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ABSTRACT

The intent of this study was to thermally characterize glass — covered
amorphous metal wires (GCAW) of compositions CogsFesNiiSiisBia,
Coss.2sFes328112.5B15, and Fer77.55175B15 and Fer9SigB12 amorphous ribbon,
using differential scanning calorimetry (DSC), modulated® differential
scanning calorimetry (MDSC®), and thermogravimetric analysis (TGA).

The crystallization temperature of the GCAW was found to increase
with additions of Co and Ni. The Curie temperature of FeSiB ribbon was
easily found by DSC, while it was not visible in GCAW, indicating that the
glass cladding acts as a barrier towards the detection of the Curie transition.
Generally, the heat capacities measured by traditional DSC were lower than
those determined by MDSC®. Neither instrumental parameters nor sample
contact had any significant influence on the heat capacities of a silicon wafer
measured with MDSC®. Additions of Co and Ni to the FeSiB composition
decreased the relative heat capacity of the GCAW. Unusually high heat
capacities were measured for the GCAW and typical glass fiber by both
MSDC and traditional DSC, while normal heat capacities were measured for
the amorphous ribbon and silicon. Experimental results suggest that this
anomaly may be due to a contact issue pertaining to the aspect ratio, but at
the present time it is otherwise unexplained.

Both saturation magnetization and Curie temperature decreased with
additions of Co and Ni. Two Curie temperatures were observed when the
GCAW was heated to a temperature much greater than the crystallization
temperature, the first corresponding to the amorphous metal and the second
corresponding to the crystalline metal. The Néel temperature was also

observed when the amorphous alloys were heated to ~800°C.
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A. INTRODUCTION

Amorphous metal wires and ribbons are not a new technology as they
have been commercially available since the early eighties.! Due to their
unique magnetic properties coupled with high strength, they were employed
in various types of sensors, including electric current sensors, security
sensors and mechanocardiogram sensors.23 Most of the sensor technology
relies on the Large Barkhausen Effect (a large vertical step in the magnetic
hysteresis loop), the Matteucci Effect (the generation of voltage when twisted
wire is placed in an alternating magnetic field), or the Inverse Wiedemann
Effect (a change in magnetic induction from applied torsion).45 Other sensors
are based on the magnetostrictive behavior of the wires, which is a
mechanical response to an applied magnetic field.6.7 The resurrection of glass
— covered amorphous metal wire (GCAW) technology by Chiriac et al. opened
up a new range of possible applications as a result of their small size.8?
These new wires offered better magnetic properties even at the reduced size
suggesting that the older technologies based on the “conventional”
amorphous wires could be miniaturized. In addition, new technologies that
rely on small or undetectable components, such as security devices, could be
based on the GCAW.

Until now, research on the GCAW has been heavily focused on the
magnetic behavior and, to a lesser extent, on the mechanical properties and
behavior. The objective of this work was to use various methods of thermal
analysis to further characterize three compositions of GCAW
(CossFesNi1Si15B14, Coss.osFes32S112.5B15, and Fer7.55175B15) and one type of
amorphous ribbon (Fe79B12Sis). The change in the behavior of the GCAW due
to temperature may provide insight to the operation limits of the wires and
expose other features that prove to be useful in new technologies.

Differential scanning calorimetry (DSC) was used to determine

crystallization temperatures, as well heat capacities and Curie temperatures.



A relatively new thermal analysis technique, modulated® differential
scanning calorimetry (MDSC®), was utilized to measure both heat capacity
and Curie temperature, in addition to the glass transition temperature.
Thermogravimetric analysis (TGA) was used to monitor the magnetic

behavior of the GCAW and amorphous ribbon as a function of temperature.



B. LITERATURE SURVEY

1. Differential Scanning Calorimetry

The differential scanning calorimeter (DSC) is an instrument that
monitors thermal events of a sample over a specific temperature range. Both
the sample and reference materials are typically placed in aluminum (or
platinum) sample pans, which are positioned on platforms within the DSC
cell. One furnace supplies the heat to each of the platforms and the
differential heat flow to the reference and sample is measured by
thermocouples.10 It should be noted that this is a “heat flux DSC” by TA
instruments, which must not be confused with the “power — compensated
DSC” by Perkin — Elmer Corporation that has separate furnaces for both the
sample and reference.!!

An exothermic reaction, such as crystallization, occurs when the
sample releases energy, while an endothermic event occurs when the sample
absorbs energy from the environment. Thus, during endothermic and
exothermic processes, the heat flow differential will change as a function of
temperature, until the event has ceased and the heat flow equilibrates
between the sample and reference.

In addition to the detection of thermal events that consist of structural
alterations, such as melting, glass transition and crystallization, the DSC can
also detect transitions that involve little or no structural variations.l A good
example of this is the Curie temperature, which is a typical lambda
transformation; “lambda” refers to the shape of the heat capacity versus
temperature curve. This temperature defines the point at which a
ferromagnetic material (parallel magnetic moments) changes to a
paramagnetic material (randomized magnetic moments). The heat capacity
or heat flow change for Curie transitions is generally very small compared to
a first order transformation, such as crystallization, since there are no

significant structural changes.



Liebermann et al. have used DSC to determine the influence of
annealing temperature on the Curie temperature in Fe7sSioB1s amorphous
ribbons.!2 The Curie temperature was found to increase from 397°C in the as
— cast ribbon to 418°C in the ribbon annealed at 460°C for two hours. There
was no evidence of a Curie temperature in the DSC thermal curve for
samples annealed at 470°C and 480°C, as these samples were already
partially crystallized. Zhukova et al. and Miguel et al. studied the relaxation
processes in FINEMET® type glass — coated microwires
(Fe71.5CuiNbs 1Si15B9.1) and FINEMET® type amorphous alloys
(Fer35CuiNbsSii55B7), respectively.1314 The Curie temperature was found to
increase with both annealing time and temperature, which was the expected
behavior. There was, however, the evolution of two Curie temperatures
below the crystallization temperature in both studies when the samples were
annealed at a temperature between 440°C and 540°C, which was attributed
to the decomposition of the amorphous phase prior to crystallization.
Changes in the Curie temperature were observed for even small structural
reorganizations due to various annealing schedules, thus proving these
measurements to be an effective approach to better under the relaxation and

crystallization processes in amorphous metals.

2. Modulated® Differential Scanning Calorimetry
Modulated® differential scanning calorimetry (MDSC®), a relatively
recent technology, was developed by Reading et al. in the early nineties when
it was found that more information could be gained from a single heat cycle if
the temperature was modulated with a “sinusoidal ripple.”t5 It is important
to note that MDSC® is merely an extension of the traditional “heat flux DSC,”
the only difference being what dictates heat flow. In traditional DSC, heat

flow is based on a linear rise in temperature, given by:



a9 _ . 4T
" =Cp = +1(t,T) (1)

where: Q = amount of heat evolved
Cp = heat capacity
T = absolute temperature
t = time
f(,T) = some function of time and temperature that governs the

kinetic response of any physical or chemical transformation

Due to the sinusoidal ripple, the temperature component of MDSC® is then
governed by both a frequency and amplitude, which can be seen in the

following equation:

