivity values on
pressure decrease. For Ti and Zr above 10 kbar, the pressure increase and pressure decrease
slopes seem to be almost parallel. At lower pressures, the curves approach very closely the
initial resistivity values. This behaviour suggests hysteresis on pressure release, for the hcp
phase only. At about 20–21 kbar and 22◦C, Gd undergoes a sudden decrease in resistivity,
but returns to a less rapid decrease with pressure, as shown in figure 4(c). This variation is
probably caused by a change from the ferromagnetic into the paramagnetic state associated
with the hcp→ Sm type structural phase transformation [25].

Isobaric runs were performed for theP–T range corresponding mainly to the hcp phase of
the three metals and the transformation into neighbouring structures. Figures 5(a)–(c) show the
variation of resistivity on heating at various pressures and the insets show typical heat/cool data
sets. Each continuous line (Ti and Zr—figure 5(a) and (b)) or dotted line with symbols (Gd—
figure 5(c)) represents a single isobaric run recorded on temperature increase only. The general
trend for all three elements is an increase in the electrical resistivity with temperature and a
decrease in the electrical resistivity with pressure. These results are typical of the metallic
resistivity of a transition metal [50]. At high temperature, the electrical resistance of transition
metals is mainly due to scattering processes in which the electron makes an s band to d band
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Table 2. Pressure coefficients of electrical resistivity of Ti, Zr and Gd at room temperature.

Ti Zr Gd

Pmax (kbar) 46 47 46
d lnρ/dP(kbar−1) onPincrease −1.54× 10−3 −5.97× 10−4 −6.03× 10−3

d lnρ/dP(kbar−1) onPdecrease −1.51× 10−3 −5.66× 10−4 −4.17× 10−3

d lnρ/dP(kbar−1) Bridgmana −1.48× 10−3 −7.7 × 10−4 −5.7 × 10−3

P interval (kbar) 20–46 5–36 5–46

aBridgman’s values were obtained from [55].

Figure 5. Electrical resistivity against temperature on isobaric runs for (a) Ti, (b) Zr and (c) Gd.
Inset plots are selected isobars showing typical data on temperature increase and decrease.

transition [51]. The transition probability from one state to another is proportional to the
density of unoccupied states in the final state [51]. Hence, transitions in which an electron
jumps from the s band to an unoccupied state in the d band are more probable than the ordinary
scattering processes. Therefore, the electrical resistivity is proportional to the ratio between
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Figure 5. (Continued)

the cubed root of the number of empty states in the d band and the number of electrons in the
s band. The outer electron configurations of the three metals in this study are the following:
Ti, 3d24s2; Zr, 4d25s2; Gd, 4f75d16s2. The incomplete d and f bands give rise to a much
larger scattering probability and hence a shorter mean free path. The density of unoccupied
states in the d and f bands of Ti, Zr and Gd decreases slowly with the energy produced by
heating of the sample. This could explain the downward concave shape of theρ(T ) curves
in figures 5(a)–(c) at high temperatures, especially in the case of Ti and Zr. At temperatures
higher than the Debye temperature, the electronic resistance of metals is directly proportional
to the mean square amplitude of the atomic vibrations [51]. Pressure has the effect of reducing
the interatomic spacing of a metal, therefore lowering the amplitude of vibration, and hence
the resistivity of the sample.

In their study of electrical resistivity of Gd, Jacobsson and Sundqvist [52] made the
assumption that the total electrical resistivity is given byρ = ρ0 + ρep + ρm, whereρ0 is the
residual resistivity at 0 K,ρep is due to electron–phonon scattering andρm is the component
accounting for the electron–magnon scattering. Above room temperature, the values ofρ0 and
ρm are negligible by comparison with the phonon scattering effect. The value obtained forρ0 is
2.9µ� cm (only 2.2% of the 1 atm, 22◦C value) and is not temperature dependent. Therefore,
the pressure and temperature effects on the phonon scattering of Gd are partly responsible for
the behaviour of the resistivity in regions of stable polymorphism. A temperature increase
produces an increase in the number of phonons and this causes an increase in the number of
electron–phonon scattering events, resulting in an increase in the electrical resistivity. Pressure
has the opposite effect, in that it reduces the interatomic spacing and the atomic vibrational
amplitude, resulting in diminished scattering and resistivity. These antagonistic effects of
temperature and pressure onρGd(T , P ) combine to give the observed behaviour.

