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New high temperature furnace for structure refinement by powder
diffraction in controlled atmospheres using synchrotron radiation
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A low thermal gradient furnace design is described which utilizes Debeye–Scherrer geometry for
performing high temperature x-ray powder diffraction with synchrotron radiation at medium and
high energies~35–100 keV!. The furnace has a maximum operating temperature of 1800 K with a
variety of atmospheres including oxidizing, inert, and reducing. The capability for sample rotation,
to ensure powder averaging, has been built into the design without compromising thermal stability
or atmosphere control. The ability to perform high-resolution Rietveld refinement on data obtained
at high temperatures has been demonstrated, and data collected on standard Al2O3 powder is
presented. Time-resolved data on the orthorhombic to rhombohedral solid state phase
transformation of SrCO3 is demonstrated using image plates. Rietveld refinable spectra, collected in
as little as 8 s, opens the possibility of performing time-resolved structural refinements of phase
transformations. ©1999 American Institute of Physics.@S0034-6748~99!00309-3#
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I. INTRODUCTION

Synchrotron radiation has been shown to be an exce
source for high-resolution powder diffraction studies.
number of such studies have shown that reliable struct
parameters can be extracted from synchrotron data utiliz
Rietveld refinement programs.1–5 Most high temperature
powder diffraction studies have focused primarily on qua
tative phase analysis. Over the years, a number of high t
perature diffractometer designs have been reported in
literature.6–9 None of these designs, however, allow f
sample rotation while maintaining a controlled atmosph
and low thermal gradient across the sample, a requirem
that is critical for studying how processing parameters aff
high temperature phase transformations and structures.
ability to accurately reproduce a variety of processing c
ditions is necessary in order to assure a reliable correla
between the high temperature diffraction data and the ph
equilibria region of interest. Indeed, most high temperat
diffraction designs produce a highly artificial sample en
ronment which is often not representative of the actual p
cessing conditions of interest. This is primarily due to t
commonly used strip heater design which has been car
over from its use with conventional tube or rotating ano
sources. The nonuniform heating geometry of this des
produces significant thermal gradients both laterally and l
gitudinally across the sample. Additionally, the strip hea
3550034-6748/99/70(9)/3554/8/$15.00
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design does not allow for an easy method of introduc
sample rotation, which is critical for achieving powder ave
aging and quantitative structure factor data.

Thermal expansion of the sample and substrate is al
source of error. In the flat plate, Bragg–Brentano geomet
number of geometrical aberrations are introduced as
sample surface deviates from the focusing plane. Ther
expansion during heating will continually shift the samp
surface height. This must often be adjusted during the cou
of sequential data sets, complicating later analysis. For
reason, Debeye–Scherrer geometry is preferred for high t
perature powder diffraction. With conventional x-ray sourc
this was often not practical, due primarily to absorption co
siderations. The use of high energy x-rays from synchrot
sources alleviates this problem and allows for a considera
more robust furnace design. In addition, Debye–Scherrer
ometry allows for a more natural introduction of sample r
tation into the furnace design.

In constructing a furnace for high-resolution diffractio
there are three primary design goals;~i! due to the logistics
of synchrotron work, it is necessary for the furnace to
compact and portable. It must be easily and quickly moun
and aligned on a standard four circle goniometer.~ii ! The
sample environment must be well controlled and flexib
Thermal gradients must be minimized, and a wide range
temperatures and atmospheres should be achievable. Th
nace should also be designed to mimic actual proces
conditions that are routinely used in materials preparati
4 © 1999 American Institute of Physics
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3555Rev. Sci. Instrum., Vol. 70, No. 9, September 1999 High temperature furnace
~iii ! Any sources of error that affect proper structure fac
determinations must be addressed to allow for structura
finement. In practice, it is found that incomplete powder a
eraging is the primary source of error due to the extrem
low angular divergence achievable with synchrotron bea
lines. As a result, sample rotation must be designed into
furnace in such a way as to not compromise thermal stab
or atmosphere control. With these design goals in mind,
attempt has been made to address the experimental is
involved in developing a reliable system for performin
high-resolution, Rietveld quality, high temperature powd
diffraction.