T =bt+ B -sin(at) (2)

where: @ = frequency

heating rate

o]
Il

amplitude of temperature modulation

The original heat flow equation can then be represented as:16

dQ  dT ,
i [Cp+f'(t,T)]+f,T) (3

where:  f'(t,T)
f.T)

thermodynamic heat flow component

kinetically — limited heat flow

Thus total heat flow is influenced by both a heating rate dependent reaction

and one that is only controlled by absolute temperature. A reversing



reaction, which i1s a transition that can be repeated throughout heating and
cooling cycles, is dependent on the heating rate component. Examples of this
type of transition include heat capacity and glass transition (Ty). It should be
noted that the glass transition is also dependent on the frequency of
modulation. Transitions, such as relaxation and evaporation, are non —
reversing processes that are temperature dependent and cannot be reversed
once initiated. During data collection, a discrete Fourier transformation of
the total heat flow is performed, allowing the user to separate the reversing
and non — reversing components.1?” This proves to be extremely useful when
there are overlapping reactions in a material. Another benefit of MDSC® is
that it measures heat capacity directly, eliminating the need to calculate heat
capacity as described in ASTM Designation: E 1269 — 99.18 The calculation of
heat capacity by the instrument (also by a discrete Fourier transformation) is
based on the comparison of the measured amplitude of the sample
temperature and heat flow modulation to a reference sine wave of the same

frequency, which can be seen in the following equation:10

Qamp Mper
Cp=Kcp- : (4)
p @ T amp 272'

where: Cp = heat capacity
Kc, = heat capacity calibration constant
Qanp = heat flow amplitude
Tep = temperature amplitude
Myer = period of modulation

Recently, there have been a number of studies involving the analysis of
metallic glass, also termed amorphous metal alloys, with the modulated®

differential scanning calorimeter. The glass transition temperature of



metallic glasses is typically so close to the crystallization temperature that it
1s not detected when traditional DSC is used.

Marzo et al. studied the nanocrystallization of a FINEMET® alloy
having a composition of Fer3551135B9CuiNbs.19 The Curie temperature of the
as — cast glassy phase appeared as a small endothermic peak on the reversing
curve at 315°C. The onset of crystallization was observed at 519°C as an
exothermic peak on the non — reversing curve, while a slight drop in heat flow
was also noticed at this temperature on the reversing curve. The unknown
heat flow drop was determined to be the glass transition after they found that
it shifted to higher temperatures as the modulation period was decreased.
Thus by changing the frequency, a rate controlled process, such as the glass
transition, can be discerned from other features on the DSC curve.

The separation of the glass transition and crystallization by MDSC® of
several metallic glasses, including LassAlssNigo, ZnesMgss, NdsoFesoAlio, and
Zr30Y30Al15Ni25, has been studied in detail by Li et al.20 The only glass
transition found by traditional DSC was in LassAl25Ni2o where there was a
sufficient temperature separation between the Ty (196°C) and onset of
crystallization (246°C). The glass transition of the other glasses was only
detected by the MDSC® and could clearly be seen in the reversing heat flow
curve as the drop in the heat flow. The presence of a second Ty is also noted
for the ZnesMgss and ZrsoY30AlisNigs glasses. No other experiments, involving
the use of variable frequency, were performed to verify that the “clear step
change in heat flow” was actually from the glass transition. Thus it is
questionable as to whether or not these metallic glasses really do possess two

glass transition temperatures.

3. Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is typically used to determine the
amount of weight lost or gained by a material as a function of temperature.

In this instrument a sample and tare platinum pan are hung from a balance



arm that is kept in the “null” position by a transducer coil that monitors
current.2! The position of the beam is observed by an infrared light emitting
diode (LED) source and a matched photodiode pair, while a flag on the
balance arm controls the amount of light incident on the photodiodes. As the
weight of the sample changes with temperature, an electrical current is used
to maintain the balance, which is directly proportional to the weight change
in the material. Another application of the TGA is to determine Curie
temperatures in ferromagnetic materials, as described in ASTM Designation
E: 1582 — 93, which is actually a technique for temperature calibration of the
TGA.22 When the material is placed under a magnetic field, there is an
apparent weight gain as the magnet pulls the sample towards it. The weight
gain gradually decreases to zero percent as the ferromagnetic material
becomes paramagnetic at the Curie temperature since it no longer has a
permanent magnetic moment.

Luborsky et al. found this to be a suitable method for determining the
Curie transition in numerous Fe — B — Si amorphous alloys.23 The Curie
temperature was found to slightly increase as silicon replaced boron and a
rapid decrease in Curie temperature, as low as 221°C, was observed for high
iron contents up to ~88%. In another study also involving Fe — Si1 — B
amorphous ribbons, Leu et al. observed changes in the magnetic behavior as
the material passed through its crystallization temperature by monitoring
the apparent weight loss with the TGA.2¢ The Curie temperature was also
found to increase with increasing amounts of silicon, from 395.3°C for
Fegs.4S14.8B2.s to 421.7°C for Fegg5517.4Bs.1. Curie temperatures were also
determined with differential scanning calorimetry and correlated well with

those values found by TGA.

4. Glass — Covered Amorphous Metal Wire
A process for making glass — covered metal wire was first implemented

in 1924, when very fine wires were needed for thermocouples and resistance



thermometers.25> In this technique a glass tube was filled with metal, which
was then heated in a tube furnace and drawn with forceps. In order for this
process to work, it was necessary that the glass be chemically inert at high
temperatures with the metal and soften at a temperature between the
melting and boiling point of the metal. Wires with diameters as small as 1
um were produced and were found to have “greater tensile strength than
wires of ordinary size.” This technique is commonly referred to as the Taylor
method, which has become the basis for the production of amorphous glass —
covered wire.

A method for making glass — covered microwire was first patented by
Parkhachev in 1966, which was largely based on the Taylor method.26
After the glass — covered wire was drawn it was cooled both by air jet and
water, which immediately crystallized the molten metal. In 1974, the first
glass — coated amorphous metal wires were produced by Wiesner and
Schneider, who also used the Taylor method along with a rapid quenching
technique to generate the amorphous phases.2” The wires of composition
FessxP17Ex (E = Ga, Ge, As; x= 2, 4, 6, 8 at%) were drawn at a speed of 2 m/s
and had diameters between 10 and 20 pm. Previous rapid quenching
processes, such as the plasma jet, and piston and anvil techniques, only
formed amorphous alloys into powders and thin foils, approximately 20 — 75
pm thick.28

Masumoto et al. developed an in — rotating water quenching technique
for producing amorphous wires, in which an alloy melt is “ejected” through a
small quartz nozzle by argon gas into rotating water.29 The wire is actually
formed inside the rotating device, which is then passed through two magnetic
rollers and then wound on a spindle outside of the rotating device. They
found that both Fe and Co — based alloys, specifically Fe — Si — B and Co — Si
— B, were easily formed into a fine filament with an amorphous nature using
this process.30 Other compositions such as Fe — P — Si and Fe — C — Si did not

exhibit the excellent formability found in the previously mentioned alloys.



Although next to cobalt on the periodic table, the nickel based alloys, such as
Ni75S18B17, were found to form “spherical shots” when made by the in —
rotating water quenching. Aluminum, however, was determined to increase
the forming ability of this alloy so that an amorphous wire could be produced
when Ni7sSisB17Al; was used. Wires fabricated by this technique were sold
commercially by Unitika Ltd. for their outstanding magnetic, mechanical,
and chemical properties.

