Abstract

Metallic glasses made predominately from calcium were, for a short time, of interest for
use within the transportation and aerospace industries. This was because of their low density,
favorable strength to density ratio, and relatively low materials cost. When the other constituent
elements of the Ca glasses are also biodegradable, e.g., Ca-Mg-Zn, then there is interest for their
use in the biomedical industry.
For these applications, the glasses need to be strong and ductile, or at least less brittle.
Most metallic glasses have a high tensile strength, when compared to their crystalline
counterparts, but low ductility, and therefore low toughness. From a previous study at UVa, one
way for increasing the toughness in Fe-based glass was to employ an alloying strategy where the
addition of solute elements would tune the electron structure of the glass composition in a
direction that leads to more metallic behavior of the host element, in this case iron. A similar
electronic structure manipulation strategy model was proposed and used here to determine which
calcium-based glass compositions might improve toughness. From this work it was determined
that Ca-Mg was the most ductile system, while Ca-Al and Ca-Cu systems were very brittle. The
binary system with Mg was more ductile than the Al or Cu systems because when alloyed, the
lowest amount of charge was transferred away from Ca, the solvent metallic element.
Adjusting the compositions, Ca72Mg28 was determined to be the most ductile.
Unfortunately, this predicted and experimentally verified ductile composition rapidly embrittled
in ambient lab conditions, once removed from a vacuum. The time for embrittlement was on the
order of minutes. Based on these results, a research project was established to determine, as
clearly as possible, the atomic/electronic mechanism for this embrittlement. The goal was that if
the process could be understood, then it might be possible to mitigate the deleterious effects. The
research proposed was to isolate the atmospheric component(s) responsible for the embrittlement
and then to follow the chemical reactions within the bulk of the Ca-glass in a detailed fashion.
Further, the hypothesis to be tested is whether this atmospheric component is responsible for any
charge transferred away from calcium, thus decreasing the metallic bonds present and in the
process embrittling the Ca glass. This would be an independent test of the strategy applied for
the Fe-based amorphous steels and demonstrate that it is applicable across alloy systems.

To study this process the alloy Ca75Mg15Al10 was selected. It was less ductile than
Ca72Mg28 but its duration until becoming brittle was nearly 30 minutes long. Melt-spun ribbons
of Ca75Mg15Al10 about 20 microns thick were tested. Ductility was monitored through a bendover-mandrel critical failure test that was performed on these ribbons, after they were exposed to
various ambient lab conditions and individual high purity components of the atmosphere.
Following these tests it was determined that the condition leading to embrittlement was a
reaction of the calcium ribbon surface with humidity, or water vapor, in the lab air.
Following the identification of the atmospheric component leading to rapid deterioration
of the metallic glass ribbons, reactions of H2O with the ribbon were more closely examined.
Here it was determined that the humidity dissociates into hydrogen as a byproduct of the reaction
between H2O and Ca to produce Ca(OH)2. This is the initial reaction responsible for the
embrittlement mechanism. The free hydrogen penetrates the Ca glass rapidly to bond with metal
Ca in the ribbon bulk to form CaH2, a strong ionic salt. The ionic bonds replace the metallic Ca
bonds leading to charge transfer, thus embrittling the calcium glass.
To verify this process, measurements of various calcium compound formation and
determining the location of hydrogen over time was done using x-ray photoelectron spectroscopy
(XPS) and secondary ion mass spectrometry (SIMS). Their results plus the growth kinetics of the
Ca(OH)2 layer, that was grown in a 75% relative humidity (RH) environment, measured using
scanning electron microscope (SEM), established that hydrogen is causing the embrittlement
though electron transfer from calcium. Further, it is water vapor from the atmosphere that
initiates the process.
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List of Figures
Figure 1.1:

Picture of the first ever melt spinner 'Little Squirt' created by Liebermann and
Graham in 1976 [12].

Figure 1.2

Schematic drawing from Johnson [37] of a time-temperature-transformation
diagram comparing the different crystallization kinetics of different quenched
alloys. Curve (a) is a rapidly quenched alloy like a glass ribbon. Curve (b) is a
slower quenched alloy like a splat cooled foil. And Curve (c) is a bulk-glassforming alloy. The rapid quenching (RQ) at 106 K/s and relatively slow quenching
(SQ) at 102 K/s curves are the cooling histories of these two quench rates.

Figure 1.3

BMG classification scheme from Takeuchi and Inoue [38]. There are seven
groupings labeled I-VII of different BMG compositions. They are grouped on the
diagram by which constituting elements they share between five different
groupings, listed on the diagram, of periodic table groups.

Figure 1.4

Plot of the elastic limit (yield strength) from Ashby and Greer [46]. Their initial
plot contains the data from 1507 metals, alloys, metal matrix composites and
metallic glasses. Superimposed on the figure are data [47] from calcium glasses
estimated to be bounded in the red oval shaded with slant lines

Figure 1.5

Plotted are the potential energy curves during physical adsorption (Curve 1) and
chemisorption (Curve 2) of a metal with hydrogen gas.
is the heat of
chemisorption.
is the heat of physical adsorption.
is the activation energy
for chemisorption.
is the dissociation energy of hydrogen gas. This is a
diagram [182] which is an adaptation of the original Lennard-Jones diagram [183].

Figure 1.6

The relative partial molar enthalpy at infinite dilution,
, plotted with the
position of the solvent metal on the periodic table. The figure is of data on the
solubility of hydrogen compiled and plotted by McLellan and Oates [190].

Figure 2.1

Schematic illustration of the arc melting technique. The melt region is diagramed
between the cathode and the anode. The illustration is adapted from a figure by
Nishiyama [195].

Figure 2.2

Schematic illustration of the melting spinning technique for amorphous ribbon
creation.

Figure 2.3

DSC plot of metallic glass Ca75Mg15Al10 ribbon tested immediately after melt
spinning, with thermal events labeled. There is the one endothermic glass
transition temperature Tg. and there are three exothermic crystallization
temperatures, Txi with i=1,2,3.
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Figure 2.4

Illustration of the pinch test for determining ductility rating. When the ribbon fails
during the bend in (a), then it is rated very brittle. When the ribbon fails during the
pinch (b), it is rated brittle. If the ribbon fails during being pulled taunt (c) it is
rated marginally ductile. When the ribbon can be pulled taunt without breaking,
then it is rated ductile.

Figure 2.5

Schematic illustration of the humidity test chamber used to expose calcium ribbons
to a controlled uniform humidity before testing for the affects of this exposure.
The NaCl which is saturated with water sets the level of humidity at 75% RH in
the chamber by an equilibrium process between the balance of water in the
solution and water in the air.

Figure 2.6

Adapted schematic illustration [198] of a multi-technique surface analysis system
possessing XPS, SEM, and SIMS functionality. A sample is placed on a specimen
holder and positioned to be exposed directly to either x-ray radiation or ions. (1)
For XPS, the sample is bombarded with x-rays, the emitted photo electrons
passing through the energy analyzer are angularly resolved, and then are captured
in the electron multiplier. (2)For SEM, the electron gun probes the samples surface
and detector collects secondary electrons from samples surface. (3)For SIMS, Ar
ions from the ion gun etch the sample. The etched ions are detected by a secondary
ion mass spectrometer.

Figure 3.1

Plot of the calculated Poisson ratios (ν) as a function of charge transfer from Ca
(QCa). The experimentally tested, immediately after melt spinning, compounds are
color coded from most ductile (red) to most brittle (blue) [47].

Figure 3.2

Moduli for various amorphous calcium alloy compositions are plotted against the
ductility rating from their pinch test results. The plotted moduli are the bulk
moduli (K) and shear moduli (G) calculated from the Voigt and Reuss estimates
plotted with moduli calculated from the Widom molecular dynamic model.

Figure 3.3

Plots of formation enthalpies of Ca-Al (solid lines), Ca-Cu (dotted lines), and CaMg (dashed lines) relative to tie-lines joining pure elements. 'X' in the plot stands
for the atomic percent of Al, Cu, or Mg. The amorphous structures are plotted as
open diamonds, ◇, and the crystal structures are plotted as open circles, ○. The
structures types are identified by Pearson notation. The structures labeled 1–3 are
elemental Ca (cF4, hP2, and cI2); 4–6 are amorphous structures (Ca3Mg, Ca3Cu,
and Ca3Al); 7 is CaMg2 (hP12); 8 is Ca2Cu (oP12); 9 is CaCu (mP20/oP40); 10 is
CaCu5 (hP6); 11 is Ca8Al3 (aP22); 12 is Ca13Al14 (mC54); 13 is CaAl2 (cF24); 14
is CaAl4 (tI10); 15 is elemental Mg (hP2),Cu (cF4), and Al (cF4) [47].

Figure 3.4

SE SEM images of fracture surfaces from left to right of Ca3Mg, Ca12Mg3Al, and
Ca3Al tested immediately after melt spinning [47].
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Figure 3.5

The partial pair correlation functions from top to bottom of ductile Ca3Mg, very
brittle Ca3Cu, and very brittle Ca3Al glasses. These as spun ribbons were placed
immediately in quartz vials before being sent for measuring. The insets for Ca3Mg
and Ca3Cu compare the experimental RDF with the x-ray weighted sum of
simulated partial pair correlation functions [47].

Figure 3.6

Ternary diagram of the Ca-Mg-Al system indicating amorphous compositions
tested for ductility using the pinch test immediately after melt spinning. The alloy
Ca75Mg15Al10 was selected for further study. This composition is only marginally
ductile, in that it failed the pulling taunt stage of the pinch test. However, it held
this property for at least half an hour. The next part of the thesis uses this alloy to
determine the mechanism that causes the embrittlement of ductile calcium metallic
glasses.

Figure 4.1

Steps to demonstrate the Ca75Mg15Al10 melt spun ribbon are fully amorphous.
Samples were prepared and loaded immediately after melt spinning. (a) electron
diffraction pattern with circular halo and no diffraction spots; (b) bright-field TEM
image, slightly under focused illustrating the mottled uniform, microstructure and
no crystalline features; (c) DSC signature illustrating a Tg glass transition event
and three crystallization exothermic peaks; and (d) a powder x-ray scan revealing a
broad peak, similar to (a) for electron diffusion, and no sharp spikes.

Figure 4.2

Optical image aged ribbon exposed to 6 years of ambient lab conditions (20.5±2.0
°C, 20-70±10% RH). Here metallic ribbon shards and white powder are
intermingled on top of a black background to highlight the white powder. The
lower left hand corner contains a higher concentration of shards while the upper
right corner has a higher concentration of powder present.

Figure 4.3

XRD of a Ca75Mg15Al10 ribbons after being exposed to ambient lab conditions for
various times. The products of the interaction of the ribbons with ambient lab
conditions are labeled. Aragonite, Vaterite, and Calcite are different forms of
CaCO3. XRD of as spun ribbons and ribbons exposed to exposed of ambient lab
conditions (20.5±2.0 °C, 20-70±10% RH) for, 21 d, 54 d and 6 years. The 6 year
exposed ribbons were in three products, metal ribbon shards, a grey powder, and a
white powder. The circle at 2θ=35° for 54 d indicates the beginning of a peak for
Ca(OH)2.