Also shown in figures 5(a)–(c) are theρ(1 atm, T ) data obtained by Binkele [15, 31],
Guentherodtet al [33] and Zinov’yevet al [53]. The low pressure curves of Ti maintain a
shape that is in very good agreement with the curve obtained by Binkele [15]. Above 22 kbar,
the resistivity–temperature curves change slope at relatively low temperatures (125–150◦C),
due to the start of the temperature run from the dhcp phase, followed by the transformation into
hcp. In figure 5(b), the electrical resistivity of Zr increases with temperature. The curves have a
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Figure 6. Temperature coefficients of electrical
resistivity against temperature for (a) Ti, (b) Zr and (c) Gd.

shape very similar to Binkele’s data at 1 atm, including the change in sign of the slope in the high
temperature region signalling the hcp→ bcc transformation. Our high pressure resistivity
values for Zr are somewhat higher that expected, considering the 1 atm room temperature
value. We speculate that this may be due to either an imperfect contact at the interface with the
electrodes, a thin oxide layer resulting from the rapid oxidation of Zr or a small contribution
from sample impurities. However, this difference in the resistivity value does not appear to
affect the variation of electrical resistivity with pressure and temperature. In figure 5(c), the
shape of the resistivity curves reflects the resistivity response of Gd as the sample ‘travels’
through different structural phase regions. Compared with Ti and Zr, there is a much larger
gap between the 1 atm starting point and the high pressure runs. This behaviour may be
explained by the fact that Gd is a much softer material, with a bulk modulusK, or inverse
compressibility, that is approximately one third the value ofK for Ti or Zr, as shown in table 1.
The initial run, at 11.4 kbar, parallels the curves obtained by Binkele [31], Guentherodtet al
[33] and Zinov’yevet al [53] at room pressure. Starting with the 16.7 kbar run, however, the
data deviate from the linear trend, changing to smaller slope at about 225◦C. With increasing
pressure, the change in slope can be observed at higher temperature values, suggesting the
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Figure 7. Isotherms of electrical resistivity against pressure for (a) Ti, (b) Zr and (c) Gd.

presence of a phase transformation with a positive slopingP–T boundary. The fact that the
high temperature part of these curves resembles the slope of the 1 atm curves suggests that
above 15–16 kbar the sample starts in the Sm-type phase and with temperature undergoes Sm
type→ hcp transformation. The 33.5 kbar isobar shows a second change in slope occurring
at about 625◦C. This means that, while the temperature increase at 33.5 kbar is reflecting a
Sm type→ dhcp phase transition at 325◦C, the 625◦C resistivity change suggests a structural
transformation from dhcp to hcp. Further increasing the pressure at 39.5 kbar, the shape of the
curve and the changes in slopes indicate the Sm type→ dhcp transformation at temperatures
under 450◦C, while re-entry into the hcp phase (or the bcc phase) is achieved above 900◦C.

The temperature coefficient of the resistivity (TCR),(d lnρ/dT )p, is plotted against
temperature in figure 6. The TCR was obtained by differentiating the curves shown in
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Figure 7. (Continued)

figures 5(a)–(c), using a 5◦C interval for the Ti and Zr continuous data, and a differentiation
interval of approximately five sampling intervals for the discrete Gd data. The effect of
temperature on the TCR of Ti, shown in figure 6(a), is effectively independent of pressure.
The fluctuations in TCR values between 50 and 150◦C are a result of the small differentiation
interval used for TCR derivation. In figure 6(b) the TCR of Zr in the hcp phase decreases
with temperature and is also independent of pressure. The curve has a slightly smaller slope
than that of Ti. The transformation into the high temperature bcc phase is reflected by the
sudden drop in the TCR above 700◦C. The temperature of the drop in TCR decreases with
increasing pressure, reflecting the negativeP–T slope of the hcp→ bcc transition. The
anomalous change in slope observed for all pressures at∼400◦C has not been observed in
other studies. We speculate that the Zr sample is a 100% hcp phase only above 400◦C, while
at lower temperatures, a small amount of dhcp is still present.

The TCR for polycrystalline Gd is shown in figure 6(c). The curves are much more
scattered compared with Ti and Zr, but overall the fluctuations are on a smaller scale. The
undulating trend of the data is mainly due to the presence of two and even three different
phases at low temperatures and relatively low pressures. However, for the region of the curves
corresponding to the hcp phase, the trend is a steady and almost linear decrease in temperature
coefficient with increasing temperature.

The electrical resistivity data is presented against pressure along isotherms in
figures 7(a)–(c). The interval between isotherms is 50◦C. The trend of resistivity decrease
with pressure resembles theρ(22◦C, P ) curves shown in figures 4(a)–(c). In the highest
pressure region of the three diagrams, the same steady decrease with pressure is observed. The
slopes of the isotherms, PCR, were calculated for the entireP ranges shown in figure 7 and are
plotted against temperature, for each metal, in figures 8(a)–(c). For Ti, the PCR increases with
temperature below 150◦C, indicating the presence of a mixed hcp + dhcp phase. At higher
temperature, in the hcp phase only, the pressure coefficient has an almost linear decrease
with temperature. Above 600◦C the effect of temperature on the PCR disappears. Shown in
figures 8(b) and (c) are the PCRs of Zr and Gd. The increase in the PCR of Zr between 375
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Figure 8. Pressure coefficients of resistivity against
temperature for (a) Ti, (b) Zr and (c) Gd.

and 425◦C can be easily identified with the anomaly observed at the same temperature in the
TCR plot, figure 6(b). However, the slope of the PCR againstT up to 375◦C and from 425
to 725◦C is almost identical, indicating the presence of a dominant hcp phase. The sudden
decrease in PCR above 725◦C is due to the high temperature hcp→ bcc transformation.
The PCR of Gd can be considered as being constructed from three different segments. At
low temperatures, a mixed region of hcp and Sm-type phases is characterized by an increase
in PCR with temperature, with downward concave shape. Above 250◦C, the phase ‘budget’
changes in favour of a combination of hcp and dhcp phases, with an upward concavity. At
temperatures higher than 500◦C, the decrease in PCR with increasing temperature is very
similar to the trends observed in the hcp phase regions of Ti and Zr, indicating the dominant
presence of the hcp phase.