Another process for producing amorphous metal wires directly from
the melt, termed the glass — coated melt spinning technique, which is based
on the Taylor method, was used to fabricate the wires used in this study. The
glass — coated melt spinning method was almost forgotten due to the
effectiveness of the in — rotating water quenching method. Recently, Chiriac
et al. have resurrected this technology to fully investigate the unique
properties of these microwires.® In this process, an induction melter is
employed and as the metal drop becomes molten the glass begins to soften. A
uniform speed, between 0.5 and 7 mm/min, is used to draw a capillary, which
1s then rapidly cooled by a water jet to maintain the amorphous nature of the
metal wire. It is imperative that this process take place in a vacuum or inert
atmosphere to suppress the oxidation of the metal. Both the diameter of the
wire and glass thickness is controlled by the rotation speed of the receiving
drum. Some important factors in this technique include: softening
temperature of the glass, melting temperature of the metal, wetting
characteristics of the metal on the glass, chemical reactivity of the glass and
metal, and thermal expansion coefficient matching. The glass chosen for the
coating is typically a Pyrex® — type glass (borosilicate) or fused silica since
there are not many commercially available glass tubes whose composition is
compatible with the process. Wires with diameters between 3 and 25 pm
with glass thicknesses between 2 and 15 pm can be produced by this method,
even when using alloy compositions that have lower wire forming

capabilities.
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Amorphous metal wires are certainly not a new technology since they
have been commercially available since the mid — eighties. Magnetic sensors
and transformers have been developed due to the extremely unique magnetic
behavior of the wire.24 The amorphous wire used in these products was
made by the in — rotating water quenching technique and it has recently been
termed conventional wire by those involved with the glass — covered wires
(GCAW) formed by the glass — coated melt spinning technique.3! This new
type of amorphous wire can be made smaller and it has been found to have
superior magnetic properties than the conventional wire, making it an ideal
material for both older and new technologies based on amorphous wires.? A
few examples of the applications for GCAW include: magnetic tags for
surveillance purposes, stress sensors for vehicle tires, biomagnetic sensors,
current sensors, detection of soil movement and earthquakes, and pressure
sensors.32 Many of these sensors are based on the giant magneto —
impedance (GMI) effect, the large Barkhausen effect (LBE), and the

magnetostrictive behavior of the wires.5.6.9.31
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C. EXPERIMENTAL PROCEDURE

1. Sample Compositions

Three different compositions of glass — covered amorphous metal wire
(GCAW), CossFesNiiSiisBis, Coss.2sFea 3951125B15, and Fer75Si7.5B15, were
obtained from the National Institute of R&D for Technical Physics in Iasi,
Romania. The glass — covered amorphous wires were formed by the glass —
coated melt spinning method, using a Pyrex® — type glass composition.8 The
diameter of the whole wire (glass and metal wire) and the diameter of the
metal core are summarized in Table I. The amorphous ribbon used in this
study has a nominal composition of Fe79Si9B12 and was made by chill block

melt — spinning.33

Table I. Physical Dimensions of the GCAW

Metallic Core Total Diameter

Composition
Diameter (um) (um)
Fe7755175B15 23 42
Coes.2sFes.325112.5B15 25 39
CoesFeaNi1SiisBia 24 40

2. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to determine the
crystallization temperature of the GCAW and the FeSiB amorphous ribbon,
as well as the Curie temperature in some of the samples. The heat capacities
of the FeSiB wire and ribbon were measured with traditional DSC. Indium,
tin, and zinc metal standards were used to temperature calibrate the
instrument. Lengths of wire were cut into approximately 5 mm pieces and
between 6 — 8 mg of sample were placed in an aluminum sample pan. The
amorphous ribbon was cut into an approximate 3 X 3 mm piece, weighing ~ 3

— 4 mg. The reference for all runs was an empty aluminum sample pan.

12



Nitrogen flowed at a constant 50 mL/min to purge the DSC cell during each
heat cycle.

Crystallization temperatures were measured with a TA Instruments
Q10 DSC using a 20 K/min heating rate from room temperature to 600°C.
The onset of crystallization was then determined with the TA Universal
Analysis Software. All heat capacity measurements were done on a TA
Instruments Q100 DSC, using the same sample size mentioned above. The
procedure listed in ASTM Designation E 1269 — 99 was used to generate the
three DSC curves necessary for the heat capacity calculation, which include a
baseline (empty sample pan), a standard (sapphire), and lastly the sample.18
Samples were heated from room temperature to 400°C at 20 K/min with a
five minute hold at both the beginning and end of the heating cycle so that
the system could establish equilibrium.

The baseline, sapphire standard, and sample curves were plotted
together on one graph to calculate the heat capacity, as designated by the
ASTM standard (Figure 1). Using the known values of the sapphire heat
capacity also listed in the ASTM standard, which have an associated error of
0.05% in the 150 — 900 K range, the cell constant (E) was calculated for each

temperature using the following formula:34

E = b . Wst . Cpst

5
60 - Dy )

where: E calorimetric sensitivity of the DSC (ideally this equals 1)

Cps = specific heat capacity of the sapphire standard, J(gK)1

b = heating rate, K/min

D« = vertical displacement between the baseline and the
sapphire DSC thermal curves at a given temperature, mW ( Figure
1

W« = mass of sapphire standard, mg

13



Heat capacities were determined for the FeSiB wire and ribbon at 76.8°C,
126.8°C, 176.8°C, 226.8°C, 276.8°C, and 326.8°C. The cell constant, E, was
then used to calculate the heat capacity of the sample (Cps) using the

following equation:

60-E - Ds

Cps=—-—— (6)
LT
where: Cps = specific heat capacity of the specimen, J(gK)!
Ds = vertical displacement between the baseline and the sample

DSC thermal curve, mW (Figure 1)

Ws = mass of sample, mg
2
Baseline
0T A
= -2
\S/ Ds Dst
g 4
=
= -6 | Sample
iy
5 sl
= M
_10 |
-12
0 100 200 300 400
Temperature (°C)

Figure 1. Typical DSC curve overlay for the calculation of heat capacity.

Isothermal experiments were carried out using the TA Instruments
Q10 DSC. Samples were heated to various temperatures at or below the

crystallization temperature and held for an amount of time to allow

14



crystallization to occur. The temperature was calibrated using the melting
temperatures of In, Zn, and Sn metal standards. Between 6 — 8 mg of ~5 mm
pieces of GCAW were placed into an aluminum sample pan and an empty
aluminum pan was used as the reference for all heat cycles. Flowing

nitrogen at 50 mL/min was used to purge the DSC cell.

3. Modulated® Differential Scanning Calorimetry

Modulated differential scanning calorimetry (MDSC®) has been used to
determine the glass transition temperatures and heat capacities of all three
compositions of wire and the amorphous ribbon. All measurements were
performed on a TA Instruments Q100 DSC. A sapphire standard was used to
calibrate the heat capacity constant of the instrument and metal standards of
indium, tin and zinc were used to calibrate temperature. Between 6 — 8 mg
of ~5 mm pieces of GCAW and an approximate 3 X 3 mm piece of amorphous
ribbon weighing 3 — 4 mg were placed in an aluminum sample pan. An
empty aluminum sample pan was used as the reference. Depending on the
objective of the experiment, a 1 K/min, 3 K/min or 5 K/min heating rate was
used. Since modulation is dependent on frequency, both a period and
amplitude must be chosen for a conventional MDSC® heat cycle. Typical
periods used in this study were 60 s, 80 s, and 100 s, with amplitudes ranging
from 0.5°C to 3°C, once again depending on the objectives of the experiment.
The “default” MDSC® parameters mentioned throughout this work consist of
a 5°C/min heating rate, with a 1.000°C amplitude and 80 s period. Samples
were only heated to 400°C due instrumental constraints. Nitrogen flowing at
50 mL/min was used to purge the cell. In some cases the glass coating was
removed from the amorphous wires using a liquid nitrogen technique
developed by the author. The wires were put into a crucible filled with liquid
nitrogen and were allowed to sit for at most five minutes, refilling the

crucible when needed. Once the crucible warmed to room temperature,

15



acetone was used to rinse the wires onto a piece of paper where they were left
to air dry.

Although no standard is needed for modulated® DSC heat capacity
measurements, a silicon standard was used as a comparison throughout the
study. In this case the sample size was again between 6 — 8 mg with all other
instrumental parameters kept the same. The physical form of the standard,
however, was altered on some occasions, either fractured into small pieces or

ground into a powder with a mortar and pestle.