II. FURNACE DESIGN

The furnace design consists of three basic units; the
nace, an outer frame for mounting and position adjustm
and a magnetically coupled rotating sample mount wh
attaches to one end of the tube furnace. A schematic of
basic furnace without the sample rotation attachmen
shown in Fig. 1. The furnace is composed of Pt/Pt-10%
wire wound onto an Al2O3 tube. A BeO tube fits inside the
Al2O3 tube and acts as the sample chamber. BeO was ch
for a number of reasons. First, it has a high melting po
~2530 °C!, low thermal expansion, and good chemical stab
ity, allowing it to be used in a large range of sample en
ronments~up to 1800 K in oxidizing, inert, or reducing a
mospheres!. Second, its low absorption at high x-ra
energies provides for uniform thermal insulation surround
the sample without excessive intensity loss. A control th
mocouple placed inside the BeO tube is used to measure
temperature while the set point and ramp rate is remo
controlled with a Eurotherm 808 digital controller. An add
tional cylindrical layer of alumina-silica~Zircar SALI! insu-

FIG. 1. Schematic of the high temperature furnace design.
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lation surrounds the furnace core, and this in turn is c
tained in a stainless steel can to complete the basic furn
A 3 mm diameter hole, to pass the incident beam, and
mm wide slot, which passes scattered x rays at angles f
0° to 90° 2u, have been cut in the Al2O3 tube, SALI insula-
tion, and stainless steel sleeve so that the BeO tube is
only attenuating material through which the x rays pass. T
furnace has been designed as a scaled down version of
dard tube furnaces which are routinely used in many rese
laboratories in order to mimic actual processing enviro
ments as closely as possible.

The furnace is set inside an aluminum frame with
spring loaded end ring which has been designed to snap
ily onto the chi-circle of a standard Huber four circle gon
ometer, where it is then secured using the standard moun
holes. The furnace is adjustable within this frame in thex, y,
andz directions to allow proper alignment with the diffrac
tometer and beam axes. Symmetrically placed spring loa
pins assure that the sample tube position remains cent
during thermal expansion of the furnace assembly. Wa
cooled fittings with O-ring seals are attached to either end
the furnace to provide attachments to thermocouple lea
vacuum and gas lines, and the rotating sample holder.
pending upon the particular sample, furnace atmosphere,
temperature range of interest, a variety of sample tubes
be used including quartz, MgO, Al2O3, and BN. The low
absorption of high energy x rays offers greater flexibility
choosing sample holders while still maintaining good sam
to holder signal ratios.

Sample rotation is achieved by magnetically coupli
the sample holder shaft to a rotating motor shaft. This i
lates the drive motor from the sample space and avoids
possible compromise of the atmosphere integrity. A rotat
motor shaft seal can easily produce small leaks which wo
be unacceptable for oxygen sensitive materials, while p
ing a motor within the sealed sample space could prod
potential outgassing problems. A schematic of the assem
is shown in Fig. 2. Two sets of four14 in. diameter SmCo5
magnets are used for the coupling. The sample can be e
rotated continuously or rocked about some angular range
maximum rotation speed of 1000 revolutions per minute
possible.

III. ATMOSPHERE CONTROL

A Sierra Instruments electronic flow controller was us
for gas mixing and flow rate control. Using a divided g
flow, typical flow rates through the furnace ranged from 0
to 5 cm per minute. The oxygen partial pressure of the en
ronment can be easily controlled for PO2 sensitive samples
such as high temperature oxide superconductors. For hi
oxidizing materials, the furnace seals were checked wit
helium leak detector. Helium leakage was below the se
tivity of the detector (1026 mbarl /s). In this case, the oxy
gen content of the sample space is limited by the purity
the incoming gas. For extremely oxidizing materials, qua
tubes containing sample powder and gettering material
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3556 Rev. Sci. Instrum., Vol. 70, No. 9, September 1999 Margulies et al.
be vacuum sealed. Such samples holders were found t
very effective for preventing oxidation as well as for conta
ing reactive liquids.

