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Changes in bulk crystallization behavior following devitrification at high pressure
are investigated for a Fe;3B135i9 composition metallie _glass using in-situ energy
dispersive x-ray powder diffraction. Crystallization with time was evaluated for a
series of measurements to a maximum pressure of 5.6330.15 GPa for the Fe;gB1351q
glass. Pressure was found to strongly affect onset bulk crystallization temperature
T,. Crystallization at each pressure wasfound to progress in two stages. In the
first stage a-Fe precipitates and in the secend Fes B forms while a-Fe continues to

crystallize. Complementary high pressurexoom temperature studies were conducted.
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Publishihg INTRODUCTION

o Metallic glasses demonstrate superior material properties and show great potential for
10 science and industrial applications'?, but require considerable cooling rates to form. Al-
u loys demonstrating a diminished critical cooling rate are often comprised of uncommon or
12 expensive elemental compositions, such as those composed of palladinm or rare earth el-
13 ements as principal constituents or are intrinsically brittle showing inadequate plasticity
11 and demonstrating poor fracture strength limiting potential viable application® or lack work
15 hardening ability further limiting potential longevity of metallic._glass components?. Some
16 of these weakness can be improved by developing composites made by introducing intrinsic
17 particulate to the melt prior to casting, crystallized fronmthe source material during casting

I°5. The present study explores the

18 or by devitrifying and partially crystallizing the materia
16 role of pressure in the devitrification and crystallization of a monolithic metallic glass and
20 may be useful in creating nano-composites where pressure is utilized as an additional control

2 parameter in heating a partial crystallizing. the glass®7.

»  Packing density of an amorphous phasé is'generally linked to glass forming ability®*°, but
23 correlation between density and glass forming ability has not been extensively demonstrated

11,12

2 experimentally' 2. Understanding kinetics of bulk crystallization of metallic glasses is of

1’13’14, overcoming weaknesses

25 principal importance in inderstanding metallic glass formation
2 and important for the formation of precipitant type nano-composites'®. High pressure stud-
27 ies of metallic glagses‘may offer insight in to the role of density in glass transition behavior
2 and glass forming ability. Additionally, glass behavior during devitrification near or around
20 the glass transition involves sluggish bulk crystallization kinetics permitting a detailed study
2 of material properties and bulk crystallization behavior on a laboratory time scale!6'7. Fi-
a1 nally, /high presstire die casting may be an important tool for the manufacture of metallic

18,19

3 glass cemponents . The described work illustrates properties of metallic glasses which

33 could limit the applicability of high pressure die casting when used on similar alloys.

a_ ~Ambient pressure devitrification and bulk crystallization kinetics studies of various Fe-Si-
s B'composition metallic glasses summarized by Illekova et al.?® demonstrate Fe-Si-B metallic
3 glass system generally exhibit a two stage bulk crystallization following devitrification and
s higher onset bulk crystallization temperature T} is observed with higher percentage boron
ss and a smaller temperature separation of the two stages. The effect of increased pressure

3 on bulk crystallization kinetics of glasses in general demonstrate an over all trend of in-
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Publishingz se in bulk onset crystallization temperature following devitrification with the excep-
s tion of a few notable examples of materials that exhibit negative pressure dependence of
2 T, for some range of pressure such as amorphous selenium or albite. Various composi-
13 tions of metallic glass have displayed a dip or a short lived negative pressure dependence
u (dT,/dP < 0) followed by a subsequent rise and return to positive pressure dependence
s (dT,/dP < 0) of the onset bulk crystallization temperature 7T,-as dependent on rise in
s pressure including ZryTi14Cu19.5 NiigBegs 52! with the dip eenterdd between 5.6 GPa and
7 6.5 GPa, AlggLagNi5*? with the minimum around one GPa. and e, Py CgAl; ByGay over
s the range 2.4 to 3.9 GPa. The two stage bulk crystallization was confirmed for the same
w0 FeqgB13Sig composition examined in this study at ‘ambient pressure separately by Tong
s et al.” and Bang et al.23. The present study examines the-effects of pressure on bulk onset
s1 crystallization temperature for a Fe;gB13S519 metallic glass composition at high pressure and

s2 high temperature.