4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was used to determine the
magnetic the Curie temperature. A TA Instruments Q50 TGA was used for
all of these measurements. Approximately 1 mg of ~5 mm pieces of GCAW
were placed in a platinum sample pan for each heat cycles. An empty sample
pan was used as a reference for all heat cycles. All samples were heated to
500°C at 20 K/min. Certain samples were heated beyond this temperature
(as high as 800°C) to determine the magnetic behavior above the
crystallization temperature. At 60°C a magnet, provided by TA Instruments,
was placed underneath the TGA furnace until the end of the heat cycle, so
that the magnetic behavior could be observed. Flowing nitrogen at a rate of
60 mL/min was used to purge the sample chamber, while 40 mL/min was

used to purge the balance.
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I. MODULATED® DIFFERENTIAL SCANNING
CALORIMETRY OF GLASS — COVERED AMORPHOUS
METAL WIRES AND AMORPHOUS RIBBON

A. Experimental Procedure

The glass — covered amorphous metal wires used in this study, which
include CogsFesN11S115B14, Coss.2sFe4.325112.5B15, and Fer7.5517.5B15, were
obtained from the National Institute of Research and Development for
Technical Physics in Iasi, Romania. They are approximately 40 um in total
diameter with a metallic core of ~23 um and were formed by the glass —
coated melt spinning method, which is based on the Taylor method.825 A
scanning electron microscopy (SEM) image of the FeSiB wire can be seen in
Figure 2, in which the metallic core and glass cladding can clearly be
distinguished. It should be noted that the image is misleading as to the
shape of the wire due to the angle of image capture. Several other images
taken at different angles clearly show the circular shape of the wires. The
amorphous ribbon was formed by chill block melt — spinning and has a

nominal composition of Fer9B12S1g.33

L L
Mag:1620 kV:20 WD:23.0 10 um

Figure 2. SEM image of the fracture surface of a FeSiB GCAW (1620 X).
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The heat capacities of the FeSiB wire and ribbon, as well as a silicon
standard, were determined with a TA Instruments Q100 DSC using the
procedure stated in ASTM Designation: E 1269 — 99.18 A temperature
calibration was performed using the melting temperatures of In, Sn, and Zn
metal standards. Three heating curves, which included a baseline, sapphire
standard, and sample curve, were generated for each heat capacity
calculation using 20 K/min up to 400°C under a constant N2 purge at 50
mL/min.

Heat capacities of all three glass — covered amorphous metal wires and
amorphous ribbon were also determined with modulated® differential
scanning calorimetry (MDSC®) using a TA Instruments Q100 DSC. In
addition to the temperature calibration mentioned previously, a separate
heat capacity calibration was completed using a sapphire standard. The
“default” instrumental parameters used were a 5 K/min heating rate up to
400°C with a 1.000°C amplitude and an 80 s period. A constant N2 sample
purge at 50 mL/min was used to clear the DSC cell during each heat cycle. In
some cases, the glass covering was removed by placing the wires in liquid
nitrogen for at most 5 minutes, replenishing the liquid nitrogen when
necessary. When the crucible warmed to room temperature, acetone was
used to rinse the wires onto a piece of paper where they were left to air dry.
The heat capacity of the silicon standard was also determined using MDSC®.
To verify the influence of the instrumental parameters on heat capacity, one
of the “default” parameters was changed for each heat cycle while the other
two parameters were held constant. These other parameters include either a
1 K/min or 3 K/min heating rate, 0.5°C or 3.0°C amplitude, and a 60 s or 100
s period. Curie temperatures were also determined with MDSC® using the
“default” parameters. Heat capacities of the silicon were also determined
after altering the sample contact with the pan using the “default”
instrumental parameters mentioned above. The silicon wafer was either

crushed into small pieces or ground into a powder.
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Images of the fracture surface of the glass — covered amorphous metal
wire were taken using a Philips 515 SEM in secondary electron (SE) mode at

20 KeV with a 100 nm spot size.

B. Results and Discussion

The MDSC® and traditional DSC heat capacity results for a
semiconductor grade silicon wafer can be seen in Figure 3 and are listed in
Table II. Heat capacities obtained by the traditional DSC method are
somewhat lower than those measured by MDSC®, but the MDSC® values are
closer to the literature values. The reported literature values of heat
capacity, however, are still within the experimental error for both

techniques.35

Table II. Summary of Heat Capacities Determined by MDSC® and Traditional DSC

Heat Capacity J(gK)1

Temperature Traditional Modulated®
{0 DSC DSC
76.85 0.73+0.03 0.74+0.03 0.7577
126.85 0.76 £0.03 0.78+0.04 0.7883
226.85 0.80+0.04 0.84+0.03 0.8307
326.85 0.83+0.06 0.87+0.02 0.8599

Literature

To understand the nature of the differences between MDSC® and
traditional DSC, the experimental parameters were varied. The influence of
the instrumental parameters can be seen in Figure 4 and Table III. In
general, the heat capacities found by changing the period and amplitude from
the default conditions were lower than the literature values, while those heat
capacities generated with the 1 K/min and 3 K/min heating rate were higher.
The “default” instrumental parameters yielded the best heat capacity results

and were therefore used to measure all other heat capacities in the study.
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Sample geometry and therefore contact with the sample pan also had an
effect. The best results were obtained with the whole piece, followed by
crushed pieces, and then powder, when compared to the literature values, as
seen in Figure 5 and Table IV. The single piece of silicon had the most ideal
contact in that there was less room for air between the sample and the pan,
thus yielding the best results. When the sample was crushed into smaller
pieces and powder, the contact was less optimal and the heat capacities
deviated more from the literature values. Again, the reported literature

values were within the instrumental error for all three types of samples.

Table III. MDSC® Heat Capacities Determined by Varying Instrumental Parameters

Heat Capacity J(gK)1

Temperature _ Ramp Rate Ramp Rate
Q) Literature = Default R 3 Kmin
76.85 0.7577 0.74+0.03 0.78+0.01 0.77 +0.002
126.85 0.7883 0.78+0.03 0.80+0.01 0.81+0.005
226.85 0.8307 0.84 £ 0.03 0.78+0.007 0.86 + 0.002
326.85 0.8599  0.87+0.02 0.87+0.03 0.90+0.03
Temperature  Period Period Amplitude Amplitude
°C) 60 s 100 s 0.5°C 3.0°C

76.85 0.71+0.05 0.69 +0.004 0.69 = 0.001 0.68 + 0.005
126.85 0.76 £ 0.04 0.73 +0.005 0.73 +£0.002 0.72 + 0.003
226.85 0.81+0.05 0.78 +£0.002 0.80+0.005 0.78 £ 0.01
326.85 0.84+£0.05 0.83+0.01 0.85+0.004 0.81+0.01
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Table IV. MDSC® Heat Capacities Determined by Varying Surface Contact

Heat Capacity J(gK)!

Temperature ) )
Whole Piece Pieces Powder
0
76.85 0.73+£0.04 0.70+0.07 0.68+0.07
126.85 0.77+£0.04 0.75+0.07 0.72+0.07
226.85 0.82+0.03 0.82+0.08 0.79+0.06
326.85 0.87+0.02 0.93+0.09 0.88+0.04

Both traditional DSC and MDSC® were performed on the same FeSiB
GCAW, the results of which can be seen in Figure 6. In six heat cycles on the
same wire, there was almost no variation in the heat capacities determined
by MDSC®, however, a spread was present for heat capacities determined by
traditional DSC. It should be noted that the spread was not systematic.
Since heat capacity can be measured directly by MDSC® there is no need to
move the sample after each run or open the DSC cell. In the traditional DSC,
three curves are necessary for the calculation of heat capacity, so there is
repeated movement within the cell between each heat cycle, altering both cell
atmosphere and pan position on the platform. These changes may account
for some differences in heat capacity found by traditional DSC and it
therefore appears that MDSC® is a more efficient and consistent method for
measuring heat capacity.