IV. TEMPERATURE CALIBRATION

The temperature calibration curve and gradient profile
the furnace were measured using a NIST traceableR-type
thermocouple which has been calibrated to60.1 °C. This
thermocouple was placed in the center of the sample pos
and its value recorded versus the control thermocouple va
This is shown in Fig. 3. Additional data points are given f
the solid state transformation temperatures of BaCO3 and
SrCO3 ~NBS temperature standards, GM-760! as observed
by in situ x-ray diffraction. Figure 4 shows the thermal gr
dient profile along the furnace tube axis at a series of te
peratures. The probed length of the sample is typically
tween 1 and 2 mm which corresponds to aDT of less than
1 °C across the illuminated sample length.

V. HIGH-RESOLUTION STEP SCANS

A. Diffraction geometry

Figure 5 shows a schematic of the optics used at the
line of CHESS for collecting data used in the structural
finements presented below. A Si~111! double-crystal mono-
chromator was tuned to an energy of 60 keV using a c
brated solid state detector. The beam size was 2 mm in
horizontal and 1 mm in the vertical giving an incident flux o

FIG. 2. Schematic of the magnetically coupled sample rotation attachm
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the sample of approximately 1011 photons per second. A
Si~111! analyzer crystal was used as an angular slit in fr
of a Na I detector. The analyzer and detector were scanne
the vertical scattering plane. The analyzer crystal was ne
sary to avoid resolution loss due to large sample diamet
and also minimizes sample displacement and fluoresce
effects.1 NBS standards were used to fit the wavelength a
2u zero offset. Standards run at the beginning and end of
beam time showed the beam energy to be stable to within67
eV. It was found that the 2u zero offset was very sensitive t
small misalignments of the analyzer crystal. Therefore,
analyzer crystal orientation was periodically checked by c
tering the crystal rocking curve on the direct beam. Sc
used for Rietveld refinement were typically done with st
sizes of 0.002° 2u and counting times of 0.5–0.85 s per da
point. The typical angular range recorded was 3°–15°u,
which corresponds to a range in reciprocal space of 1.6
Å21 for 60 keV x rays. This led to data collection times
approximately 1–2 h per scan. Scans taken with sam
rocking were set up so that the two theta arm motion w
coupled with the sample motor. The counting time for ea
step occurred over a 20° sample rotation at 4 rpm wh
alternated between clockwise and counterclockwise mo
with each 2u arm step.

FIG. 3. Temperature calibration curve as measured by an NIST trace
standard thermocouple andin situ observation of solid state phase transfo
mations of BaCO3 and SrCO3.

FIG. 4. Axial thermal gradient profile at sample position.

nt.
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B. Peak profile shape and resolution

Previous work done at room temperature on hig
resolution powder diffraction has demonstrated that diffr
tion peak shapes can be well described using a psuedov
function, which is a linear approximation to the convolutio
of Gaussian and Lorentzian functions.3 The functional form
gives the intensity as a function of displacement from
peak center~D2u!:

I ~D2u!5I 0$2h/G@114~D2u/G!2#2112~ ln 2/p!1/2

3~12h!/G exp@24 ln 2~D2u/G!2#%1I B ,

~1!

whereI 0 is the integrated intensity,G is the full width at half
maximum, h is the mixing parameter for determining th
Gaussian/Lorentzian contribution, andI B is the background
intensity.

Individual peaks were fit to this function using the lea
squares peak fitting program PeakFit from Jandel.10 Figure 6
shows a fit to the~111! reflection from an NBS CeO2 stan-
dard. The fit is quite good, and the peak shape is hig
symmetric even at this low angle~3.74°!. The CeO2 standard
should not exhibit significant sample broadening effects
therefore should give a fairly good indication of the instr
mental resolution of the experiment. It has been shown11 that
in a nondispersive geometry the instrumental resolut
function of a double-crystal monochromator and analy
crystal is given by

G~u!5$fv
2~2 tanu/tanuM2tanuA /tanuM21!2

1Gmin
2 %1/2, ~2!

wherefv is the vertical divergence of the incident beam,uM

anduA are the Bragg angles of the monochromator and a

FIG. 5. Schematic of the beamline optics and diffraction geometry.

FIG. 6. ~111! reflection from a CeO2 standard fit to a pseudovoight function
Downloaded 13 Nov 2001 to 164.54.85.15. Redistribution subject to A
-
-
ht

e

t

ly

d

n
r

a-

lyzer, respectively, andGmin is the natural darwin width of
the crystals. Figure 7 shows the variation of reflection wid
with scattering angle for the CeO2 standard. The solid line is
a least squares fit of the data to Eq.~2!.