Figure 4.4

Cross section of ribbon exposed to 6 years of ambient lab conditions (20.5±2.0 °C,
20-70±10% RH) is mounted and fixed to an Al SEM sample holder. Displayed are
a BSE labeled image, an elemental EDS composite map, and individual elemental
EDS maps of Ca, Mg, C, Al and O. The Al holder contributes a strong Al signal
seen in the combined and Al EDS elemental maps.
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Figure 4.5

(a) Plots of the size of mandrel diameter when a ribbon breaks when bent over the
mandrel versus total lab time. The control set is tested immediately after melt
spinning is shown with open squares, □. The plot consists of a control set that only
experiences ambient lab conditions and a vacuum set that is first held in a vacuum
of 0.010 Torr to test for effects of thermal relaxation. The vacuum test set is shown
as solid squares, ■. This set is held in vacuum until the ribbons in the control set
break when tested over the 0.8 mm mandrel. (b) The plot of the same control set
data but the vacuum offset time is removed. Note the two sets now overlap.

Figure 4.6

Mandrel diameter size that a ribbon fails when being bent over the mandrel is
plotted as a function of time exposed to ambient lab conditions for Ca75Mg15Al10
ribbons. Each plot consists of a control set that experiences ambient lab conditions
only and a test condition set that is first exposed to a gas. The test condition set is
exposed to the ultra-pure gas for the time that it takes the control set to fail the first
two mandrel diameter sizes. The offsets for each plot due to time the ribbons spent
in a test gas are removed (see Figure 4.5).

Figure 4.7

Plot of the humidity measured in the salt chamber device used to control humidity
at 75% RH as a function of time from when the water saturated salt is first added
to the test chamber to the time when samples are loaded and unloaded for testing.
The sample testing period is highlighted to show the relatively small variance in
humidity during testing.

Figure 4.8

Mandrel diameter of ribbon failure plotted as a function of time exposed to 75%
RH for Ca75Mg15Al10 ribbons. The rod shaped mandrel diameter where the sets fail
is plotted as a function of time exposed to ambient conditions. The plot consists of
a control set that experiences ambient lab conditions only and a test condition set
that is first exposed to 75% RH for about one hour.

Figure 4.9

(a) The combined plot of mandrel diameter ribbon failure as a function of time
exposed to ambient lab conditions control sets1 and the RH that each control set
experienced in the lab. The inset shows the control set associated with the gas
tested. The H2 and CO2 test sets are trace to show a contrast between a set that
experienced high initial humidity with one that experienced low initially humidity.
(b) The combined plot of mandrel diameter ribbon failure as a function of time
exposed to ambient lab conditions after being exposed to a gas, a humidity or a
thermal relaxation test. The inset shows the condition that was tested in the test set.
The RH 75% test set is highlighted to show its deviation from the other test sets.
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Figure 4.10

BSE images taken on the SEM of the edge of cross sections of Ca75Mg15Al10
ribbons exposed to 75% RH. Below each image the hydroxide layer is identified
with the red bars. The humidity exposure duration are 5.8 d (500 ks), 2 wk (1200
ks), 4.9 wk (2900 ks), and 12 wk (7300 ks). The dark area to the left of each image
is the receding out of focus hydroxide on the melt side surface of the ribbons. The
beginning of the depth of each cross section is marked by the bar below each
image. The width of this bar corresponds with the thickness of the hydroxide layer.
The area to the right of the hydroxide indicating bar is the near edge part of the
cross section of the on average 20 µm thick ribbons.

Figure 4.11

A cross section of a Ca75Mg15Al10 ribbon that has been held in 75% RH for 4.9
weeks. The BSE image is of the area where the line scan was collected. The
yellow trace is the line scan. The hydroxide layers and their thicknesses are
indicated with the red bars below the BSE image. The bottom plot is of the
elemental line scans of the O Kα1, Mg Kα12, Al Kα1 and Ca Kα1 emission lines.
There are four types regions of the cross section of ribbon labeled in the top BSE
image. The order from left to right is first an off the sample region, then an layer of
hydroxide, then the ribbon on edge with bulk composition, then a second
hydroxide layer, and then there is the top surface of the last hydroxide layer on the
outside surface of the ribbon. This final region is due to the ribbon being tilted
toward the EDS detector and not the BSE detector.

Figure 4.12

Pairs of BSE images (top row) and composite EDS maps (bottom row) with the
ribbon tilted at 0°, 22°, and 40°. The direction to the EDS detector is highlighted
on the EDS maps. This corresponds with the tilt of the EDS shadow cast by the
ribbon. The EDS elemental map is a combination O (red), C (yellow), Ca (blue),
Al (green), and Mg (light blue).

Figure 4.13

SEM BSE image, a composite EDS map, and elemental EDS maps of Ca, Mg, Al,
and O of a cross section of a Ca75Mg15Al10 ribbon exposed to 75% RH for 4.9
weeks. The hydroxide layers and their thicknesses are indicated with the red bars
below the BSE image.

Figure 4.14

EDS oxygen maps of the cross section views of Ca75Mg15Al10 ribbons exposed to
75% RH for 3 h (11 ks), 1.2 d (100 ks), 2 wk (1200 ks), and 4.9 wk (2900 ks). The
hydroxide layers and their thicknesses are indicated with the red bars below the
BSE image.

Figure 4.15

This is a sample SEM EDS oxygen line scan taken on a ribbon of Ca75Mg15Al10
that has been exposed to 75% RH for 4.9 weeks. A black box is drawn around
region from the BSE image that the line scan was extracted. The BSE image is in
the upper left corner. The BSE image is of the edge profile of the cross section of
the ribbon. The FWHM that was used as the thickness of the hydroxide layer, and
an error used, are labeled on the line scan as the hydroxide layer width and error.
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Figure 4.16

Postage stamp sized image of fracture surface of ribbons of Ca75Mg15Al10 that are
tensile tested after being exposed to an 75% RH for 0.5 h (1.8 ks),, 3 h (11 ks),
13.9 h (50 ks), 1.2 d (100 ks), 5.8 d (500 ks), 10.8 d (1000 ks), 2 wk (1200 ks), 4.9
wk (2400 ks) and 6.8 wk (3600 ks). Images were taken from regions of the ribbon
representative of the samples average PPZ sizes. Preceding the postage stamp
summary image are enlargements of each image.

Figure 4.17

Example of the results from the peak finder algorithm used on ribbon of
Ca75Mg15Al10 exposed to 75% RH for 2 weeks. The SE SEM image with the
region when the 10 pixel width line profile was extracted is displayed. The plot is
of the line profile with the points the peak finder found plotted as red stars ☆. The
peaks that were kept and used for the PPZ measurement are plotted as solid blue
stars ★.

Figure 4.18

XPS scan on binding energy from 0-1400 eV of a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions for 20mins. The different XPS transitions lines are
labeled.

Figure 4.19

Comparison of the Ca 2p doublet using a high resolution scan with a 0.2 eV step
size and a low resolution scan using a 1 eV step size

Figure 4.20

Plot of the relative amounts of Al 2s to Ca 2s to Mg 2s peak areas extracted from
XPS full spectrum scans of a Ca75Mg15Al10, exposed to ambient lab conditions
(23% RH, 21.5 °C) for 25 minutes, ribbon at different depths after SIMS collection
at various Ar etched time depths.

Figure 4.21

HRXPS scans of the C 1s peak from powder samples of CaH2 (left) and Ca(OH)2
(right). The O-C=O, CaCO3, and C-C lines are fitted. The C 1s HRXPS data is
plotted with black '+' signs. The background is plotted with dark green dashes and
the envelope which is the summed fit of all the peaks is plotted with a solid
maroon line. The C 1s peaks of O-C=O (yellow dots), CaCO3 (red dash dot dash),
and adventitious carbon (C-C) (grey dots) are fitted. The legend is ordered in
decreasing value, with respect to the total area under the fitted curves, is C 1s,
envelope fit, C-C, O-C=O, CaCO3, and then background.

Figure 4.22

HRXPS scans of the O 1s peak from powder samples of CaH2 (left) and Ca(OH)2
(right). The O 1s HRXPS data is plotted with black '+' signs. The background is
plotted with dark green dashes and the envelope which is the summed fit of all the
peaks is plotted with a solid maroon line. The O 1s peaks of CaO (green dots),
CaCO3 (red dash dot dash), and Ca(OH)2 (blue dash dot dot dash) are fitted. The
legend is ordered in decreasing values with respect to the total area under the fitted
curves.
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Figure 4.23

HRXPS scans of the Ca 2p doublet line from powder samples of CaH2 (left) and
Ca(OH)2 (right). The Ca 2p HRXPS data is plotted with black '+' signs. The
background is plotted with dark green dashes and the envelope which is the
summed fit of all the peaks is plotted with a solid maroon line. The doublet peaks
CaO (green short dots), CaCO3 (red dash dots), CaH2 (black short dashes), and
Ca(OH)2 (blue dash dot dots) are fitted. The legend is ordered in decreasing values
with respect to the total area under the fitted curves.

Figure 4.24

Plots of negative ion SIMS from powder samples of CaH2 (left) and Ca(OH)2
(right).

Figure 4.25

Plots of positive ion SIMS from powder samples of CaH2 (left) and Ca(OH)2
(right).

Figure 4.26

Comparison of the fraction of total area to individual peaks of the positive ion and
negative ion SIMS spectra from powder samples of CaH2 (left) and Ca(OH)2
(right) as a function of atomic mass.

Figure 4.27

Positive SIMS from a Ca75Mg15Al10 metallic glass ribbon exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes.

Figure 4.28

Two plots of SIMS scan data from a ribbon of Ca75Mg15Al10 exposed to ambient
lab conditions (23% RH, 21.5 °C) for 25 minutes. (a) is the lot of SIMS scans as a
function of continuous collection time or lab time in hours. (b) is a plot of SIMS
scans plotted as a function of Ar etching time in minutes. The data are compressed
with the understanding that individual compounds are difficult to resolve. These
will be more clearly displayed in later plots. Here the point is to highlight the
spacing between data sets in (a) and in (b) the total collection time with the gaps in
(a) removed.

Figure 4.29

Two plots of SIMS scan data, from a ribbon of Ca75Mg15Al10 exposed to ambient
lab conditions (23% RH, 21.5 °C) for 25 minutes, plotted as a function of Ar
etching time. (a) is a plot of the second half of all the positive ion SIMS data scans.
(b) is a plot of the second half of each background signal (22 amu) SIMS data
scan.

Figure 4.30

Individual positive ion SIMS data plots, from a ribbon of Ca75Mg15Al10 exposed to
ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, normalized by the
background signal taken at 22 amu.

Figure 4.31

Full SIMS data plot, from a ribbon of Ca75Mg15Al10 exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes, of (a) the ratio of CaH to CaOH
ions compared to (b) only the second half of each SIMS data scan of the ratio of
CaH to CaOH ions.

x

Table of Contents
Figure 4.32

SIMS data plot, from a ribbon of Ca75Mg15Al10 exposed to ambient lab conditions
(23% RH, 21.5 °C) for 25 minutes, of the relative ratio of 44Ca to 40Ca ions
compared with the empirical known ratio. These SIMS data, as expected, are
centered on the empirically known 44Ca to 40Ca isotope ratio of 0.022 [192].

Figure 4.33

SIMS and XPS data of the Al to Ca ion ratio (left) and the Mg to Ca ratio (right)
normalized with SEM EDS data from an as spun ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes.

Figure 5.1

Combined plot of mandrel diameter failures of Ca75Mg15Al10 ribbons as a function
of time. Each test set was exposed to an individual ambient lab condition test.
Same as Figure 4.9b but with tracer lines added to all the test sets to act as a guides
to group the data points.