The modulated® DSC results are again higher than those found by
traditional DSC. The heat capacity results are also repeatable up to as many
as 10 thermal cycles, indicating that there is not enough energy stored in the
wires due to the forming method to substantially alter the heat capacity after
repeated heat treatments. If there was excess energy, the heat capacity
would have changed due to the structural relaxation in the material during
the repeated heat cycles.

Throughout the course of the study it was noticed that there was a

significant variation in the heat capacities of the FeSiB wire as more wire
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Figure 6. Comparison of the MDSC® and traditional heat capacities of FeSiB GCAW.
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was consumed and tested. The spread is even more prominent when the
FeSiB and silicon heat capacities are plotted together as seen in Figure 7.
Non — uniform cooling could induce different fictive structures along the
length of the wire, therefore producing noticeable disparities in heat capacity.
In addition, deviations in glass thickness may also influence the heat
capacity of the wire, but this would most likely be a small effect compared to
the influence of structure.

Compared to silicon, the measured heat capacity of the FeSiB wire is
much higher on a per gram basis, ~0.7 J(gK)1 for silicon versus ~2 J(gK)1 for
the GCAW at 76.85°C. When calculated on a mole basis, the measured heat
capacity of FeSiB wire is 13 times the value of R (8.314 J(gK)1) at 76.85°C,
which approaches ~22R at 326.85°C. This is theoretically impossible since
lattice heat capacities of all solids reach a maximum value of 3R, where R =
8.314 J (mol K)1, at high temperatures.36

The same anomaly was also observed in the heat capacity results for
the CoFeSiB and CoFeNiSiB wires as seen in Figure 8. The heat capacities
of these GCAW are somewhat lower than those in the FeSiB wire due to
differences in electronic heat capacity contribution and thermal expansion,
but both are still much greater than the 3R limit. This behavior is seen in
the heat capacities determined by traditional DSC as well, although the
discrepancy is not as high (Figure 6). The traditional DSC heat capacity
results of the FeSiB amorphous ribbon are compared to the MDSC® heat
capacities of the GCAW in Figure 8. The amorphous ribbon heat capacities
are much lower and are below the 3R limit, indicating that the anomalous
heat capacity in the wires is likely due to their size and contact. Glass
removal further increased the heat capacity of all three of the wires, which
can be seen in Figure 9. To be certain that this behavior was not only present
in GCAW, MDSC® was also used to determine the heat capacity of typical
borosilicate glass fiber with the fiber diameter being much less than the

diameter of the GCAW. The heat capacity of the glass fiber was
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even higher than the heat capacity of the FeSiB wire (~3 J(gK) ! at 76.85°C),
proving this to be an anomaly in the heat capacity measurement of fiber —
like geometries. The measured heat capacity appears to increase with a
corresponding decrease in fiber diameter, as this was demonstrated when the
glass was removed, as well as when very small diameter glass fiber was
measured. When the glass fiber was ground into a powder, the heat capacity
was significantly decreased to values well below the 3R limit. The heat
capacity of the FeSiB wire was reduced when placed in alumina powder,
which suggests that the anomaly is a contact issue since the presence of the
alumina powder would promote enhanced heat flow. At the present time the
exact origin of the anomaly is unknown, however, there is experimental
evidence that indicates the unexpected behavior to be due to contact of fiber —
like geometries. It is possible that in the same way that fiberglass insulation
1s an effective thermal barrier; the presence of the high aspect ratio fiber
blocks the heat transfer in the sample pan. The reason for the consistently
high heat capacities measured by MDSC® is not known.

The Curie temperature of the FeSiB amorphous metal ribbon, which
occurs at 389°C, was also found using MDSC®, as seen in Figure 10. This
correlates well with the Curie temperatures found by traditional DSC and
TGA. A very small change in heat capacity (< 0.1 J(gK)1) is associated with
this transition and in some cases it is lost in the background of a traditional
DSC curve.ll Since MDSC® is quite sensitive and able to separate reversing
and non — reversing reactions from the total heat flow, the Curie transition
can be clearly observed on both the total heat flow curve and reversing heat
flow curve. Marzo et al. also used MDSC® to determine the Curie
temperature a FINEMET® type alloy of composition Fers5S1135BoCuiNbs.19
The transition was quite clear on the reversing heat flow curve and looked

very similar to the one found in this study.
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C. Conclusions

MDSC® has been shown to be an efficient and consistent method for
measuring heat capacity, compared to the traditional DSC technique,
provided an appropriate sample geometry is chosen. Altering instrumental
parameters, including heating rate, period, and amplitude, or sample surface
area did not have any adverse effects on the measured heat capacities of a
silicon standard. The heat capacities of the FeSiB wire show little variation
even after being subjected to 10 thermal cycles up to 400°C, indicating that
very little relaxation takes place within the wire. A spread in the heat
capacities of the various FeSiB wire sections heat capacities was observed
which may be due to structural differences along the length of wire. The
measured heat capacities of all three wires exceeded the 3R maximum, while
the heat capacity of the FeSiB amorphous ribbon stayed well below this limit
throughout the entire temperature range. Anomalous heat capacities were
also measured for typical borosilicate glass fiber and GCAW without the glass
cladding. Heat capacities of the glass fiber were lowered (<3R) when it was
ground into a powder. Lower heat capacities were also observed for the
FeSiB wire, when placed in alumina powder, suggesting an anomaly exists in
the heat capacity measurement of fiber — like geometries. The exact origin of
the unexpected behavior is otherwise unknown at this time. The Curie
temperature of the FeSiB amorphous ribbon was also found using MDSC® at
389°C and, since it is a reversing reaction, it can clearly be observed on the

total heat flow and reversing heat flow curves.
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II. THERMAL ANALYSIS OF GLASS — COVERED
AMORPHOUS METAL WIRE AND AMORPHOUS RIBBON

A. Experimental Procedure

The glass covered amorphous metal wires formed by the glass — coated
melt spinning method were obtained from the National Institute of Research
and Development for Technical Physics in Iasi, Romania. 825 Three
compositions were characterized, which include CossFesN1:1S115B14,
Coss.2sFes.328112.5B15, and Fe7755175B15. The amorphous metal ribbon has a
nominal composition of Fe79B12Sig and was formed by chill block melt —
spinning.33

Crystallization temperatures of the GCAW were determined with a TA
Instruments DSC Q10 Differential Scanning Calorimeter. The samples were
heated to 600°C at a rate of 20 K/min with a constant N2 sample purge. A
temperature calibration was performed by using the melting temperatures of
In, Sn, and Zn standards.

The three heating curves necessary for heat capacity calculation, as
stated in ASTM Designation: E 1269 — 99, were made using a TA
Instruments DSC Q100 Differential Scanning Calorimeter. The wires were
heated to 400°C at 20 K/min with a constant N2 sample purge. Additional
heat capacity measurements were made using modulated® differential
scanning calorimetry (MDSC®), which is an extension of the conventional
Q100 DSC by TA Instruments. The GCAW were heated to 400°C at 5 K/min
with an 80 s period and 1.0°C amplitude. No further calculations were
necessary as heat capacity is directly determined by the instrument. A
temperature calibration was performed using the melting temperatures of
the In, Sn and Zn metal standards. An additional heat capacity calibration

for the modulated® DSC was also completed using a sapphire standard. For
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those experiments involving only the bare wire, glass removal was
accomplished by putting the glass — covered wires in liquid nitrogen. The
wires are first cut into approximately 3 mm pieces and then placed in a dish
containing liquid nitrogen, which is replenished approximately three times.
Acetone was used to rinse the wires out of the dish and onto a piece of paper
where the wires can be collected. An attempt to find the glass transition was
also performed using the MDSC® with similar experimental parameters
listed above, except for an upper temperature of 550°C.