C. Rietveld refinement

In Rietveld refinement, powder diffraction intensity da
is fit using a least-squares algorithm to a function of t
form:

Yi5Bi1sSuF~hkl!u2f~D2u!, ~3!

whereBi is the background intensity,s is a scale factor, the
summation is over the complete set of contributing refl
tions at each data point, andf~D2u! is the peak profile
function.12 A number of possible parameters can be fit whi
correspond to models of the sample structure and diffrac
geometry. Among the parameters fit in this experiment w
2u zero offset, x-ray wavelength, cell parameters, isotro
or anisotropic thermal parameters, variable atomic positio
background function, peak profile parameters, and a p
ferred orientation parameter. In addition, anomalous disp
sion corrections were entered based on tabulated values

FIG. 8. Rietveld refinement plot of CeO2 with residuals shown below. Re
gions containing peaks from the BeO furnace tube and MgO capillary t
were excluded from the refinement.

FIG. 7. CeO2 reflection widths fit to the instrumental resolution function.fv
is the vertical divergence of the white beam andGmin is the combined dar-
win width of the monochromator and analyzer crystals.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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refinements were performed using GSAS.13 Diffraction
peaks from the BeO furnace tube were excluded from
refinements. Due to the high resolution of this experime
overlap with sample peaks was minimal, and the BeO pe
could be removed with minimal loss of sample reflecti
data.

CeO2 ~NBS standard 674a! was used as a waveleng
and zero offset calibration standard by performing refi
ments with the cell parameter fixed at the NBS certifi
value. It was found that sample rotation was critical for su
cessful Rietveld fitting. Refinement of the data set collec
with a stationary sample was highly unstable and failed
converge. Data collected while rotating the sample about
per data point, though, successfully converged with
weighted residual of 10.56%. Figure 8 shows the refinem
plot with residuals of this CeO2 data set. The effect o
sample rotation can be directly appreciated by compa
CCD images of diffraction rings from stationary and rotati
samples~Fig. 9!. The stationary sample gives a highly no
uniform intensity along the diffraction ring, which is typica
of incomplete powder averaging. When the sample is
tated, though, the ring becomes uniform and the diffrac
intensities can be used to reliably model structural para
eters. It is clear that the lack of complete powder averag
in the case of the stationary sample introduced random er
into the structure factor measurements which preven
stable refinement.

In order to test the ability to refine variable atomic po
tions, especially at high temperatures, Al2O3 powder ~NBS
standard 674a! was examined at room temperature, 873
and 1473 K. Data were collected for a 2u range of 2.5°–
14.5°. Table I gives the refined parameters for these d
sets. The most striking disagreement between the refined
rameters and those reported previously in the literature i

FIG. 9. CCD image of Fe3Al powder ~a! taken with stationary sample an
~b! taken with sample rotation.
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the thermal parameter values. Thermal parameters are n
riously difficult to measure accurately using x-ray powd
diffraction data, since many of the systematic geometric a
sample aberrations that can be introduced into powder
fraction data can be approximated by exponential functi
which may be absorbed into the thermal parameter cor
tion terms. For the case of a cylindrical sample which
completely bathed in the incident beam, the absorption c
rection can easily be taken into account.14 For this experi-
ment, though, the vertical beam size was smaller than
sample diameter. In addition, slight precession during sam
rocking further complicates the situation. For these reaso
we were unable to adequately correct for absorption effe
This may explain the lack of agreement between various
periments and the nonphysical negative values refined
some of the oxygen thermal parameters. The fact that
thermal parameters do increase with temperature sugg
that at least qualitative trends in these values may be r
Smaller sample tube diameters are necessary to correc
this and to allow for quantitative thermal parameter deter
nation.