53 II.  EXPERIMENT

s« The iron boron silicon compositionanetallic glass Fe;s B13S19 purchased through Good-
ss fellows was examined as representative of this class of metallic glasses. After devitrification
ss and bulk crystallization] simple ternary alloys have a distinct advantage of having fewer
sz end product phases diminishing ambiguity in crystallographic analysis. Additionally, the
ss Flerg B13Sig composition of metallic glass is extensively studied and characterized at ambi-

so ent pressure making F'e;g 513519 a logical choice for study at high pressure.

o0 A. HighPressure Ambient Temperature

s1 ~The sample was evaluated at high pressure and ambient temperature using in-situ an-
e gular dispersive x-ray diffraction and an image-plate area detector. The experiments were
e3 conducted at the Advanced Photon Source (APS) high pressure collaborative access team
o (HPcat) sector 16, Argonne National Laboratory (ANL) in Chicago®. Fit2D was used in
es integration of the image plate data and to correct for polarization and geometric factors®.
s High pressure x-ray structural measurements for Fe;g B13Sig were carried out at HPcat BM-
o D using a 0.424603 A wavelength incident beam with a sample to detector distance was 318

¢ mm. The incident beam cross-section was 24 pm vertical and 11 pm horizontal full width at

3
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PUbliShihfgi maximum. For the experiment two opposing 300 um diameter cutlets were used with
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a pre-indented spring steel gasket and a 80 um cylindrical sample cavity. Copper foil was
placed within the sample chamber as a pressure marker. Pressure was evaluated using the
Birch-Murnaghan equation of state?® of copper with the zero pressure ambient temperature
unit cell constant a = 3.6148 A, bulk modulus B, = 121.6 GPa and the first derivative B’
= 5.5832%". A series of spectra are taken to a maximum pressure0f65.0 GPa. An additional
series of measurements were taken without a pressure marker. Pressure was determined by
comparison of first amorphous peak position to the pressure.marker series. For FezgB13S'ig
no compression induced bulk crystallization was apparent.in the-amorphous profile to the

maximum pressure.

B. High Pressure High Temperature

High pressure high temperature structuralineasurements were performed at ANL APS
HPcat beam line 16BM-B synchrotron radiation source®®. Pressure was generated using a
Paris Edinburgh type large volume press with tungsten carbide conical anvils. The setup
includes a custom made heater gasket assembly described here?. For each run ten 1 x 1 mm
sections of metallic glass foil were stacked in the boron nitrate (BN) crucible. The BN
cylinder was surrounded/by the cylindrical graphite resistive heater. The cell gasket assembly
contains a magnesiun oxide (MgQO) internal pressure standard. Temperature was elevated
by increasing power supplied to the gasket heater. Structure was evaluated using an in-situ
100 x 100 um cross sectional area parallel white incident x-ray excitation beam with a 1-120
keV 4000 channel germamium x-ray radiation detector. The detector was set 15 degrees
from the‘dncident beam path. Power, voltage and current are recorded with time and stored
in an jexperiment meta file. Energy dispersive x-ray diffraction spectra were recorded at 20
second intervals and stored as independent files.

The methodology of the experiment was chosen to reflect constant heating rate differential
secanning calorimetry®. The setup was taken to elevated pressure prior to heating. Each
run was initially heated to 300°C as a common starting temperature. From 300°C power was
increased incrementally at a rate of one Watt every 80 seconds to the maximum temperature
for each run. To measure pressure, a series of MgO spectra are taken before the T, bulk
crystallization begins and then immediately after the bulk crystallization was complete and

the x-ray spectra show no the apparent further change. To measure MgO, the cell was

4
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PUbliS:hiin]g‘ ed with respect to the incident beam path until only the MgO x-ray profile was visible.
11 After measuring the trailing MgO spectra, the Paris Edinburgh cell was cooled to ambient
102 temperature and de-pressurized. A final spectrum of the devitrified fully crystallized sample
103 at ambient pressure and temperature was collected for structural evaluation. The final
14 Spectra was exposed for a 10 minute or greater collection time. A gingle implementation of

105 the described method is executed for each pressure.

L 550.C 0 1

Arbitrary Intensity

30 40 50 60
Energy (keV)

FIG. 1. Distinct phases of FergB13Sig at 0.57 + 0.21 GPa during devitrification are shown. The
temperature displayed is the middle of five averaged spectra. a-Fe peaks are indexed with circles.

For 550°C the tetragonal FeoB peaks are indicated with solid squares.

ws  Temperature was calculated using the cell pressure, power, voltage and current; for each

28,29

7 time in the experiment meta file*>=". The recorded time for each 20 second x-ray spectra

108 was used to determine temperature by interpolation from the meta file temperatures. An
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FIG. 2. Graph displays FergB13S%g after devitrification at 0.57 + 0.21 GPa. The listed JCPDS

361332 tetragonal FeoB peaks are-oyerlaid.