Isothermal experiments were performed using the TA Instruments
Q10 DSC. Samples were heated to various temperatures and held until
crystallization was completed. Some samples were heated to temperature at
20 K/min after the isothermal hold. Flowing nitrogen at 50 mL/min was used
to purge the DSC cell during each heat cycle. The temperature was
calibrated using the melting temperatures of In, Zn, and Sn metal standards.

Curie temperatures were determined with a TA Instruments Q50
TGA. Samples were heated to the peak temperature at 20K/min with a
constant Ny purge. At 60°C a bar magnet, supplied by TA Instruments, was
placed under the furnace to allow heating under a magnetic field, allowing

demagnetization to be observed as weight loss.

B. Results and Discussion

1. Differential Scanning Calorimetry
The crystallization temperatures (Tyx) of the CoFeNiSiB can be seen in
Table V. It should be noted that the FeSiB wire and ribbon possess two
overlapping crystallization peaks, as seen in Figure 11. The first peak
corresponds to the crystallization of o — (Fe, Si) while the second peak
corresponds to the boride phase, FesB.12 Bang and Lee performed a
crystallization study on Fe7sB13Si9g amorphous ribbon, which is very similar in

composition to the GCAW and ribbon used in this study.3” When the sample
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was heat treated at 450°C for 1 hour, two different crystal structures were
found to evolve (verified by XRD); solid solution o — (Fe,Si) and metastable
FesB. After heat treatment at 550°C for 1 hour, the metastable FesB
decomposed into stable FesB and o — (Fe,Si).

Table V. Crystallization Temperatures for the GCAW and Amorphous Ribbon

Composition Ty (°C)
Fe79S19B12 ribbon 502, 549
Fer7.5S17.5B1s5 541, 556
Coss.2sFe.3281125B15 546
CossFesNiiSiisBia 559

The addition of Co and Ni increase the onset of crystallization approximately
20°C above that of the FeSiB GCAW. These atoms inhibit atomic movement
raising the kinetic barrier for crystallization. The crystallization
temperatures of the FeSiB ribbon were slightly lower than for the FeSiB
wire. This may be due to composition, as there are slightly different amounts
of Si and B in the two materials. Surface crystallization may be another
cause, but since glass removal does not cause any shift in the crystallization
onset temperatures for any of the wires, it is doubtful that this would cause
the difference. Lastly, nuclei may be present in the ribbon that are absent in
the wires permitting crystallization at a lower temperature.

An interesting aspect of the DSC curve for the FeSiB ribbon is that the
Curie temperature is discernable (Figure 12). It is represented by a small
change in heat capacity at 389°C, the classic lambda transition, which is
approximately 0.1 J(gK)!. An endothermic reaction occurs just below the
Curie temperature as energy is being absorbed by the sample to induce
randomization of the magnetic dipoles.1l An exothermic event occurs directly
after the Curie temperature since no further energy is needed for

randomization. This transition is not found in the DSC curves for any of the
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Figure 11. DSC curve of the FeSiB GCAW denoting the two crystallization peaks.
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Figure 12. Comparison of the Curie temperature of FeSiB ribbon found by DSC and
TGA. Note: TGA measurement was taken under the influence of a magnetic field.
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glass — covered amorphous metal wires. If the glass covering is removed,
however, the Curie transition is visible in the FeSiB wire. DSC detects the
Curie temperature as a change in heat flow and due to the small amount of
energy associated with this transition, it is not perceived when the glass is
present. When the glass is removed, however, and the metal wire is in direct
contact with the sample pan, there is sufficient heat flow for the Curie
transition to be detected.

Heat capacities were measured by traditional DSC for the FeSiB wire
and ribbon from 76°C to 326°C at 50°C intervals and are listed in Table VI.
These were used as a comparison for heat capacities measured by MDSC®,
The heat capacities of each wire composition found by modulated® DSC are

also listed in Table VI.

Table VI. Summary of the Heat Capacities Found by MDSC® for the Amorphous Ribbon and
GCAW

Heat Capacity J(gK)1
76.85°C  126.85°C 176.85°C 226.85°C 276.85°C 326.85°C
FeSiB ribbon* 0.74 +0.03 0.80 + 0.04 0.85+ 0.04 0.87 = 0.05 0.89 = 0.05 0.93 +0.04
FeSiB wire* 2.10+0.12 2.18+0.12 2.25+0.12 2.30+0.12 2.37+0.13 2.42 +0.13
FeSiB wire 2.32+0.01 2.48 +0.01 2.59+0.01 2.67 +0.01 2.80 +0.01 2.92 +0.01
CoFeSiB wire 2.18 +0.04 2.30+0.06 2.39 +0.07 2.48 = 0.08 2.58 + 0.09 2.64 + 0.11
CoFeNiSiB wire 1.87 £ 0.01 1.96 £ 0.01 2.05+0.02 2.12+0.03 2.15+0.04 2.20 + 0.05

Note: A (¥) denotes those heat capacities determined by traditional DSC

Six successive runs were completed on the same FeSiB sample with both the
traditional and MDSC®. The range of heat capacities found by traditional
DSC is quite large, while those determined by MDSC® were relatively
constant (Figure 6). The influence of experimental parameters (heating rate,
period, and amplitude) on heat capacity of the same FeSiB sample was also
investigated using the MDSC®. One parameter was altered during each
measurement from the default parameter of a 5 K/min heating rate with an

80 s period and 1.0°C amplitude. These variations included a 0.5°C and

33



3.0°C amplitude, a 1 K/min and 3 K/min heat rate, and a 60 s and 100 s
period. It was found that heat capacity is insensitive to the experimental
parameters within experimental error.

Modulated® DSC was used to determine the heat capacities for the
CoFeSi1B and CoFeNiSiB wire, as it was demonstrated to be an accurate and
efficient method to find heat capacities of the amorphous wires. It is evident
that as Co and Ni are added to FeSiB the heat capacity decreases, which may
be due to the influence of the electronic heat capacity on the total heat
capacity; increasing the number of free electrons per unit volume will
increase the contribution of the electronic heat capacity, thus raising the total
heat capacity.3® Large differences in the phonon heat capacity are not
expected at these temperatures. The electronic heat capacity (Ce) for the
FeSiB ribbon was determined be 0.05 J(mol K) ! at 76.8°C from the following

two equations:39

Ez(h_J(ﬂj @)
2m )\ 87

where:  Er = Fermi energy

h = Planck’s constant (6.626 X 1034 kg-m2-s'1)
m = molecular weight
N = # of electrons/volume

Er

Co = (ZNAkZ TJ (8)

Avogadro’s number (6.022 x 1023 atoms/mole)

Boltzmann’s constant (1.38 x 1023 J/K)

where: Ny

T = temperature
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The Fermi energy calculation was based on two assumptions; the ribbon had
a density of 7.1 g/em3 and the iron provided 2 free electrons while the silicon
and boron provided none. By itself, iron has a Fermi energy of 11.1 eV, which
1s reduced to 9.2 eV in the amorphous ribbon, indicating that the presence of
boron and silicon decrease this energy.3® Compared to the measured heat
capacity of 38.7 J(mol K)'1 at 76.8°C, the electronic heat capacity has a
relatively small contribution. It is probable that the differences in electronic
heat capacity of the GCAW are due to differences in density, which would
influence the number of free electrons per unit volume. At this time,
however, the densities of the GCAW are unknown and no further calculations
could be made.

Interestingly, when comparing the heat capacity of the FeSiB ribbon to
the wire, the values seem abnormally high for all three of the wires as seen in
Figure 8. Investigation of this phenomenon revealed it to be a function of the
aspect ratio of the wire. An experiment on silicon demonstrated that a
powder or a bulk sample did not change the measured heat capacity beyond
experimental error. In fact, the powdered samples rendered lower heat
capacities than the bulk. This anomaly was found to occur in typical oxide
glass fiber as well. Samples of the glass fiber yielded even higher heat
capacities (~3.5 J(gK) 1 at 76.8°C) than the GCAW, but when powdered in
liquid nitrogen the heat capacities were lowered into the normal range (~0.8
J(gK)1at 76.8°C). The measured heat capacity of the GCAW was reduced
when placed in alumina powder. The anomalous behaviors are unexplained
as of yet, but the effect is consistent and reproducible for both the same
sample and among different samples.