Figure 5.2

Two separate mandrel failure thermal relaxation tests conducted in different initial
ambient lab humidity conditions. The vacuum test is for thermal relaxation since
the control set and the vacuum set will both experience the same thermal
conditions. The control set 2 and vacuum test set 2 data taken with initial lab
humidity at 25% RH are replotted from Figure 4.5b with added sets of a control
and vacuum test set taken prior at a higher initial lab humidity of 48% RH.

Figure 5.3

Plot of the binding energies of various calcium compounds determined in this
work and listed in Table 4.5 compared with the values that have been extracted
from published literature listed in Table 4.4. The values of Ca (purple diamonds),
CaO (green upward triangles), CaCO3 (red dots), CaH2 (black squares), and
Ca(OH)2 (blue downward triangles) were determined by HRXPS measurements.

Figure 5.4

Fitted HRXPS scans of the Ca 2p doublet line from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, at various
etch depths denoted in the figure as etch times. The eight times of Ar etching are 0,
5, 10, 30, 35, 50, 80 and 240 minutes. The unprocessed Ca 2p HRXPS data are
plotted with black '+' signs. The background is plotted with dark green dashes. The
envelope which is the summed fit of all the peaks is plotted with a solid maroon
line. The doublet peaks are fitted with peaks of CaO (green short dots), CaCO3 (red
dash dots), CaH2 (black short dashes), Ca(OH)2 (blue dash dot dots), Ca (purple
short dash dots), and Mg KLL (orange dots). The legend is ordered in decreasing
values with respect to the total area under the fitted curves

Figure 5.5

Plot of the percent area of the HRXPS scanned Ca 2p doublet that Ca (purple
diamonds), CaO (green upward triangles), CaCO3 (red dots), CaH2 (black squares),
and Ca(OH)2 (blue downward triangles) has as a function of depth of etching from
a ribbon of Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C)
for 25 minutes. A trace line is added for each compound to be able to distinguish
trends.
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Figure 5.6

Plot of the SIMS ion ratio of CaH to CaOH from the etching of a ribbon, of
Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C) for 25
minutes, with the initial tails of the SIMS data fitted with data from a model using
water vapor concentrations at different pressures. Each star☆ represents the ion
ratio concentration at a given etch time. Each of the three traces represent a
different vacuum condition. The symbols: downward red triangles▽ are for 10-9
Torr, black squares □ are for 10-8 Torr, and the eight point stars✴ are for 1 atm
and are meant to track the top of each growth tail of the CaH ions for the various
vacuum conditions. The definition of head and tail for a single SIMS data session
are identified in the plot. The scale is arbitrary. By taking a ratio, the systematic
errors of the experimental setup have been removed, but the quantitative amount of
each ion cannot be determined, only the relative amount between the two.

Figure 5.7

Sketch of the ribbon cross section, not drawn to scale, of a ribbon of Ca75Mg15Al10
as it experience exposure to water vapor; water vapor ;and O2; and water vapor, O2
and CO2. The ribbon cross section box demonstrates where the hypothetical
sample is taken, from the middle of the ribbon. Different snapshots of how the
layers of calcium compounds through the ribbon layers will appear are shown. The
different time slices 'ti' are progressively numerically indexed with increase in
time. The different possible path ways are path 1: t0→t1→t2→t3→t4→t5, path 2:
t0→t1→t2→t'3→t'4→t'5, and the same two without t1. Path 1 had an interaction
with O2 that creates CaO which is converted into Ca(OH)2 by time t2. Path 2 in the
CO2 containing path. In this path CaCO3 is formed and spallation occurs as seen in
Figure 4.4. Path 1 is the route for the humidity experiment. The snapshot at t2
includes information about the movement of the various ions derived from SIMS
and XPS results. In the reaction square are listed the reaction and in which path or
snapshot they occur.

Figure 5.8

Full SIMS data, from a ribbon of Ca75Mg15Al10 exposed to ambient lab conditions
(23% RH, 21.5 °C) for 25 minutes, for the ratios Al to Ca, CaH, CaOH, H, and Mg
ions. These plots demonstrate the heads and tails as highlighted in Figure 5.6. The
direction of the tail indicates which compound is present in a higher relative
amount. If pointed downward the denominator is present in greater amounts. If
pointed upward the numerator of the ratio is present in greater quantities. If no
discernible tails are present then the ions are present in a fixed ratio through the
SIMS sampling session of interest. Each green circle ○ represents the ion ratio
concentration at a given etch time. The scale is arbitrary. By taking a ratio the
systematic errors of the experimental set up have been removed, but the
quantitative amount of each ion cannot be determined, only the relative amount
between the two is determined.
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Figure 5.9

Complete raw SIMS data sets of the ratios of CaH to CaOH and CaH to Ca, from a
ribbon of Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C) for
25 minutes. These plots demonstrate the heads and tails as highlighted in Figure
5.6. The direction of the tail indicates which compound is present in a higher
relative amount. If pointed downward the denominator is present in greater relative
amounts. If pointed upward the numerator of the ratio is present in greater relative
quantities. If no discernible tails are present then the ions are present in a fixed
ratio through the SIMS sampling session of interest. Each star☆ represents the ion
ratio concentration at a given etch time. The scale is arbitrary. By taking a ratio the
systematic errors of the experimental set up have been removed, but the
quantitative amount of each ion cannot be determined only the relative amount
between the two is determined.

Figure 5.10

Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the
ratios Mg to Al, Ca, CaH, CaOH, and H ions. Each data point (solid light blue
circle ●) represents the ion ratio concentration at a given etch time. The scale is
arbitrary. By taking a ratio the systematic errors of the experimental set up have
been removed, but the quantitative amount of each ion cannot be determined, only
the relative amount between the two is determined.

Figure 5.11

Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the
ratios Al to Ca, CaH, CaOH, H, and Mg ions. Each data point (green open circle
○) represents the ion ratio concentration at a given etch time. The scale is arbitrary.
By taking a ratio the systematic errors of the experimental set up have been
removed, but the quantitative amount of each ion cannot be determined, only the
relative amount between the two is determined.

Figure 5.12

Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the
ratios CaH to Al, Ca, CaOH, H, and Mg ions. Each data point (black open star☆)
represents the ion ratio concentration at a given etch time. The scale is arbitrary.
By taking a ratio the systematic errors of the experimental set up have been
removed, but the quantitative amount of each ion cannot be determined only the
relative amount between the two is determined.
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Figure 5.13

Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the
ratios CaOH to Al, Ca, CaH, H, and Mg ions. Each data point (solid blue star★)
represents the ion ratio concentration at a given etch time. The scale is arbitrary.
By taking a ratio the systematic errors of the experimental set up have been
removed, but the quantitative amount of each ion cannot be determined, only the
relative amount between the two is determined.

Figure 5.14

Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the
ratios H to Al, Ca, CaH, CaOH, H, and Mg ions. Each data point (black ✴)
represents the ion ratio concentration at a given etch time. The scale is arbitrary.
By taking a ratio the systematic errors of the experimental set up have been
removed, but the quantitative amount of each ion cannot be determined, only the
relative amount between the two is determined.

Figure 5.15

Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10
exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the
ratios Ca to Al, CaH, CaOH, H, and Mg ions. Each data point (purple open squares
□) represents the ion ratio concentration at a given etch time. The scale is arbitrary.
By taking a ratio the systematic errors of the experimental set up have been
removed, but the quantitative amount of each ion cannot be determined, only the
relative amount between the two is determined.

Figure 5.16

Plot of the average measured size of PPZ from the fracture surface of a tensile
tested ribbon of Ca75Mg15Al10 as a function of the square root of exposure time in
75% RH environment. The error bars are a function of the sampling of the PPZ.
The less exposed ribbons had a higher standard deviation from the average in
sizes. The traced lines drawn are not fits but are drawn to highlight certain groups
of data. The top of the plot has three different failure regions identified.

Figure 5.17

Plot of calcium hydroxide thickness (left y-axis) and PPZ diameter (right y-axis)
plotted against time held in a controlled humidity environment. The plot is of the
growth of Ca(OH)2 thicknesses measured from ribbons of Ca75Mg15Al10 as a
function of exposure times to 75% RH before measuring. The PPZ are measured
from the same material exposed to similar humidity exposure times. The top of the
plot has three different regions of growth and failure identified.
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Figure 5.18

Fitted plot of the Ca(OH)2 thickness measurements from ribbons of Ca75Mg15Al10
as a function of exposure times to 75% RH before measuring. The fits are (1) a
direct logarithmic rate law fit (red dot), (2) a Deal-Grove linear fit (black dot), (3)
a Deal-Grove square root fit (short dash dot), (4) a Deal-Grove square root fit
(green long dash dot), and (5) a piecewise function fit (solid black line) of the
other four fits tracing the whole hydroxide data set. The top of the plot has three
different growth regions identified. The accompanying sketch, at the bottom, is of
the primary reactions in each region. Listed in the bottom of the sketch, not drawn
to scale, are these reactions. Region 1 is chemisorption. Region 2 is Ca(OH)2
formation from Ca and water. Region 3 is Ca(OH)2 formation from CaH2 and
water.

Figure 5.19

Tracer lines are added to all the control sets (i.e., the set immediately tested in
ambient lab conditions) in Figure 4.9a. The plot is the combined control sets for all
the ambient lab condition tests and the RH test. The plot is of square root of time
plotted versus mandrel diameter failure as when exposed to individual ambient lab
conditions during control sets. Note the gases listed in the legend are not the
environment used, they only note the paired set tested in lab conditions.
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1.1 Metallic Glasses

Metallic glasses are amorphous solids. These amorphous metals are engineered alloys. In
nature, non native metals are extracted from ores. Commercial alloy systems usually contain two
or three principal elements and are crystalline. At the atomic level these structures are arranged
in translational periodic lattices. Cooling of a liquid metal almost always results in a crystal
lattice forming.
In the middle of the 20th century, it was discovered that if this rate of cooling was
dramatically increased, a new disordered structure could be formed. This new frozen liquid
structure, when compared to conventional metal materials, was found to have unique properties
due to compositional homogeneity and an absence of atomic translational periodicity.
An amorphous solid is defined as a non-crystalline solid that lacks long range order.
Amorphous solids lack a global periodic structure. They are known to exhibit short to medium
range order. This order is in the local bonding between atoms and bonding of nearest neighbors.
Glasses can be made with different types of atomic bonds. There are glasses with ionic, covalent,
hydrogen, metallic, or van der Waals bonds.
Another characteristic of glass is that it exhibits a glass transition on cooling. The use of
the term amorphous alloy originated from the fact that most metallic glasses were first formed
from two or more components with a solvent metal. While most metallic glasses are alloys, there
have been a few monatomic metallic glasses [1,2].
Metallic glasses can be formed by processing material from the gas, liquid, or solid state.
The processing techniques in these categories include electrodeposition, vapor condensation,
sputtering, ion implantation, electron beam evaporation, chemical vapor deposition, melt
spinning, suction casting, injection casting, splat cooling, squeeze casting, mechanical alloying,
irradiation processing, thin film diffusion, cold rolling thin foils, hydrogen induced, and pressure
induced amorphization.
Within this document the terms amorphous metal, amorphous alloy or metallic glass are
used interchangeably to describe a liquid metal melt that has been quenched sufficiently rapidly
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to form a non-crystalline solid.
It has not been determined whether all alloy compositions can be glass formers, though
through conventional rapid quench techniques the alloy space accessible is limited. Given the
proper processing conditions, select alloy compositions can make metallic glasses with excellent
corrosion resistance, soft magnetic behavior, high fracture strength, superior wear resistant, and
other technological intriguing applicable properties. These improvements are a direct result of
the amorphous atomic structure. The lack of crystalline structures means there are no grain
boundaries or dislocations, thus, traditional modes of failure are not present.