By combining the temperature dependence of resistivity and PCR, and the temperature
dependence of resistivity and TCR, it is possible to identify boundaries between regions of
the phase diagrams of Ti, Zr and Gd. Shown in figures 9(a)–(c) are the phase transformation
boundaries studied for each metal. For Ti, the small changes in the slopes of the isobaric
curves in figure 5(a) indicate that the hcp→ dhcp transformation occurs at pressures above
20 kbar. The 5◦C kbar−1 slope of the boundary obtained in this study and shown in figure 9(a)
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Figure 9. P–T phase diagrams for (a) Ti, (b) Zr and
(c) Gd.

is smaller than the 9◦C kbar−1 slope of the phase boundary (solid line) generally given in
the literature [13, 39]. This result does encourage one to regard this curve as the start of the
transformation, with the right hand side of the boundary being a mixture of the two phases.

The hcp→ bcc high temperature phase transformation in Zr is shown in figure 9(b). The
complete transformation of hcp into bcc (solid squares) and the complete reverse transformation
from bcc into the hcp phase (open squares) bracket the equilibrium phase boundary. We chose
the mid-point between the two complete transitions as the equilibrium phase boundary, as
shown by the solid line. This extrapolation of the hcp→ bcc equilibrium boundary determined
in this study is in excellent agreement with Binkele’s 1 atm value of the bcc transition [15].

For Gd, the phase boundaries constructed using the slope changes in figure 5(c) are
more complex. Some of the isobaric runs contain two changes in curvature which are
interpreted as a second phase boundary. Figure 9(c) was obtained by mapping out both
sets of pressure–temperature coordinates, corresponding to the first and second changes in
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slopes. The result can be interpreted as a transformation from hcp into the Sm-type phase
observed at pressures as low as 12–15 kbar, which is much earlier than the 30 kbar pressure
value predicted by the current phase diagram. This result confirms some of the more recent
experimental values from the literature [40], which attest to the presence of Gd in an Sm-
type phase at 15 kbar at 22◦C. It can be observed that at about 27–28 kbar there is a change
in curvature of the constructed phase boundary (solid squares and continuous line curve in
figure 9(c)). This change occurs simultaneously with the occurrence of a second set of data,
reflecting the existence of a second phase boundary (open triangles and dotted line). One
can attribute this second region at higher temperatures and higher pressures to the dhcp phase
of Gd. We also speculate that the phase transformation occurring above 40 kbar and 950◦C
is from dhcp into either hcp or bcc. The solid triangle placed at the bottom of the diagram
corresponds to the well observed transition at 20 kbar in the room temperature run shown in
figure 4(c). It was previously proposed that a variation in electrical resistivity between 21.5
and 26.7 kbar is associated with the change from a ferro- to paramagnetic state occurring
simultaneously with the structural phase transformation from hcp into the Sm-type phase, due
to the effect of changes in interatomic distance on the magnetic behaviour [52]. We consider
our result at 20 kbar (solid triangle in figure 9(c)) to be in good agreement with these previous
observations. We interpret the changes in electrical resistivity of Gd in the 11–26 kbar pressure
interval (open squares in figure 9(c)) as being the result of a second order magnetic effect, and
less likely a structural transformation. The curvature ofρ(T , P ) in figure 5(c) is similar to the
one obtained by plotting the temperature dependence of the magnetic spin component of the
electrical resistivity of Gd calculated for 1 atm [54].

4. Conclusions

New experimental data have been obtained for the pressure and temperature effects on electrical
resistivity of pure Ti, Zr and Gd metals. The electrical resistivity of all three transition metals
increases with temperature increase and decreases with pressure increase. The separate effects
of both pressure and temperature were determined by calculating the pressure and temperature
coefficients. The temperature coefficient–temperature diagrams of all three metals suggest
that in the hcp phase the temperature effect on resistivity is independent of pressure. The
pressure coefficients of resistivity decrease with increasing temperature in the hcp region. In
addition, plots of these coefficients have brought additional information regarding the phase
transitions from the hcp into the neighbouring phases. The resistivity changes corresponding
to the hcp→ dhcp transition of Ti and the hcp→ bcc transformation of Zr are in good
agreement with previous experimental data. New information has been obtained for the Gd
phase transitions between 10 and 50 kbar and at temperatures up to 950◦C.
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