The refined atomic positions show much better agr
ment with single crystal data,15 and there are clear trend

when examining the high temperature structure. In theR3̄c
structure of Al2O3 there are two variable atomic position

Oxygen atoms are located at the position (x,0,14) and are
sixfold coordinated forming a distorted hexagonal clos
packed structure. Al atoms are located at the position (0,0z)
and occupy2

3 of the octahedral interstitial sites. The refine
O(x) and Al(z) parameters reveal subtle structural disto
tions with temperature. To our knowledge, there has b
only one other measurement of the high temperature vari
atomic positions in Al2O3. That study was performed on
gas-flame heated single crystal at 2170 K16 and the results
are consistent with the structural trends observed in our
finements. These structural changes can be understoo
terms of distortions in the bond distances within and betw
Al–O sixfold coordinated polyhedra. Figure 10 shows
schematic of the coordinated polyhedral structure. Two A6
octahedra share a common face which is perpendicular to
c axis. The Al~1!–Al~2! bond across this face is the neare
Al–Al distance in the structure. The Al atoms are displac
from the center of each AlO6 octahedron away from the
shared face and toward an empty interstitial site. This d
placement becomes more pronounced with increasing t
perature. This is clearly seen by examining changes in
TABLE I. Refined parameters for Al2O3 data sets. Single-crystal data were taken with MoKa radiation~Ref.
15!. The data from Coxet al. ~Ref. 3! were taken with synchrotron radiation on a 0.5 mm capillary.

Single crystal
~293 K!

Cox et al.
~293 K!

This study
~293 K!

This study
~873 K!

This study
~1473 K!

a ~Å! 4.75999~3! 4.7586~1! 4.75957~4! 4.77953~4! 4.80754~4!
c ~Å! 12.99481~7! 12.9897~1! 12.9926~3! 13.0551~3! 13.1383~3!
Al( z) 0.35219~1! 0.3518~1! 0.3528~1! 0.3531~1! 0.3533~1!
B~Al ! ~Å2! 0.26~1! 0.68~5! 0.54 0.86 1.42
O(x) 0.30633~5! 0.3082~6! 0.3066~5! 0.3070~5! 0.3071~5!
B~O! ~Å2! 0.28~1! 0.71~7! 20.26 0.16 0.42
Rwp 0.222 0.1300 0.1227 0.1209
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3559Rev. Sci. Instrum., Vol. 70, No. 9, September 1999 High temperature furnace
two independent Al–O bond lengths within each octa
dron. In Fig. 11 the fractional change in the Al~1!–O~2!/
Al ~1!–O~9! bond mismatch is shown normalized to the roo
temperature values. The two Al–O distances are clearly
verging with increasing temperature. In addition, change
the O atom site position tend to reduce distortions in
close-packed structure. The refined interatomic distances
bond angles are further summarized in Table II.

VI. TIME-RESOLVED IMAGE PLATE STUDY

Initial work on developing time-resolved high temper
ture diffraction was performed at the SRI-CAT 1-ID line
the Advanced Photon Source~APS!. A Si~111! double-
crystal monochromator was tuned to the Sm K absorp
edge~46.834 keV!. In order to achieve adequate time res
lution, the analyzer crystal was abandoned in favor of an a
detector. As a result, angular resolution is now limited
sample size. The practical consequence of this is a facto
4 loss in angular resolution. In addition, we are now cons
erably more sensitive to misalignments in sample position
well as to incoherent background scattering. With this low
resolution, overlap between sample peaks and peaks from
BeO furnace tube becomes a concern. For this reason

FIG. 10. Structure of Al2O3 viewed looking down the@110# direction.

FIG. 11. Fractional change in Al~1!–O~2!/Al ~1!–O~9! bond length mis-
match normalized to room temperature. The value at 2170 K is taken f
Ishizawaet al. ~Ref. 16!.
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amorphous silica tube was used instead of BeO. These ar
necessary compromises in order to achieve real time m
surements.

The detector configuration chosen for this initial expe
ment was a 20 cm325 cm Fuji image plate which wa
scanned across a 11

2 mm wide vertical slot. The time resolu
tion of the experiment is effectively controlled by the wid
of the slit and the scanning speed. For this run, we kept
slit size constant at 112 mm and varied the scanning ra
between 0.02 and 0.2 mm/s, which corresponded to a t
resolution of between 75 and 7.5 s. Measurements were t
cally taken at a constant heating rate so that a continu
temperature scale could be easily correlated with the im
plate scan. For this experiment, the sample to plate dista
was 70 cm which led to a collected angular range of 2°–
2u, and a resolution of 0.008° 2u per pixel given a scanned

FIG. 12. Image plate scan of the reversible orthorhombic to rhombohe
phase transformation on heating and cooling of SrCO3. The ramp rate was
10 °C/min for both heating and cooling. The full height of the image pl
corresponds to a 2Q range of 1.5° to 17.5°.

m

TABLE II. Interatomic distances~Å! and bond angles~°!.