1.2 Brief History of Metallic Glasses

The first metallic glass structure was directly observed in 1930 by Brill [3]. He used x-ray
diffraction to examine thin films of nickel sulfur created by electrolytic deposition. These x-ray
diffraction patterns were observed to be like that of liquids. There was sporadic work with
metallic glass from the 1930s to 1950s [4-7]. The metallic glasses where prepared by
electrodeposition and vapor quenching. They were not expressly made to be amorphous, but
were the byproducts of other experiments.
The formation of the first metallic glass produced from a rapidly quenched metal melt of
Au75Si25 was reported in 1960 by Duwez, Willens and Klement [8]. These amorphous foils were
created by splat-quenching the binary Au-Si alloy. The foils ranged from 1 µm to 500 µm in
thickness. The initial purpose of this experiment had been to obtain solid solutions from binary
alloys of Cu and Ag [9]. They developed a rapid quenching technique for chilling metallic
liquids at very high rates of 105 –106 K/s. The significance of this work was that it demonstrated
a method for yielding large amounts of a metallic glass compared to other methods like
electrochemical and vapor condensation. It showed for the first time that the growth of a
crystalline phase could be kinetically bypassed in select alloy melts if significant cooling rates
are achieved. This cooling resulted in a frozen liquid configuration. With this technique of splat
cooling on a heat conductive metal cylinder [10], large amounts of amorphous foils could readily
be made.
Over the following decade other metallic glasses systems were synthesized, but their
sizes are limited by necessary high cooling rates. In 1969, Chen and Turnbull created ternaries of
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Pd-M-Si (M = Ag, Cu, or Au) by using a ceramic tube which guided the melt during splat
cooling [11]. The substitution of ceramic instead of steel tubes to guide the melt allowed for the
melt to reach higher temperatures. These glasses require lower cooling rates, around 100 K/s to
form glasses with thickness up to 1 mm thick.
With an increase in complexity of alloy systems, the cooling rates required for quenching
decreased and allowed for the creation of thicker amorphous solids. The techniques of melt
quenching were further developed and extended to produce a wide variety of metallic glasses.

Figure 1.1. Picture of the first ever melt spinner 'Little Squirt' created by Liebermann and
Graham in 1976 [12].
The next major step with metallic glasses was facilitated by Liebermann and Graham in
1976 with the invention of the melt spinner as seen in Figure 1.1. The device consisted of a
liquid metal melt being injected on, and rapidly cooled by, a high rotational velocity spinning
metal wheel.
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From this point forward the field of metallic glasses expanded quickly. From the 1980s to
early 1990s many groups, particularly ones headed by Inoue at Tohoku University and Johnson
at Caltech, discovered multi-component La-, Mg-, Zr-, Pd-, Fe-, Cu-, and Ti-based alloys with
cooling rates in the range of 1 K/s to 100 K/s [13-21]. The sizes of metallic glasses increased to 1
cm and greater. These larger glasses are bulk metallic glasses (BMG). By the late 1990s, selected
BMG systems were being created up to 72 mm [20] in casting thickness. Work since then has
focused on increasing the size of BMGs and understanding where in elemental parameter space
these multi-component alloys lie.

1.3 General Criteria for Glass Creation

For making rapidly quenched metallic glasses, there has yet to be an all encompassing
scientific law that predicts whether a particular alloy chemistry will result in forming a metallic
glass. Guidelines [22-28], models [29-33], and empirical rules [34-36] for glass formation ability
(GFA) have all been proposed.
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Figure 1.2. Schematic drawing from Johnson [37] of a time-temperature-transformation
diagram comparing the different crystallization kinetics of different quenched alloys. Curve (a)
is a rapidly quenched alloy like a glass ribbon. Curve (b) is a slower quenched alloy like a splat
cooled foil. And Curve (c) is a bulk-glass-forming alloy. The rapid quenching (RQ) at 106 K/s
and relatively slow quenching (SQ) at 102 K/s curves are the cooling histories of these two
quench rates.
Kauzmann [22] noted that glass formation ability (GFA) improved with an increase in the
glass transition temperature to melt temperature (Tg/Tm) ratio, where Tg is the glass transition
temperature and Tm is the alloy melting temperature. Turnbull and Cohen [24] noted that the
condition for GFA required that the ratio of Tb/Tm to be close to 2, where Tb is the absolute
boiling temperature of the liquid at 1 atm. And according to Turnbull, if the ratio between
Tg/Tm=.67 there is a range where a liquid melt can be sufficiently undercooled at a low enough
cooling rate to form an amorphous state [26]. Figure 1.2, shows a schematic TTT diagram for
crystallization of undercooled liquids. Nagel and Tauc [31] showed that a stable glass
composition corresponds to a certain electron concentration to atomic size ratio of 1.7. Egami
and Waseda [34] found that glasses form near eutectic compositions and that the minimum solute
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concentration needed for a stable amorphous phase is inversely related to the atomic size
mismatch. Inoue has postulated that there are three empirical rules [35] for bulk metallic glass
formability: (1) multi-component alloy systems with three or more elements, (2) significant
atomic size mismatch above 12% among at least the three main constituent elements, and (3)
suitable negative heats of mixing among the main constituent elements. Figure 1.3 shows a
proposed BMG classification system of groups based on the constituent elements outlined by
Inoue. The different groups of BMG compositions are labeled I-VII. They are characterized by
having constituent elements that fall into five groups on the periodic table. The five groups from
the periodic table are alkaline metals (IIA), early transition metals (ETM), lanthanide metals
(Ln), late transition metals (LTM), and metals from IIIB-IVB (BM). The BMG compositions are
grouped by which combination of the five periodic table groups their constituent elements
belong to.

Figure 1.3. BMG classification scheme from Takeuchi and Inoue [38]. There are seven
groupings labeled I-VII of different BMG compositions. They are grouped on the diagram by
which constituting elements they share between five different groupings, listed on the diagram, of
periodic table groups.
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These guidelines, models, and rules describe most existing glasses. There are exceptions.
For instance, the Pd-based BMG systems of Pd-Cu-Ni-P and Pd-Ni-P do not satisfy the empirical
rules of Inoue. The heats of mixing for Pd-Cu and Pd-Ni are near zero and the atomic size ratio
between the two pairs is less than 10%.
There is possibly no limit to which metallic alloys can be made into a glass. A metal
could be made into a glass as long as the cooling rate is quicker than the crystallization rate. The
limits would be on the size and thermal stability of the glass produced. With an ultra quick
quench rate of 1014 K/s, observed on a high resolution transmission electron microscope, even
pure nanowires of tantalum can be made into a monatomic metallic glass [2].
Increasing the known compositional space through trial and error adds to the
understanding of metallic glasses. Many glass systems have been explored. Figure 1.3 shows the
different BMG systems explored. It is better to understand the fundamentals of a metallic glass
system and use that knowledge to predict where property specific alloys in compositional space
will lie.
Numerous groups have focused on understanding the fundamentals of metallic glasses.
Primarily this knowledge has been applied to understanding and predicting GFA [29, 34, 39-44].
Only recently has this knowledge been utilized to attempt to make glasses with predicted
physical properties for specific applications.

1.4 Calcium Glasses

The calcium glasses that will be studied herein are not BMGs but rather ribbon foils.
They are formed from melt spinning. The composition space that they occupy is vast. They are
only limited by the main constituent elements for formation needing to be near a deep eutectic
composition. The applied purpose for studying calcium metallic glasses is to create the lightest
structural alloy.
There are several reasons for using calcium as a base for this metallic glass system. First,
calcium is used abundantly in nature as a building block for structural materials. Calcium is a
component necessary for all living things. It is an essential element in nature and appears
frequently as a structural material in skeletons, teeth, shells, corals and stalactites.
Secondly, calcium is the fifth lightest metal with a density of 1.55 g/cc only denser than
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lithium, potassium, sodium, and rubidium. While there are many Al- and Fe- based amorphous
alloy systems, these are all denser than any Ca- based alloy. Al- or Mg- based amorphous alloy
systems are light, but using Ca will ensure the creation of a lower density glassy alloy. For select
compositions of calcium metallic glasses, its strength to density ratio is superior to Al and Mg
alloys. With fracture strengths around 300-430 MPa they are in the same range as commercial
Mg alloys which are at 200–400 MPa [45]. Figure 1.4 is a plot of elastic limit (yield strength, σy)
vs. Young's modulus and shows how calcium metallic glasses relate to other materials.

Figure 1.4. Plot of the elastic limit (yield strength) from Ashby and Greer [46]. Their initial plot
contains the data from 1507 metals, alloys, metal matrix composites and metallic glasses.
Superimposed on the figure are data [47] from calcium glasses estimated to be bounded in the
red oval shaded with slant lines.
Thirdly, calcium is the fifth most common element in the earth crust at 3.6% of the
weight and the third most abundant metal after aluminum at 8.1%, and iron at 5.0% wt. [48].
Calcium is not found in its pure element form in nature. Terrestrial calcium predominantly exists
as limestone (CaCO3), gypsum (CaSO4·2H2O) and fluorite (CaF2). Fortunately, calcium
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compounds are readily available and can be cost effectively reduced to produce the metallic form
through thermal reduction [49].
Calcium is an ideal light weight metallic glass candidate solvent constituent since it is
abundant, inexpensive, and has a low density. This light weight glass would be useful in the
aerospace industry or where the composition must be nontoxic for use in the human body for
biodegradable structures. For these purposes, understanding and controlling the ductility of
calcium glass is necessary. Most importantly, controlling alloy reaction with the environment is
necessary.

1.5 Calcium Glass History

Calcium glasses were only first discovered 40 years ago. The first metallic glasses made
predominantly from calcium were created in 1978 by Amand and Giessen [50]. They were able
to produce several amorphous binary compositions through the rapid quenching melt-spinning
technique. Calcium was alloyed with Cu, Ag, Mg, Zn or Al. The authors reported the preparation
and thermal properties of these binaries.
Over the past several decades there has been periodic work on calcium metallic glasses.
Through the 1980s, further work was done characterizing the electronic structure, transport and
thermopower properties of the previously discovered binary systems [51-70]. The latter half of
the 1980s and the 1990s consisted of further studies of the electronic properties but with ternary
systems of Ca-Al-Ga, Ca-Mg-Al and Ca-Mg-Cu [70-74].
While the 1990s were a decade full of discoveries of various compositions of bulk
metallic glasses, little was published on calcium metallic glass. This drought of calcium metallic
glass related work ended in the 2000s when several groups turned their attention to the
composition space that used calcium. With that came a flurry of publications [32, 75-90] of
calcium bulk metallic glasses. The first calcium bulk metallic was the quaternary Ca-Mg-Ag-Cu
reported by Amiya and Inoue in 2001 [89]. The only binary calcium bulk metallic glass, Ca-Al
was reported by Gou et al. in 2004 [91].
The first corrosion work was done in 2006 by Morrison et al [92]. Their results showed
that the corrosion of Ca55Mg18Zn11Cu16 and Ca50Mg20Cu30 BMG alloys are comparable to some
Fe-based bulk metallic glasses and Mg-based crystalline alloys. Other corrosion works have
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followed [92-102].
Over the last decade with many calcium glass systems identified, work has turned to
further explore their structure and physical properties [47, 103-115], improving fabrication
processing [112, 115-119] and novel applications [115, 120-121] of calcium metallic glasses.
One novel application is the delivery mechanism of Ag from the dealloying of a Ca-Ag metallic
glass for use as a catalyst or sensor [121]. Another novel application is to examine calcium
glasses as a hydrogen storage medium. In particular, the Ca72Mg28 glass has been studied and
found to store up to 0.96 wt. % hydrogen, but it does not release hydrogen well during desorption
[115].
Recently, there is a burgeoning interest in using calcium glasses as a bioresorbable
material. This was based on the alloys derived from the Mg-Ca-Zn system [122]. Studies on this
reabsorption have monitored the corrosion [92, 94-102] and attempt to control it [120, 123].
The research conducted on calcium glasses has thus focused on finding glassy
compositions and atomic structure. Only four papers [82, 104, 106, 109] out of almost eighty
papers on calcium metallic glasses have examined the elastic properties of calcium glasses.
Those four papers dealt with only measuring the elastic properties of specific calcium glass
compositions. No work prior to this document and a paper published with collaborators [47] has
addressed predicting ductile Ca metallic glass compositions.