10 example of the datasets is shown in figure 3 with the interpolated temperature for each
o point. Pressure was“determined using the Mie-Gruneisen-Einstein approach for MgO as
1 derived by Komno et al.3! and for comparison using a version prepared by Dorogokupets et

1.32. The two scales are compared by Ye et al.?3. The x-axis for each spectra was converted

12 a
s from keV to 26.with a virtual wavelength of 0.1 A for analysis®. The unit cell volume for
s each. MgQ spectra was evaluated using the program CMPR?® and PowderCell*. Pressure
us wag assumed linear with respect to time from the range between the MgO measurements
s, preceding and following the bulk crystallization of the sample. The MgO spectra preceding
7 Ty were taken near 500°C for the two highest pressure Fe;gB13Sig9 spectra. The other MgO

1

=

us spectra preceding T}, in each run were taken at 450°C. The trailing MgO spectra was taken

jan

no after complete bulk crystallization and the x-ray spectra showed no the apparent further

jan

1

N

o change. In all runs the pressure change was less 0.1 GPa in the time between onset bulk

1 crystallization to completion.

N
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Publishihd: RESULTS

123 Fach phase observed through devitrification persists to ambient conditions. As observed
124 with ambient pressure devitrification studies bulk crystallization for each pressure occurs in
125 two stages. The first stable phase to precipitate in every run is identified as a-Fe or BCC
126 iron shown in figure 1. The a-Fe phase is observed as the first stable phase to precipitate

1720233740 For Si containing alloys,

127 under various conditions for Fe-based metallic glasses
1 the a-Fe phase is often cited as a-(Fe,Si) to indicate disordered fucorporation of silicon into
120 the BCC iron phase™?%4243 The a-Fe phase was indexed with.JCPDS database number
10 060696, Space group (229) I'm3m, with a lattice parameter a= 2.8664 A**. The second
w1 stage of bulk crystallization was identified as primarily-tetragonal FesB. The tetragonal
12 Fes B second phase was observed to precipitate for Fe-based metallic glasses under various
133 conditions?%23373974L43 * For the binary FegB system, Wang et al. observed that the most
13 stable end products are FeyB and a-Fe?? . The- tetragonal FeyB phase was indexed as
135 JCPDS database number 361332, Space group I4/mem (140), with lattice parameters a =
156 5.1103 A and b = 4.2494 A. Dependiug on pressure a minor phase appears in the second
w7 stage during bulk crystallization. ‘The second stage of bulk crystallization consists entirely
138 of tetragonal Fes B for Fesg B13Sig deyitrified at pressures 0.57+0.21 GPa, 1.77+0.12 GPa
1o and 5.63 + 0.15 GPa. A mixed second stage consisting of primarily tetragonal FesB and

1o a minority phase wag found in Fe;gB13Siy for devitrification pressures 0.65 + 0.20 GPa,

1 2.76 £ 20 GPa and 4.59=+ 0.09 GPa.

w2 Figure 2 shows the 0.57 4+ 0.21 G'Pa devitrification of the Fe;gB13Sig sample after the
w3 run is complete. / The peak intensities of the minority second phase are insufficient for
14 classification. « Figure 1 illustrates the various stages of bulk crystallization. Each EDXD
us pattern consists Of five 20 second spectra added together to increase resolution and decrease
us white noise. The temperature displayed is in the middle of five averaged spectra. At 443°C
7 the glassiwas well below the observed bulk crystallization temperature of 510°C and was still
1g amorphous. The 510°C pattern shows the a-Fe phase starting to grow from the amorphous
1o background. By 524°C the a-Fe phase was distinctly visible while the amorphous pattern
150 has diminished. At 550°C the second stage tetragonal Fe;B phase was visible and the

151 amorphous profile is no longer present in the pattern.

12 In each run the a-Fe phase x-ray peaks continue to increase in intensity while the second

153 phase x-ray peaks appear and the gain intensity. The intensity of the 200 a-Fe crystalline
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FIG:3. pressure 0.57+0.21 GPa Fey3B13Sig, (a) Temperature for the 20 second spectra. (b) The
peak intensity for the two phases during bulk crystallization. T, is the onset temperature for the
a-Fe phase. T,s is the onset temperature for the tetragonal FeaB. T” is the termination point for

the transformation. Error for temperature and time are within the markers for each graph.