293 K 873 K 1473 K

Al ~1!–Al~2! 2.672 2.692 2.715
Al ~1!–Al~3! 2.794 2.807 2.825
Al ~1!–Al~4! 3.210 3.220 3.236
Al ~1!–Al~5! 3.499 3.514 3.535
Al ~1!–O~2! 1.978 1.991 2.006
Al ~1!–O~9! 1.850 1.856 1.865
O~2!–O~6! 2.528 2.542 2.557
O~2!–O~7! 2.864 2.875 2.891
O~2!–O~8! 2.621 2.633 2.650
O~2!–O~9! 2.725 2.737 2.753

Al ~1!–O~2!–Al~2! 84.93 85.05 85.20
Al ~1!–O~6!–Al~3! 93.68 93.67 93.67
Al ~1!–O~9!–Al~4! 120.34 120.39 120.36
Al ~1!–O~2!–Al~5! 132.04 131.96 131.91
O~2!–Al~1!–O~6! 79.41 79.32 79.21
O~2!–Al~1!–O~9! 86.32 86.33 86.33
O~9!–Al~1!–O~3! 101.44 101.53 101.62
O~2!–Al~1!–O~3! 163.87 163.75 163.61
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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pixel size of 100mm3100mm. Figure 12 shows a complet
image plate scan taken during heating and cooling thro
the reversible solid state orthorhombic-rhombohedral ph
transformation of SrCO3. The outlined area has been plotte
as a three dimensional surface plot in Fig. 13. This p
clearly shows a narrow two-phase intermediate region. S
plots can be easily coupled with thermal analysis scans
lowing structural transformations to be correlated with th
mal events as observed in differential thermal analy
~DTA!, differential scanning calorimetry~DSC!, or thermo-
gravimetric analysis~TGA! measurements.

Data were collected on Al2O3 standard powder in orde
to test the potential for structural refinement with this tec
nique. A cut of the image plate which corresponded to a ti
exposure of 7.5 s was processed to correct for aberrat
due to the flat plate detector geometry. The processed
was then used for Rietveld refinement. Scattering from
amorphous silica furnace tube complicates the fitting, an
26-term radial distribution function was necessary to pr
erly model the background. The weighted residual of
final refinement was 6.87%~Fig. 14!. This lower residual as
compared to the high-resolution step scan refinements
not necessarily reflect a better structural fit, but rather is
dicative of the higher background contribution to the ima
plate pattern. Despite the larger background and lower re
lution, structural parameters could still be successfully
The Al(z) and O(x) variable atomic positions refined to va
ues of 0.3521 and 0.3064, respectively. These values a
close agreement with the single-crystal data presente
Table I. The ability to collect high temperature Rietveld r
fineable diffraction patterns with a time resolution on t
order of seconds opens up the possibility of observing su
structural changes during phase transformations. In part
lar, transient metastable structures may be observable in
intermediate stages of kinetic processes.

FIG. 13. Surface plot of the outlined phase transition region on heating f
Fig. 12.
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VII. DISCUSSION

This furnace design has proven to be robust and relia
in the development of high temperature structural refinem
techniques. The extremely low thermal gradients~,1 °C/
mm! across the probed sample length, as well as the ab
to control the sample atmosphere demonstrate the robus
of this design. In addition, the use of Debeye–Scherrer
ometry is well suited to incorporating sample spinnin
which we have found to be critical for powder averaging a
reliable structural modeling. The use of high energy x rays
transmission assures full bulk sampling of the mater
avoiding artifacts due to phase separation or surface effe
Coupled with area detectors, such as image plates or C
cameras, this furnace design can be used for time-reso
measurements. Initial work with an image plate detector s
tem has demonstrated that structural refinement with a t
resolution on the order of seconds is achievable. Furt
work on developing techniques for time-resolved structu
refinement ofin situ kinetic processes is currently underwa
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