1.6 Ductility in Metallic Glass

Increasing the ductility of calcium glass will increase its resistance to shear failure and
make it a better structural material. There is prior work on ductility in metallic glass, but the
present work is the first to examine ductility applied to the calcium based metallic glasses
system.
Ductility is the measure of the strain required to cause fracture. The classical shape of the
stress-strain curve for a tensile tested material reveals whether a material is ductile or brittle.
Ductile materials endure strain longer than brittle materials. Ductility is traditionally measured as
the percent reduction in area or the percent elongation [124] measured subsequent to fracture
failure. There is also the less common bend ductility test. The sample is bent over a radius of
curvature. The minimum radius at which the sample can be bent without fracturing defines bend
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ductility [125]. As the ratio of the radius of curvature to thickness of the glass sample increases
the ductility decreases [126].
Ductility depends on the nature of the situation. In crystalline systems, ductility is dependent
on low lattice resistance and multiple-slip systems from high symmetry in crystalline structures
for dislocation motion. A material can transition from ductile to brittle by different mechanics.
As the temperature of a metal is lowered it can become less ductile. The ductility of crystalline
metal alloys is also dependent on its atomic structure and chemical bonding. The brittleness of a
material can be related to the ratio of the elastic shear modulus G to the bulk modulus B. When a
critical value of G/B is passed then the material is brittle.
Within this document the term ductility will be limited to bending ductility. Several
variants of the bend tests [127-130] have been conducted on metallic glasses. First, there was a
bend test over the edge of a razor [128]. Then there was a bent loop pinched between the platens
of a micrometer [127]. Similarly, a bent loop was placed in a toolmaker vise and it was turned
until the glass failed [130]. There were also the V-bend and the L-bend testing rigs built by Suto
[129]. A test conducted by Sapeapen [131] consisted of the glass sample being bent over
successively smaller radii of curvature until failure.
Metallic glasses lack the failure mechanisms (primarily dislocations) that allow
crystalline metals to be ductile. For metallic glasses, brittleness is more common than ductility.
Still there have been a number of studies [127-172] carried out on the ductile nature of select
metallic glass systems.
There are several things that are thought to affect ductility. First, controlling the shear
band lengths and their rate of formation has been proposed as a way of tuning ductility [172174]. Shear bands in the metallic glass are the carriers of plastic deformation. They initiate strain
softening and the glasses with limited global plasticity fail. There have been enhancements of
ductility by the addition of nanocrystals which help control shear banding in select metallic
glasses [171-179]. Second, replacing the elements that create ionic and covalent bonds with
those that favor metallic cohesion improves ductility [163]. Third, It has been shown that the
toughness of metallic glasses is related to the ratio between the shear and bulk moduli [142, 145].
The Poisson ratio

is also a function of the shear (G) and bulk (K)

modulus. Ductile metallic glasses were found to be where
Poisson's ratio is

, and then

[163]. Fourth, there is temperature induced brittle to ductile
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transitions [134, 147-159]. Fifth, slight changes in composition can lead to embrittlement or
ductility in metallic glasses [104, 160-165]. And sixth, changes in processing parameters like
cooling rate or annealing for structural relaxation lead to changes in ductility [143-147, 180].
These mechanisms show that ductility is intrinsically related to the chemical and physical
properties of metallic glass component elements. The properties of the constituent atoms matter
in determining ductility. While there are ductile-to-brittle transitions with a change in
temperature; for calcium glasses there is also an environmental chemical reaction induced ductile
to brittle transition. It will be shown, in Section 4.2, that this is not a result of thermal relaxation,
but it is indeed environmentally dependant.

1.7 Interactions Between Metals and Gas

To determine the cause for embrittlement, the interactions of the most common gases in
the environment and a calcium metallic glass are examined. The most common gases are N2, O2,
Ar, and CO2. These four represent 99.99% of the volume of atmospheric gas. Common in the
0.01% trace are also H2 and He. In a standard dry air composition, at 15 °C, the molar percentage
of the four most common gasses are 78.09 g of N2, 20.95 g of O2, 0.93 g of Ar, and 0.03 g of
CO2 [181]. In addition to gases there is also water vapor. The amount of water vapor changes
with relative humidity (RH) in the air. For an RH=75% at 15 °C there 0.007 pounds of water
vapor per pound of dry air.
In general, there are two possible types of interactions at a metal-gas interface, either
absorption or adsorption. Absorption is defined as the assimilation of molecular species
throughout the bulk of a solid. Adsorption is defined as the accumulation of the molecular
species at the surface rather than in the bulk of a solid. The physical process of the reaction
between a metal and a gas separates into two steps, the adsorption step and then the solution step.
Adsorption has two forms. One is physical adsorption and the other is chemical adsorption also
known as chemisorption. Physical adsorption occurs when molecules are attached to the surface
of an adsorbent by secondary valence of van der Waals forces like dipole and multipole
moments. The process of physical adsorption is reversible.
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1.7.1 Theory of Chemisorption

Chemisorption is the process of binding of atoms or molecules to the surface of a metal
through the exchange of or the sharing of electrons between the metal and molecule. Hence,
chemisorption can either be ionic type binding, covalent type binding or a mixture of both types.
The process of chemisorption is often less reversible and has a high heat of adsorption.
Chemisorption precedes solution. The physics underlying physical or chemical
adsorption derives from the Lennard-Jones potential energy changes occurring during the
adsorption of a molecule on a metal surface. In Figure 1.5, such a potential energy curve is
sketched for hydrogen and a metal.

Figure 1.5. Plotted are the potential energy curves during physical adsorption (Curve 1) and
chemisorption (Curve 2) of a metal with hydrogen gas.
is the heat of chemisorption.
is the
heat of physical adsorption.
is the activation energy for chemisorption.
is the dissociation
energy of hydrogen gas. This is a diagram [182] which is an adaptation of the original LennardJones diagram [183].
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The minimum for the physical adsorption curve (Curve 1) for hydrogen is located at 0.2
to 0.3 nm (2-3 A) [182]. This is the distance of the hydrogen molecule from the metal surface.
The depth of this minimum is the heat of physical adsorption, which is 8.4 kJ, at most, for
hydrogen [182]. The minimum for the chemisorption curve (Curve 2) for hydrogen is located at
0.05 to 0.1 nm (0.5-1 A) [182]. The depth of this minimum is the heat of chemisorption
adsorption, which is 104.6 to 209.2 kJ for hydrogen [182]. For a hydrogen molecule to be
chemisorbed it must have energy greater than the activation energy. The hydrogen molecule
moves up Curve 1 towards the surface, until it shifts over to Curve 2 at the intersection. It then
dissociates into monatomic hydrogen and is chemisorbed at the distance corresponding to the
heat of chemisorption minimum. However, if its kinetic energy is lower than the heat of physical
adsorption, then it is physically adsorbed and remains at a distance from the surface of the metal
corresponding to the minimum of Curve 1.

1.7.2 Chemisorption of gases on Ca

The initial velocity of chemisorption is broken down into three categories; non-activated,
activated and no adsorption below 273 K [184]. All three categories are defined in relation to the
presence of chemisorption below 273 K. Fast, or non-activated, is above 77 K and below 90 K.
Slow, or activated, occurs above 90 K to 273 K [184].
Trapnell determined the chemisorption activations of various gases in different metals
[185]. Trapnell determined that gases of N2, H2 and O2 can be chemisorbed by calcium. The
activation energy of H2 and N2 respectively chemisorbed on Ca is 1.7-4.0 kcal/mol and 1.5-3.8
kcal/mol [185]. Calcium is initially a fast chemisorber of O2 and a slow chemisorber of H2 and
N2 [185]. As with most metals, after several layers of O2 adsorption on the surface of calcium the
chemisorption to a slow chemisorption rate.
For chemisorption to occur, a surface must be clean and unsaturated [184]. The melt spun
metallic glass ribbons have been created in a vacuum thus providing an initial unsaturated
surface.
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1.7.3 Hydrogen absorbed in metals

In crystalline metals, small amounts of hydrogen can be accommodated in the host metal
lattice before a structural phase change is induced [182]. Any change upon accommodation of
the hydrogen must take into account the possible occurrence of a new structure or changes in the
metal lattice [186].
For amorphous materials, their semi-random arrangements often create voids, where as
the ordered packing of crystalline metallic alloys is denser and more efficient than disordered
packing. Hydrogen has more space to ingress and to interact in the amorphous material than its
crystal counterpart.
Hydrogen has a significant mobility in metals. At room temperature and below, its
mobility is many orders of magnitude larger than other types of interstitially dissolved atoms
[187]. High diffusivity is a consequence of the low activation energy for hydrogen diffusion.
Comparing the activation of H2 in several light metals, Ca is around an order of magnitude lower
at 6.41x10-21 J [184] than Mg at 5.61x10-20 J [188] and Al at 7.53x10-20 J [189].

1.7.4 Hydrogen gas absorbed into calcium

Of particular interest here is the interaction of hydrogen with the calcium alloys. There is
an affinity to attract hydrogen into the calcium metallic lattice [190]. The solubility of hydrogen
is known to be high in unfilled d-band metals. But an unfilled d-band is not necessary for
hydrogen to have a high solubility. The alkaline earth metals have the highest hydrogen affinity
[190]. Figure 1.6, demonstrates that hydrogen absorption takes place in calcium.

the relative

partial molar enthalpy at infinite dilution, is an index of the ability of the metal to absorb
hydrogen freed of the complications due to hydride formation, since at a given concentration
level the entropy of solution of hydrogen is relatively the same for all metals. Thus the effects of
hydride formation can be neglected with respect to the solubility of hydrogen in metals.
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Figure 1.6. The relative partial molar enthalpy at infinite dilution,
, plotted with the
position of the solvent metal on the periodic table. The figure is of data on the solubility of
hydrogen compiled and plotted by McLellan and Oates [190].
1.7.5 Interactions with calcium

The rate of dissociation of hydrogen in calcium is small at room temperature. The
temperature needs to be at 400 °C for the process to occur rapidly in calcium [191]. It is required
for H2 to dissociate prior to reacting with Ca at room temperature. Either a significant thermal
excitation or a chemical reaction would help breach this interaction barrier.
As for other interactions with calcium, there are over 100 known different calcium
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inorganic and organic compounds [192]. Of these compounds only six are of interest for this
study. And of the six pertinent reactions listed below, the first four are the most crucial and
further elaborated on below.

1.
2.
3.
4.
5.
6.