An interesting phenomenon was found throughout this study dealing
with heat capacity as a function of the location of the wire on the spool. As
more measurements were performed, more wire was consumed on the spool
of GCAW, which was accompanied by a spread in heat capacity (Figure 7).

Since such a spread could result from inadequate sample contact with the
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pan, experiments were carried out on a silicon standard with different
contact areas, as the pan itself showed no effect. The contact of the silicon
standard with the sample pan was manipulated in several heat cycles and
there was not a substantial difference in heat capacity.

The spread in the heat capacity could result from structural differences
along the length of wire due to the processing technique. In the glass —
coated melt spinning method an ingot of the metal alloy is placed in a Pyrex®
— type glass tube, which is then heated by an induction coil. The molten
metal causes the glass to soften and a capillary is drawn, while rapidly cooled
by a water jet. Many variables in this process could induce structural
differences along the length of wire and it is clear that process control is vital
to the manufacturing of consistent wire. At this time there is insufficient
data to draw any conclusions regarding this possibility. Sato et al., however,
observed that a variation in the magnetic properties of Fe — based
amorphous alloys, including FeSiB compositions, along the ribbon length.40
They verified that the disparities were due to variations of the roller surface
temperature and ribbon thickness, which may also cause the heat capacity to
differ along the length of the ribbon.

The influence of the glass cladding removal on the heat capacity of the
wires was also studied. The measured heat capacity of both the CoFeSiB and
FeSiB wire increased when the glass was removed, as seen in Figure 9.
Pyrex® has a specific heat that is approximately two times that of a metal
alloy so it would be expected that there would be a decrease in the heat
capacity of the GCAW when the glass was removed.4! A decrease in fiber
diameter, however, was previously found to increase the measured heat
capacity and it is probable that the further increase in heat capacity of the
GCAW is due to this effect.

In an attempt to do heat capacity measurements on samples with the
same thermal history, a series of isothermal experiments was performed to

determine a suitable annealing temperature (Figure 13). The first

36



temperature chosen was 544°C, which coincides with the approximate
inflection point on the first exothermic peak of the FeSiB GCAW DSC curve.
The crystallization peak obtained at 544°C corresponds to the second
crystallization peak (FesB) in the FeSiB GCAW DSC curve. Crystallization of
FesB at 544°C is immediate due to the high temperature and the reliance of
this phase to nucleate on the already present o — (Fe,Si) phase, whose
crystallization was instantaneous at this temperature. As the temperature
was decreased to 534°C and lower, the evolution of another peak was
observed, which correlates to the crystallization of o — (Fe,Si). This peak is
visible at lower temperatures because more time is needed for the process to
occur. Crystallization was found to occur at temperatures as low as 514°C,
taking approximately 3 minutes to commence, suggesting that a practical
annealing temperature may not exist. The amount of time necessary for any
amount of relaxation to occur without crystallization would be far too long at
a temperature well below the glass transition.

Although the glass transition has been found for several amorphous
metal alloys, the Ty for all of the glass — covered amorphous metal wires and
ribbon could not readily be determined using either traditional DSC and
MDSC®,20.42,43 The crystallization temperature coincides with this transition

and the kinetics are far too rapid for it to be detected.

2. Thermogravimetric Analysis

A comparison of the Curie transitions for each of the glass — covered
amorphous metal wires can be seen in Figure 14. The Curie transition of
CoFeNiSiB (216°C) is more than 200°C lower than that of the base
composition, FeSiB (436°C), while the Curie temperature of CoFeSiB occurs
between these two at 322°C. Thus, the addition of both Co and N1 has a
substantial influence on this transition. In all ferromagnetic materials, a
magnetic interaction energy, or exchange energy exists, which is the amount

of energy needed to cause the magnetic moments in the material to align.44
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Figure 13. Isothermal study using the FeSiB GCAW at various annealing
temperatures. An inset of the crystallization curve for FeSiB GCAW is provided for
comparison.
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Figure 14. Comparison of the TGA curves for the FeSiB amorphous ribbon and the
GCAW with the Curie temperatures stated. Note: All measurements were taken
under the influence of a magnetic field.
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As the temperature is increased, this energy is eventually overcome by the
thermal energy at the Curie point, and the magnetic moments become
randomized. The stronger the interaction energy is between the magnetic
moments, the higher the Curie temperature. Therefore, as Co and Ni are
added to FeSiB, the exchange energy is reduced, and the magnetic moments
become unaligned at a lower temperature. The Curie temperature of the
FeSiB ribbon (389°C) is somewhat lower than that of the wire, and as seen in
Figure 12, it corresponds to the Curie temperature found by DSC. It is
probable that the difference between the Curie temperature of the FeSiB
GCAW and ribbon is due to the slight differences in iron and silicon content.
Curie temperatures are structure — insensitive and should not be influenced
by forming methods.45 Luborsky et al. found a number of Curie temperatures
in the Fe — Si — B system and determined that there is a rapid decrease in
regions of increased iron content (75 — 85 %).28 The replacement of boron by
silicon resulted in slight increases in Curie temperatures. The Curie
temperature of the FeSiB GCAW correlates very well to that found in the
study by Luborsky. The composition of the FeSiB amorphous ribbon,
however, was just outside the range studied and a comparison could not be
made.

The FeSiB wire and ribbon appear to have the highest saturation
magnetization since the weight had an apparent increase to ~220% when the
magnet was placed under the furnace. CoFeSiB (~140%) and CoFeNiSiB
(~102%) showed reduced effects. In order for a material to be ferromagnetic
1t must possess a net magnetic moment and as the magnitude of the magnetic
moment is increased so does the saturation magnetization.444¢ Iron, for
example, has four unpaired electrons and thus a net magnetic moment of 4ug
per atom, while cobalt has only 3ug per atom, followed by nickel with 2ug per
atom. As Co and Ni are added to FeSiB, the magnetic moment and therefore
saturation magnetization are decreased. Removing the glass from the wires

does not affect Curie temperature, but it does increase the saturation
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magnetization in the CoFeSiB and FeSiB GCAW, as the apparent weight
percent increased above the previously listed values for each. It must be
noted, however, that the total weight with the glass on includes the glass
whereas the total weight with the glass removed includes only the metal.
Thus, the weight percent change caused by the magnetization with the glass
off will naturally be larger.