154 peak was fitted to reflect bulk crystallization following devitrification in the first and second

8
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Publishi:ﬂ;gg e of bulk crystallization. The combined 202/310 peak for the tetragonal Fe; B phase
156 was fit to reflect progress of progress of bulk crystallization of Fes B in the second stage
157 of bulk crystallization. Both peaks are distinct separate from all other observed peaks
158 throughout the devitrification Figure 3 shows an example of a single bulk crystallization
10 profile of each sample at lowest pressure an is a representative cortelation of temperature,
10 time and bulk crystallization at one pressure for each samples The error bars represent
161 the standard error for the Gaussian function fit after polynemial background subtraction.
12 For each run, after bulk crystallization completes the peak height does not change to the
163 maximum temperature. In the Fe;gB13S5ig sample at each pressure the rate of increase
164 in peak height with time accelerates through the appearance of the second stage of bulk
165 crystallization. Figure 3 illustrates the calculated temperature for each point in the top
166 graph, with the absolute peak intensity of a~ke 200 peak and the 202/310 peak for the

167 tetragonal Fes B below. Table I lists the suminary of observed T, values for each pressure.

600

O
-y
-

Temperature (°C)

500 © T, FersBi3Sig

1 2 3 4 D §
Pressure (GPa)

FIG. 4. Crystallization onset T} for FergBi13Sig vs. pressure. The error is shown at each point in

black. Values and errors are in table I.
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Publishifg. DISCUSSION

o The crystal nucleation rate I, can be written!645

e (45

1o where 7 is the viscosity term, A, is a constant, kg is Boltzmann’s.constant and AG* is the

1 nucleation barrier for forming a spherical nucleus. The nucleation ‘barrier energy AG* can

172 be Written45v46 :

743

* 3
AGT = (PAV + Ag)? @)

173 where o is the inter-facial energy of the nucleus, AW change in volume from the liquid
s to crystalline form, and Ag is the Gibb’s free ‘energy. difference between the liquid and
175 crystal states. Lower pressures have little effect on the interface energy and Ag > PAV,

4748 Tncrease in

76 as a result pressure has minimal effect on the nucleation barrier energy
7 the onset bulk crystallization temperature-can be attributed to the effect of pressure on
178 diffusion activation energy within viscosity texm 1?4, Figure 4 displays T, with respect to
179 pressure and indicates a dip in bulk crystallization temperature 7, with a minimum between

180 0.63 £ 0.20 and 1.77 £ 0.12 GPa.

i1 V. CONCLUSIONS

1.2 For each pressure examinéd bulk crystallization proceeds in two stages in a similar proces-
183 sion to ambient pressuze studies. The general increase in onset bulk crystallization tempera-
180 ture Fegg Bi3Ste was attributed to increase in diffusion activation energy Q(7') with pressure.
185 An appareunt deviation of this trend is found for the first two data points indicating negative

186 pressure dependence of T, for this range.
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2.81 510 (3) 0.57 (21) 521 (2) 0.58 (22) 227 528 (2) 0.58 (23) 377 527 (2) 0.58 (23) 367
2.74 487 (3) 0.65 (20) 496 (3) 0.63 (21) 202 507 (2) 0.61 (23) 425 509 (2) 0.61 (23) 451
243 540 (4) 1.77 (12) 552 (4) 1.80 (13) 257 561 (2) 1.82 (14) A73 563 (3) 1.82 (14) 505
244 565 (2) 2.76 (09) 576 (2) 2.79 (10) 284 584 (2) 2.82 (10) 472 584 (2) 2.82 (10) 473
2.26 600 (4) 4.59 (09) 610 (2) 4.63 (09) 261 617 (2) 4.65(10) 1453 616 (2) 4.65 (10) 430
206 582 (3) 5.63 (15) 592 (3) 5.64 (16) 224 598 (2) 5.65+(16) 426 598 (2) 5.65 (16) 410

TABLE I. For each run, the heating rate (R), (7;1) the onset.bulk crystallization temperature for
the first stage a-Fe bulk crystallization, (P,1) pressure at the onset bulk crystallization temperature
T.1, Tr2 onset bulk crystallization temperature of the-second stage of bulk crystallization, (Py2)
pressure at the second stage onset bulk crystallizationtemperature T2, (t52) interval of time from
Ty1 to Tya, (T4;) the temperature at completion of the first stage a-Fe bulk crystallization, (P.;)
the pressure at completion of the first stage a=Fe bulk crystallization, (#.,) time from T, for
the completion of a-Fe bulk crystallization, (77,) the temperature at completion of the second
stage FeaB bulk crystallization, (P,,) the pressure at completion of the second stage FeaB bulk
crystallization, (t.,) the time at completion of the second stage FesB bulk crystallization from
T,1. The number in parenthesis represents uncertainties in the last digit. Times are rounded to

the nearest second. Rate svas reunded to the second digit.

113 DE-NA0001974 with partial instrumentation funding by NSF. The Advanced Photon Source
s is a U.S. Department of Energy (DOE) Office of Science User Facility operated for the
115 DOE Office %of Science by Argonne National Laboratory under Contract No. DE-AC02-
s 06CH11357.
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