Calcium hydride, CaH2, is an ionic salt. It is prepared by heating calcium and hydrogen
gas together. Metallic calcium that is exposed to standard lab conditions does not appreciably
react with hydrogen. Calcium placed in a vacuum with purified hydrogen gas reacts slowly, but
the reaction is not favored. A study in 1939 by Johnson et al. [193], shows that in a vacuum it
takes days to form CaH2 at room temperatures but if the system is heated to 250 °C it takes hours
for full conversion.
Similarly, a reaction is not favored when calcium is exposed to an oxygen-rich gas
environment unless the system is thermally encouraged [194]. The product of this heated
reaction is calcium oxide, CaO, also known as quicklime. Though CaO is typically produced
from the thermal decomposition of calcium carbonate. Calcium hydroxide, Ca(OH)2, is
commonly known as slaked lime. There are several ways to form it. It can be formed from the
interactions of water with metallic calcium, calcium hydride, or calcium oxide.
Calcium carbonate, CaCO3, also known as limestone is the natural equilibrium product
of calcium. Carbonatation is the term used to describe the interaction of calcium hydroxide and
carbon dioxide in the earth's environment to form calcium carbonate. It has three naturally
occurring mineral forms and their space groups are: aragonite (
calcite (

), vaterite (

), and

).
The calcium compounds CaO, Ca(OH)2, CaH2, and CaCO3 are all ionic compounds.
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1.8 Research Objectives

The thesis research here seeks to address two separate topics that are fundamentally
linked by understanding the nature of atomic bonding and its role on the ductility of the material.
The first is the prediction of the ductile to brittle transitions in alloy compositions. The second is
the rapid embrittlement of the ductile calcium glasses.
This work was initiated due to the design of a calcium BMG, Ca60Mg15Zn15Al5Cu5, that
possessed good mechanical properties, had a metallic luster, and an alloy density of 2.12 g/cc.
The alloy was developed for satellite applications. While this impressive glass former had good
and useful properties, it was brittle.
Only several studies have examined the elastic properties of calcium metallic glasses, but
none have tried to predict these properties. To determine which calcium glass compositions are
ductile, an experimental study presented in Chapter 3 was conducted concurrently with a firstprinciples simulation at Carnegie Mellon University. This study consists of revisiting the first
produced Ca-based binary systems [50] to identify the characteristics of ductile composition
systems. Once the ductile glasses were discovered, these results helped tune the molecular
dynamic simulations which then predicted further alloys to be tested. This modeling approach
was designed to show the parameters which create a ductile calcium metallic glass.
Although successful, the experimental verification of ductility in the calcium metallic
glass ribbons could only be measured over a short time frame. The ductility is short lived. The
ductile glasses rapidly embrittle in lab conditions. It is noted that if the calcium glass is left in the
melt spinner it would stay ductile longer.
The compositional ductile study led to the second study on the embrittlement of the
initially ductile glasses. This thesis is a study to unravel what led to the dramatic deterioration of
properties. Only with some knowledge of what factors are responsible can a possible mitigation
of the deterioration culprits be attempted.
The hypothesis proposed is that one of the components of the atmosphere leads to the
embrittlement of the calcium glass ribbon. An element of the atmosphere is proposed to be
increasing the charge transferred away from calcium. For Fe-based metallic glasses substituting
certain elements resulted in more metallic bond. The change in electron structure by the addition
of P resulted in more metallic bonds creating a ductile metallic ribbon [163-164]. A similar path
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is proposed here except that instead of substituting an element to increase ductility, an element is
added from the environment that decreases ductility.
This hypothesis is also based on the ductile composition study presented in Chapter 3,
showing that when the charge transfer of calcium is low, the Poisson's ratio of the alloy is high.
An increase in Poisson's ratio is associated with an increase in ductility. Therefore, the lack of
transferring of electrons from calcium ensures that those metallic glass alloys are ductile. and
when the calcium transfers its charge the glasses are brittle.
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Chapter 2 - Experimental Data Collection Procedures
2.1 Sample Preparation

The various calcium metallic glass alloys studied were prepared in a similar fashion.
Elements with purities greater than 99.5% were used. Depending on the constituent elements of
the alloy being fabricated, an arc melter, an induction melter, or both were employed to create
the master ingot. Induction melting was used only if a low melting element with a low
vaporization temperature, such as Li, Mg or Zn were a component in the alloy.
Calcium reacts readily with water vapor and must be stored in a low humidity
environment. The calcium is stored in a closed container with the opening lined with Teflon tape.
This container is located in a second container that is filled with a desiccant, calcium sulfate.
These containers are placed in a glove box filled with Ar (99.995%). Calcium that is kept in
these conditions can last for years. If the calcium is kept in only the closed container in lab
conditions, it will last less than a week. If it is stored in a glove box without calcium sulfate, it
will be useful for a few months.
The expiration of calcium means that when Ca is arc melted it will smoke and expel a
fine layer of residue on the crucible radially from the melted ingot. Also when the master Ca
alloy ingot is placed in a quartz tube and induction melted for melt spinning, the ingot will
adhere readily to the quartz tube instead of collecting as a melt pool at the base of the quartz
tube.
The alloy elements are weighed out to the thousandths place. The weight scale measured
mass lost, was typically 0.01 g from the final master ingot, during the alloy making process
which is less than 0.5% of the initial sum of the mass of the individual component pure elements
used to make a 2.0g ingot.
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Figure 2.1. Schematic illustration of the arc melting technique. The melt region is diagramed
between the cathode and the anode. The illustration is adapted from a figure by Nishiyama
[195].

To make a ternary alloy of Ca-Mg-Al, Al and Ca are first melted in an arc melter. Figure
2.1 is a diagram of a sample being arc melted. The sample elements are placed in a water cooled
copper anode crucible, in an atmosphere with in a 15 psi vacuum that has been back filled to this
level with Ar gas, and then melted using a thoriated tungsten cathode. Ca and Al are alloyed first,
separately from Mg. This is due to Mg having a low vaporization point. If Mg was arc melted,
the loss of Mg mass would be great and uncontrollable. After the Ca and Al are homogeneously
arc melted, slag from the surface of the solid button ingot is removed using a fine wire brush
grinding polishing wheel. The polished button is then placed under a piece of Mg in a graphite
crucible. The crucible has been coated with a boron nitride paste. The boron nitride paste acts as
a barrier preventing the alloy from interacting with the graphite crucible at high temperatures.
The crucible is placed in an -15 psi Ar gas environment in a radio frequency coupled induction
melter and heated to approximately 800 °C.
The homogenous master ingot is then cleaned again with the wire brush. The ingots were
weighed before and after each cleaning. Each cleaning resulted in no more than a 0.2% loss in
mass. The material removed from the surface is a combination of oxides and solidified boron
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nitride paste. These compounds all have high melting temperatures in excess of 1000 °C, thus
they are not incorporated into the ingot but instead remain on the surface of the ingot.
Small pieces of the master ingot, 0.5 cm in maximum dimension, are sectioned off. Any
remaining surface that was part of the outside of the master ingot is removed. This external
surface layer of less than 1mm is removed to ensure that the sectioned pieces will not adhere to
the quartz tube during induction melting. The pieces are loaded into a quartz tube that has been
funneled at one end with an exit hole diameter of 0.5-0.8 mm. This exit hole diameter is roughly
one third of the final ribbon size. The melt spinning chamber is back filled with Ar to -5 psi. The
master ingot pieces are heated to approximately 500 °C. The pieces of the ingot melt at a low
temperature. They do not glow. They remain metallic in appearance but they flow as a liquid.
The liquid melt is then injected with Ar pressurized at 5 psi onto a 10 cm copper wheel
spinning at a minimum of 3500 rpm. This radial velocity converts to a transverse velocity of 35
m/s and this translates to a cooling rate on the order of 1000 K/s. This melt spinning process is
displayed in Figure 2.2.

Figure 2.2. Schematic illustration of the melting spinning technique for amorphous ribbon
creation.

The finished ribbons were either immediately tested or sealed in Pyrex tubes and pumped
to a vacuum of 0.20 Torr. The time for processing and transferring to the vacuum is
approximately 5 min.
22

Chapter 2 – Experimental Procedures
2.2 Amorphous Nature Verification

Two methods for verifying the amorphous nature of a metallic glass are powder x-ray
diffraction (XRD) and transmission electron microscopy (TEM). XRD scans are quick, but the
technique has a size limitation. Samples composed of or containing nanocrystals cannot be
distinguished from fully amorphous samples using this technique. To determine if a sample is
fully amorphous the sample must be viewed on a TEM. A selected area diffraction pattern is
needed to verify the amorphous nature.
For XRD preparation, the metallic ribbons were cut into 1 cm strips and placed on a zero
diffraction plate made of optical grade SiO2 within a 1 cm2 area. They were adhered using
double sided tape. The powder XRD patterns are collected on a Philips X'pert with a Cu K-alpha
0.154 nm source. 2θ scans were taken from 20-120° with a step size of 0.017°. The calcium alloy
samples were determined to be XRD amorphous if their XRD pattern had no peaks but only a
broad hump of approximately 10° in width near 2θ=30°.
To determine if the sample was truly amorphous, a diffraction pattern taken on a TEM is
required. The amorphous nature would be present as a large diffuse ring in the diffraction
pattern. To prepare a sample for TEM, 3 mm long pieces of ribbon were mounted on a 3 mm
copper annulus with a 2 mm inner diameter using super glue. The glue was used due to the time
sensitive nature of these calcium alloy ribbons. Other glues and epoxies would take too long to
cure at room temperature. The heat required to cure mounting epoxies or melt wax would be
enough to crystallize these ribbons. Once mounted the samples are ion milled using a Gatan 691
precision ion polishing system. The liquid nitrogen cooling finger is used to keep the sample
from crystallizing during ion milling. The ribbon foil is ion milled with 5 keV Ar gas.
To ensure a clean sample void of hydrocarbons, the TEM sample holder with specimen is
plasma cleaned using Ar and O plasma in the PC-2000 plasma cleaner from South Bay
Technologies. The TEM work was conducted on the field emission gun FEI 80-300 Titan at 300
kV. The diffraction patterns taken in the 2000FX are taken with a camera length of 25 cm. The
diffraction patterns taken in the Titan are taken with a camera length of 770 mm. Combined, the
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XRD and TEM amorphous verification are required to establish whether the alloy being tested is
actually a true amorphous material.
Calorimetry is also preformed to verify the amorphous nature of the calcium glasses. The
glass transition temperature (Tg) and crystallization temperatures (Tx) were determined for the
calcium ribbons. The ribbons were placed in Al sample pans. After being loaded with 10-15 mg
of ribbon and sealed with an Al lid, the samples were placed in a Perkin Elmer DSC 7
Differential Scanning Calorimeter (DSC). The sample was held at 50 °C and then heated to 450
°C at 20 K/s. The samples were then cooled to 50°C and a second baseline scan was run. The
difference in the scans produced a plot from where the Tg and Tx temperatures are extracted. The
temperature results were determined using Pyris 4.0 software supplied with the DSC. An
example of a calcium glass DSC curve is plotted in Figure 2.3. The Tg is measured following the
ASTM E1356 [196] standard and using the inflection temperature as the Tg.