When the FeSiB ribbon was crystallized at 500°C (first crystallization
peak), the Curie temperature of the metal shifted to 413°C, approximately
20°C higher than for the amorphous metal as seen in Figure 15. The
crystalline metal also had a slightly higher saturation magnetization than
the amorphous ribbon. Generally, the exchange energy in amorphous
materials is weaker than in the corresponding crystalline structure, so both
the Curie temperature and saturation magnetization would be lower.46 As
the ribbon was heated to 800°C, the wire passed through the first Curie
transition and at the onset of the o — (Fe, Si) crystallization there was a
slight increase (~110 weight %) in the saturation magnetization. Upon the
crystallization of FesB, there was a significant increase in the saturation
magnetization (~170 weight %) and the presence of a second Curie transition
at approximately 698°C as seen in Figure 16. Efthimiadis et al. studied the
crystallization of Fe7sSigB13 and Fe76S1sB1s amorphous ribbon through
magnetic measurements and found this same result in the Fe76S1sB16
ribbon.47 The magnetic behavior of the FersSi9B13 ribbon was slightly
different since the two — stage crystallization mechanism took place over a
much larger temperature range (~100°C). Two Curie transitions were also
clearly visible in the FeSiB wire. The same trend was seen in the CoFeSiB
wire, but the second Curie transition was barely detectable, as the saturation
magnetization was very low. If the samples heated to 800°C, specifically the
FeSiB wire and ribbon, are heated again, the Néel temperature is visible at
227°C, as seen in Figure 17. The Néel temperature is defined as the point at

which an antiferromagnetic material returns to the paramagnetic state.44 As
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Figure 15. Comparison of the TGA curves for amorphous and crystallized FeSiB
ribbon. Note: All measurements taken under the influence of a magnetic field.
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Figure 16. TGA curve of the FeSiB ribbon past the crystallization temperature
denoting the onset crystallization temperatures of a-Fe and FesB. Note:
Measurement taken under the influence of a magnetic field.
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these amorphous materials are heated to temperatures much greater than
their crystallization a temperature, an irreversible magnetic reorientation
occurs so that adjacent equal magnetic moments are antiparallel, leading to
antiferromagnetic behavior. When heated past the Néel temperature, there
1s enough energy in the system to induce randomization of the magnetic

moments and become paramagnetic.
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Figure 17. TGA curve of FeSiB GCAW showing the Néel temperature behavior.
Note: Measurement taken under the influence of a magnetic field.

D. Conclusions

The addition of Co and Ni to the FeSiB wire has a strong influence on
properties, such as crystallization temperature, heat capacity, Curie
temperature, and saturation magnetization. The crystallization temperature
increases as Co and Ni are added, since the presence of these atoms inhibits
movement necessary for crystallization to occur. Both saturation
magnetization and Curie temperature are decreased when these atoms are

increased. Materials with higher exchange energies have higher Curie
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temperatures and when Co and Ni are present, it takes less energy (lower
temperature) to overcome the exchange energy and randomize the electronic
spins. Saturation magnetization is simply influenced by the magnetic
moments of the constituent atoms, and iron having the highest magnetic
moment (4pp per atom) has the greatest magnetization. The magnetic
moments of Co and Ni are lower, 3ug per atom and 2ug per atom, respectively,
thus reducing the magnetization.

The presence of the glass coating apparently diminishes the magnetic
behavior detected by the DSC and TGA and increases the heat capacities of
the wire, but it does not have any influence on the crystallization
temperatures. The amorphous ribbon has slightly lower crystallization
temperatures than the FeSiB wire, which may be due to compositional
differences, surface crystallization, or the presence of nuclei in the ribbon.
Since the ribbon does not have the glass covering, the Curie temperature can
be detected by the DSC and the saturation magnetization is higher than the
wire. The Curie temperature, however, is lower in the ribbon than the wire
due to slightly different compositions. When the ribbon and wires are
crystallized there is an increase in the Curie temperature from an increase in
the exchange energy. The GCAW show an anomalously high heat capacity,

which 1s due to the wire aspect ratio, but is otherwise unexplained.
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D. CONCLUSIONS

Modulated® DSC has been determined to be an efficient and consistent
method for measuring heat capacities compared to the traditional DSC
technique. Varying the instrumental parameters, which include heating
rate, period, and amplitude, or the sample contact area did not have any
unfavorable effects on the heat capacities found by MDSC® of a
semiconductor grade silicon wafer. Generally, heat capacities measured by
MDSC® were slightly higher than those determined by traditional DSC, the
reason for which is unknown. A spread in the heat capacities measured by
traditional DSC was observed, whereas there was little variation in the
MDSC® heat capacities of the same FeSiB GCAW sample. There is no need
to move the sample or open the DSC cell between each MDSC® measurement,
so the experimental conditions are for the most part constant, which would
lead to more consistent heat capacities. In traditional DSC, however, three
thermal curves must be generated; consequently there is constant movement
thus altering the sample environment.

Abnormally high heat capacities were measured for all three
compositions of GCAW, reaching values as high as 22R at 326°C. Upon glass
removal, heat capacities further increased. The same behavior was observed
for typical borosilicate glass fiber, indicating that an anomaly exists in the
heat capacity measurement of fibrous materials. As the fiber/wire diameter
decreased, a corresponding increase in the heat capacity was detected. When
the GCAW were placed in alumina, the heat capacity decreased, suggesting
that a contact issue exists. At the present time the origin of the anomaly is
otherwise unknown.

As Co and Ni are added to the amorphous alloy, the crystallization
temperature is increased from 541°C for the FeSiB wire to 559°C for the
CoFeNiSiB GCAW. The presence of these additional atoms hinders the

movement necessary for crystallization to occur. Two consecutive

44



crystallization peaks were observed for the FeSiB GCAW and amorphous
ribbon, which correspond to the crystallization of o — Fe and FesB,
respectively. It is probable that the difference in the crystallization
temperatures of the FeSiB GCAW and amorphous ribbon is due to the slight
compositional differences. Surface crystallization may also be a factor, but
this is unlikely since there was no change in crystallization temperature after
glass removal. There was evidence of the Curie temperature in the FeSiB
amorphous ribbon DSC curve, while it was absent in the thermal curves of all
three GCAW. The Curie temperature, however, was found in the FeSiB wire
after glass removal, signifying that the glass — cladding acts as a barrier
towards Curie temperature detection. Although the glass transition has been
found in several other amorphous alloys, it was not determined for these
alloy compositions, even using MDSC®. The crystallization temperature and
glass transition were too close and the kinetics occurred far too quickly for it
to be visible. The FeSiB GCAW had the highest relative heat capacity,
followed by CoFeSiB, and then CoFeNiSiB. Differences in the contribution of
the electronic heat capacity correspond to the decreased relative heat
capacity as Co and Ni were added to the amorphous alloy.

Both Curie temperature and saturation magnetization decreased with
additions of Co and Ni. The Curie temperature is influenced by the exchange
energy between magnetic moments, which keeps the dipoles aligned. As the
thermal energy becomes greater than the exchange energy, randomization
occurs and material becomes paramagnetic. Therefore, the exchange
energies are less in the CoFeSiB and CoFeNiSiB compositions, since the
Curie transition occurs at a lower temperature. The Curie temperature of
the crystalline alloy is slightly higher than the amorphous metal due to a
higher exchange energy. Iron has the highest number of Bohr magnetons per
atom (4 up per atom, which causes the FeSiB GCAW and ribbon to have the
highest saturation magnetizations. Additions of cobalt and nickel lower the

saturation magnetization, as they have less Bohr magnetons than iron per
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atom. If the GCAW or amorphous ribbon are heated to a temperature much
greater than the crystallization temperature, two Curie transitions can be
observed;, one that corresponds to the amorphous metal and the second to the
crystalline metal. When the same sample is heated again, the Néel
transition is visible, which is the temperature that an antiferromagnetic

material becomes paramagnetic.
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E. FUTURE WORK

Since the origin of the anomalously high heat capacities of “fiber —
type” could not be found in the extent of this study, it would be favorable to
conduct additional experiments in an attempt to explain the phenomenon.
The effect appeared to worsen as the fiber diameter was decreased, so the
heat capacities of the same composition of glass fiber drawn to different
diameters should be measured. Another experiment should involve cutting
the same fiber into different consistent lengths to be placed in the sample pan
to observe any changes in heat capacity. The use of different sample masses
may also cause the heat capacity to deviate. Different masses of a silicon
standard sample could be measured and then compared to the literature
values.

In this series of experiments, the glass was always removed with liquid
nitrogen. To determine the influence of the removal method on the properties
of the GCAW, the glass should be removed by an acid etch and the properties
should be measured again, specifically heat capacity. This would also be a
good technique to use to determine the role of the glass covering; the glass

could be etched for various amounts of time and then measured.
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