Figure 2.3. DSC plot of metallic glass Ca75Mg15Al10 ribbon tested immediately after melt
spinning, with thermal events labeled. There is the one endothermic glass transition temperature
Tg. and there are three exothermic crystallization temperatures, Txi with i=1,2,3.
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2.3 Mechanical Testing

2.3.1 Intrinsic Ductility

Many different alloys of calcium glass, Table 3.2, were tested to determine which
compositions had the best bend ductility. The ductility of the ribbons is tested immediately as
they are initially exposed to lab conditions. They are handled with gloves since they are sensitive
to moisture. The ribbons are taken out of the melt spinner and qualitative ductility is tested using
a simple pinch test. The pinch test is illustrated in Figure 2.4. The ribbons are first bent into a
loop. Then the loop is pinched. Then the ribbon is pulled taunt. If the ribbons fail during the
bending of the loop they are classified as very brittle. If they fail during pinch they are labeled
brittle. If they fail while being pulled taunt, they are marginally ductile. If they do not fail, then
they are classified as ductile.

Figure 2.4. Illustration of the pinch test for determining ductility rating. When the ribbon fails
during the bend in (a), then it is rated very brittle. When the ribbon fails during the pinch (b), it
is rated brittle. If the ribbon fails during being pulled taunt (c) it is rated marginally ductile.
When the ribbon can be pulled taunt without breaking, then it is rated ductile.
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There are quantitative tests for ductility, however since this property for calcium glass is
fleeting, a quick test is required. A quantitative test would take too much time to setup and
prolonged exposure to lab conditions will result in the ribbons becoming brittle.

2.3.2 Extrinsic Embrittlement:

The Ca amorphous alloy ribbons which pass the bend ductility qualitative test will fail the
same test after a short period of time in lab conditions. The mechanism for failure must either be
gases in the atmosphere, thermal relaxation, or humidity. The relative humidity (RH) of the lab
was monitored and recorded using a Traceable 4093 hygrometer with resolution of 1% and
accuracy of ±3.5% RH. For the embrittlement of ductile alloy studies, the amorphous alloy
composition Ca75Mg15Al10 was chosen. It was selected due to its initial bend ductility and its
ability to retain its ductility longer than binary Ca72Mg28. The binary alloy of Ca and Mg was the
most bend ductile calcium glass tested, but the duration of this property was fleeting. Ca72Mg28
would remain ductile for less than a minute in average lab conditions. Adding Al decreased the
relative bend ductility, but it increased the duration of that ductility to the order of tens of
minutes.
To determine which condition caused the rapid failure of the ribbons, the ribbons were
placed in a vacuum chamber and then back filled with +5 psi of each gas individually. The major
constituents of gas listed in Section 1.7 were tested. The following gases with their listed purities
were used: Ar (99.995%), CO2 (99.9%), H (99.95%), O (99.5%), N (99.995%), and He
(99.995%).
For each gas a new batch of ribbons was melt spun. Half the ribbons were placed in the
pressurized gas chamber. The other half were exposed to lab conditions and tested immediately.
This set of ribbons tested immediately after melt spinning created a control set that acted as a
baseline for each set of ribbons that were exposed to different conditions. The test consisted of
taking a 2 cm piece of ribbon and bending it over a mandrel with diameters listed below. The
ribbons were tested in even intervals of time. When the ribbon broke on the mandrel the interval
between testing was increased. The rate of increase depended on the time it took to fail the
preceding mandrel. For instance, the first mandrel of 0.6 mm would be tested every 5 minutes. If
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the ribbons were not breaking quickly, the next interval would be every 15 minutes and the
following interval would be every 45 minutes etc.
After a certain time exposed to lab conditions the ribbon would become brittle and fail
while being bent over the mandrel. For each test point, four pieces of ribbon were tested. Each
mandrel test used a new piece of ribbon that had not been previously tested. When two of the
four pieces broke, the time of failure was noted and then the next greater size mandrel was
tested. The ribbons were tested over rods ranging from 0.6 to 2.48 mm. The rods used had
diameters of 0.6, 0.8, 1.0, 1.13, 1.24, 1.30, 1.60, 1.66, 1.80, 1.85, 2.05, 2.34, 2.40, and 2.48 mm.
The other half of the batch of ribbons was kept in pure pressurized gas for the amount of
time it took the control batch to fail two mandrel sizes. After the control batch had failed two
mandrel sizes, the individual pure gas exposed ribbons were then placed in the lab environment.
The ribbons were then tested in the same manner as the control batch. For their plots, the initial
time recorded for these pure gas exposed ribbons was when they were first exposed to lab
conditions after being removed from the gas pressurized vessel.
Two other tests were conducted. One to test for thermal relaxation and another to test for
embrittlement due to humidity. The test to show if thermal relaxation caused the ribbon to
become brittle was the same as the gas tests. There was one slight difference, instead of placing
the ribbons in a pressurized chamber they were placed in a vacuum of 0.020 Torr with no
backfilling gas employed. The baseline test is conducted in the same manner as the gas test. The
test to determine if humidity causes the decay was done the same as the others except that the
ribbons were held in controlled humidity environment, as illustrated in Figure 2.5.
2.3.3 Measuring Plastic Processing Zones:

As the calcium glass ribbons embrittle with exposure to lab or humidity controlled
environments, there is a change in yield strength, σ. The estimate of yield strength comes from
the size of the plastic processing zones (PPZ) formed on the fracture surface of tensile pulled
samples.
The calcium ribbons sealed in Pyrex tubes under vacuum with Ar gas were used. Each
sample is tested individually. After removal from the sealed vial, ribbon samples are mounted
with super glue across the split between two aluminum test blocks. The two blocks are fixed on a
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guided track. They are separated using a turn mechanism until the ribbon fractures. The section
of the ribbon with the fracture surface is then mounted with super glue, normal to the surface, of
a copper mount. The FEI Quanta 650 Scanning Electron Microscope (SEM) was used with beam
energy of 2 kV, spot size 2, and in the secondary electron (SE) image mode. The average size of
the PPZ was measured from the SE images using the linear density method used for finding the
average crystal grain size.

2.4 Chemical Analysis

2.4.1 Growing and Measuring the Ca(OH)2 Layer

One consequence of exposing the calcium ribbons to humidity is that different surface
layers of calcium compounds grow. Ca75Mg15Al10 ribbons which sat in lab air for six years had
layers of CaCO3 and Ca(OH)2.The growth kinetics of these layers will provide insight into the
embrittlement of calcium glasses. Of the two layers, the focus is on the Ca(OH)2 layer and not
the CaCO3 layer because embrittlement will be shown to be related to the more rapidly
advancing Ca(OH)2. To study its growth, the ribbon samples are placed in an air tight container
that has little to no input of CO2. The isolation from CO2 hinders the formation of CaCO3.
Following the ASTM E104-02 [197] standard, a relative humidity environment was created in an
air tight chamber with a volume of 0.375 m3. A 100 g water saturated NaCl2 salt solution was
placed in an Al pan in the sealed chamber. The chamber was allowed to come to equilibrium
over the course of 24 hours. The equilibrium humidity was 75% RH at temperature of 24 °C.
Figure 2.5, is sketch of this humidity test chamber.
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Figure 2.5. Schematic illustration of the humidity test chamber used to expose calcium ribbons
to a controlled uniform humidity before testing for the affects of this exposure. The NaCl which
is saturated with water sets the level of humidity at 75% RH in the chamber by an equilibrium
process between the balance of water in the solution and water in the air.

Sealed tubes with ribbons were unsealed and then attached to the controlled humidity
chamber using the quick connect feed through. The ribbons were exposed for various durations
from 3 hours to 4 months. After each exposure the ribbons were sealed in Pyrex tubes under
0.020 Torr vacuum pressure. These ribbons were later examined in the SEM to measure the Ca
compound layer thickness as a function of time.
Sample preparation for the SEM entailed opening the sealed tubes, and sectioning the
ribbons perpendicular to their length into 5 mm long pieces on a glass slide. A new razor blade
was used for each batch as the sectioning tool. The freshly cut sections were adhered with super
glue to a vertical surface on the center of a copper mount instead of aluminum. An aluminum
mount would have added a spurious aluminum signal to the Al Energy-dispersive X-ray
spectroscopy (EDS) collection of the studied alloy containing aluminum.
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The FEI Quanta 650 Scanning Electron Microscope was used with beam energy of 8 kV,
spot size 6, and in the backscatter electron (BSE) mode. This corresponds with values for FEI of
a beam current of 7.81 nA and a spot size of 14.5 nm. EDS spectra were taken using the Oxford
Instruments X-ManN instrument and were analyzed using Oxford AZtec software. The cut
surface of the ribbon was aligned with the EDS detector. Line scans and elemental maps were
taken of Al Kα (1.487 keV), Ca Kα1,2 (3.690 keV), Mg Kα (1.254 keV), C Kα (0.277 keV), and
O Kα (0.523 keV). EDS has limits. It cannot detect lighter elements like the hydrogen in
Ca(OH)2. Since hydrogen cannot be detected, differentiating Ca(OH)2 from CaO must be
accomplished with another technique. A technique that distinguishes the two by using the
difference in the calcium binding energies of the compounds must be employed.

2.4.2 Hydrogen Detection

A combined X-ray Photoemission spectroscopy (XPS) and Secondary ion mass
spectroscopy (SIMS) was employed since EDS cannot detect hydrogen. An illustration of this
system is given in Figure 2.6. SIMS can detect the ions of all elements, including hydrogen.
Elemental hydrogen analysis was conducted using dynamic SIMS. SIMS is a sensitive surface
analysis technique that returns ion counts from the surface layer of atoms that are being removed
by a focused Ar ion beam etching process. Dynamic SIMS was used here for obtaining
compositional information as a function of depth below the surface.
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Figure 2.6. Adapted schematic illustration [198] of a multi-technique surface analysis system
possessing XPS,SEM, and SIMS functionality. A sample is placed on a specimen holder and
positioned to be exposed directly to either x-ray radiation or ions. (1) For XPS, the sample is
bombarded with x-rays, the emitted photo electrons passing through the energy analyzer are
angularly resolved, and then are captured in the electron multiplier. (2) For SEM, the electron
gun probes the samples surface and detector collects secondary electrons from samples surface.
(3) For SIMS, Ar ions from the ion gun etch the sample. The etched ions are detected by a
secondary ion mass spectrometer.

The SIMS ion yield is extremely sensitive to the local electronic structure of the sputtered
species at the time of sputtering. Due to the effect of electronic structure from the matrix of the
sample, ion yield is very difficult to quantify even with standards. This technique is used to
determine the location of the hydrogen. It is also used to detect the relative amount of various
elements as a function of depth. To find the relative amounts, ratios of the various ions detected
were taken. Taking the ratios removed the effects of instrumental biases.
XPS is also a surface sensitive technique providing quantitative information of the first 35 nm of surface composition. Chemical analysis of the Ca75Mg15Al10 ribbon sample was done via
XPS. XPS cannot directly detect hydrogen. It can however indirectly detect hydrogen by
observing shifts in binding energy of other elements due to their bonding with hydrogen.
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An XPS electron energy spectrum is acquired by collecting the electrons emitted from the
sample surface. They are ejected after the interaction of impacting x-rays with the atoms of the
sample. The x-rays are emitted from the Al source with energy of 1486.6 eV. The x-rays that
collide with atomic core electrons knock them from their orbit and transfers energy. The emitted
photoelectrons leave the surface. Their detected kinetic energy is equal to the energy of the x-ray
less the binding energy of the core electron with respect to the Fermi level minus the work
function of the electron spectrometer. The XPS spectra are typically plotted as counts of
collected electrons versus binding energy. The spectra have a continuous background that
increases with increasing binding energy. The photoelectron and Auger electron peaks are
superimposed on this background. The XPS spectra were normalized with respect to the C 1s
peak at 284.8 eV.
The sample preparation for XPS and SIMS involved removing the sample from the
sealed quartz vial in a glove bag filled with nitrogen gas. The relative humidity in the glove bag
was 23%. The sample is fitted to a 64 mm2 area on a Cu sample holder using carbon tape. The
sample holder is then placed into the XPS and SIMS system. The chamber vacuum is maintained
at a pressure of

Torr to minimize adsorption of contaminants on the sample surface during

the analysis. It is pumped with a 200 L/s ion pump and assisted by a small sublimation pump.
These pumps allow the vacuum chamber to remain virtually free of hydrocarbon contamination.
The XPS collection system used, at the University of Virginia, is a Physical Electronics
560, equipped with a double-pass cylindrical mirror electron energy analyzer (CMA). The CMA
is operated in constant pass energy mode during data collection. Survey spectra were measured
from 0-1350 eV. High resolution spectra were collected of the Ca 2p doublet, C 1s, and O 1s
peaks. The survey spectra were taken with pass energy of 200 eV. The detailed spectra were
taken with pass energy of 40 eV. The corresponding energy resolutions of the two types of scan
are 1.0 eV and 0.2 eV. Survey spectra took approximately half an hour to accumulate, while the
high resolution spectra needs 3 hours to acquire reasonable statistics. Trial high resolution scans
for Al 2s and Mg 2s were taken, but to get a significant signal to noise ratio for these spectra
would increase the collection time by a minimum of threefold and thus was not feasible for this
experiment.
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The dynamic SIMS measurements were collected, at the University of Virginia, with a
Hiden EQS 300/HAL 4 quadrupole mass spectrometer attached to a port off of the Physical
Electronics 560. Ar+ ions at 4 keV were employed as incident ions to perform the sputter of the
surface. The ions remove negative, positive and neutral species from the surface. This system did
not allow for simultaneous collection of all species, hence the spectrometer has to be biased to
collect either positive or negative ions. The SIMS spectra were collected simultaneously as the
sample surface was sputtered with Ar+ ions.
Survey scan of XPS were taken after sputtering. SIMS data were acquired during
sputtering. The SIMS and XPS scans were taken in alternating sequential scans. Two different
collection scans were used for positive SIMS. Initially, for the powder samples, a range of
masses from 0.1 amu to 75 amu was scanned. Each scan takes 2.5 min1 and the step size is 0.1
amu. The SIMS spectra have a low flat background. There is little signal other than where on the
mass spectrum the ions are recorded. To maximize relevant signal collection a second scan
method was employed for the Ca75Mg15Al10 ribbon sample. Windows of 0.1 amu selected around
each ion of interest. The mass spectrometer dwelled for 1s at each window and took 0.1 s to
pivot to the next window.

1

Note on Non SI Units : Certain units used herein (min, h, d, and °) in plots and text are outside the International
System of Units. But given their importance and wide use the National institute of standards(NIST) and the
Committee for Weights and Measures (CIPM, Comité International des Poids et Mesures) recommends that these
are accepted for use with SI units [199].
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Chapter 3 - Ductile Calcium Glasses
3.1 Alloy Synthesis Data and Modeled Prediction Criteria

Calcium-based amorphous alloys can be easily produced through rapid quenching. The
difficulty is determining in the myriad of systems which system will produce low density ductile
metallic glass ribbons. As described in Section 1.6, a high Poisson’s ratio ( ) is linked to ductile
materials.
Alloy compositions were selected with densities below 2 g/cc. The density was estimated
assuming the specific volume of the individual species does not change. The calculated density is
the sum of the contributions from the atomic percent of each element in the alloy. Table 3.1 lists
compositions of amorphous ribbons verified using powder XRD analysis. However, as noted in
Section 2.2.1 nanocrystals may still be present and undetected by X-rays. These ribbons were
quenched using a wheel spin rate equal to or greater than 35 m/s. Additionally, DSC data taken
at 20 K/s is presented for glass transition temperatures and crystallization temperatures.
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Composition
Ca75Ag25
Ca75Al25
Ca75Cu25
Ca73Mg27
Ca72Mg28
Ca60Mg40
Ca72Zn28
Ca75Al20Cu5
Ca80Mg15Al5
Ca80Mg10Al10
Ca75Mg22Al3
Ca75Mg20Al5
Ca75Mg15Al10
Ca75Mg10Al15
Ca72Mg27Al1
Ca70Mg27Al3
Ca70Mg20Al10
Ca67Mg30Al3
Ca75Mg20Cu5
Ca75Mg15Cu10
Ca72Mg27Si1
Ca72Mg27Y1
Ca70Mg27Cu3
Ca70Mg26In4
Ca67Mg30Zn3
[Ca75Mg22Al3]99.7Si0.3
[Ca75Mg20Al5]99.7Si0.3
Ca70.5Mg27.5Al2Si0.5
Ca69Mg27Al2Cu2
Ca69Mg27Al2Zn2
Ca60Mg15Zn15Al5Cu5

ρ(gcc)

Tg(C)

Tx1(C)

Tx2(C)

Tx3(C)

Tx4(C)

2.60

90.73

140.14

---

---

---

1.68

204.58

210.33

---

---

---

2.17

128.69

143.29

236.30

239.48

---

1.58

103.73

134.83

203.75

---

---

1.58

99.43

128.27

190.22

---

---

1.60

101.40

134.12

165.79

197.71

230.15

2.23

109.00

128.54

---

---

---

1.78

---

---

---

---

---

1.59

115.4

133.42

216.86

---

---

1.61

114.4

130.71

207.78

217.75

---

1.59

109.0

133.71

236.50

---

---

1.60

111.4

137.60

235.30

---

---

1.62

134.74

152.53

211.76

229.34

---

1.64

147.07

167.53

211.25

---

---

1.59

100.07

137.75

225.47

---

---

1.60

112.40

144.63

201.34

252.71

301.34

1.63

144.40

157.57

230.04

241.27

---

1.60

116.73

152.75

206.66

213.89

262.05

1.69

---

---

---

---

---

1.80

---

---

---

---

---

1.58

104.07

137.19

154.87

182.19

216.69

1.61

95.74

137.77

206.86

---

---

1.65

104.07

130.66

186.82

---

---

1.74

115.00

154.99

206.35

268.03

---

1.66

103.67

139.98

203.51

---

---

1.59

110.07

135.39

240.38

---

---

1.60

120.00

139.19

240.56

---

---

1.59

112.07

143.02

194.00

240.43

253.1

1.64

110.74

138.46

199.12

---

---

1.64

109.07

140.08

200.54

---

---

2.12

123.07

162.72

---

---

---

Table 3.1. List of amorphous alloy compositions with calculated densities and experimentally
measured, immediately after melt spinning, glass transition temperatures (Tg) and crystallization
temperatures (Tx).
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A ductility rating for these same alloy ribbons was done using the bend pinch test. Also,
estimates of effective elastic moduli were calculated using the Voigt [200] and Reuss [201]
models. They are weighted means used to predict various properties. The Voigt model is for
axial loading while the Reuss model is for transverse loading. These models are used to provide
upper and lower boundaries for properties. It was shown that isotropic elastic moduli are bound
by Voigt and Reuss models [202]. From an empirical basis these estimates are a power law
average of the constituent elements,
.The modulus of the i-th element is

. The effective modulus of the composition is
. The volume fraction is

. The Voigt method applies

when α=1, is an estimate of an upper bound for elastic moduli, and assumes that strain
everywhere is uniform. The Reuss method is where α=-1, it is an estimate of a lower bound for
elastic moduli and it assumes that stress everywhere is uniform.
Poisson’s ratio was calculated from

, using the shear and

bulk moduli estimates. The ductility rating and elastic moduli estimates are displayed in Table
3.2. The initial limits for ductility testing were Poisson’s ratio

and density

. With these limits, trends from Table 3.1 and Table 3.2 are not clear. It appears that for
the compositions listed, those with a lower Tg (lower Tx's) are more likely to be ductile.
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Voigt
Composition
Ca75Ag25
Ca75Al25
Ca75Cu25
Ca73Mg27
Ca72Mg28
Ca60Mg40
Ca72Zn28
Ca75Al20Cu5
Ca80Mg15Al5
Ca80Mg10Al10
Ca75Mg22Al3
Ca75Mg20Al5
Ca75Mg15Al10
Ca75Mg10Al15
Ca72Mg27Al1
Ca70Mg27Al3
Ca70Mg20Al10
Ca67Mg30Al3
Ca75Mg20Cu5
Ca75Mg15Cu10
Ca72Mg27Si1
Ca72Mg27Y1
Ca70Mg27Cu3
Ca70Mg26In4
Ca67Mg30Zn3
(Ca75Mg22Al3)99.7Si0.3
(Ca75Mg20Al5)99.7Si0.3
Ca70.5Mg27Al2Si0.5
Ca69Mg27Al2Cu2
Ca69Mg27Al2Zn2
Ca60Mg15Zn15Al5Cu5

Reuss

K (GPa)

G (GPa)

E (GPa)

26.7

10.0

27.4

23.7

9.5

27.3

Ductility
Rating

K (GPa)

G (GPa)

E (GPa)

0.333

18.8

8.1

22.0

0.312

Very Brittle

25.7

0.323

18.7

8.1

21.8

0.311

Very Brittle

10.8

29.2

0.325

18.4

8.0

21.5

0.310

Very Brittle

21.7

9.0

24.2

0.318

19.0

8.2

22.0

0.312

Ductile

21.9

9.1

24.3

0.318

19.1

8.2

22.1

0.312

Ductile

24.4

9.9

26.6

0.321

20.4

8.7

23.5

0.313

Brittle

23.4

11.7

30.7

0.286

18.7

8.2

22.2

0.308

Ductile

24.4

9.8

26.4

0.324

18.6

8.0

21.7

0.311

Very Brittle

20.8

8.7

23.3

0.317

18.3

7.9

21.4

0.311

Marginal

21.2

8.8

23.7

0.318

18.3

7.9

21.4

0.311

Brittle

21.6

8.9

24.0

0.318

18.8

8.1

21.8

0.311

Ductile

21.8

9.0

24.2

0.318

18.8

8.1

21.8

0.311

Marginal

22.2

9.1

24.6

0.320

18.7

8.1

21.8

0.311

Marginal

22.7

9.3

24.9

0.321

18.7

8.1

21.8

0.311

Brittle

22.0

9.1

24.4

0.318

19.1

8.2

22.1

0.312

Ductile

22.6

9.3

24.9

0.319

19.2

8.3

22.3

0.312

Marginal

23.3

9.5

25.5

0.321

19.2

8.3

22.3

0.312

Marginal

23.2

9.5

25.5

0.320

19.5

8.4

22.6

0.312

Brittle

22.4

9.2

24.8

0.319

18.7

8.1

21.8

0.311

Marginal

23.6

9.6

25.9

0.321

18.6

8.0

21.7

0.311

Brittle

22.1

9.4

24.3

0.314

19.1

8.2

22.1

0.312

Marginal

21.9

9.2

24.6

0.316

19.1

8.2

22.2

0.311

Brittle

23.0

9.4

25.3

0.319

19.2

8.3

22.3

0.312

Brittle

22.1

8.9

23.8

0.323

19.2

8.0

21.4

0.318

Brittle

23.1

9.7

25.9

0.316

19.5

8.4

22.7

0.312

Marginal

21.7

9.1

24.1

0.317

18.8

8.1

21.9

0.311

Ductile

21.9

9.1

24.2

0.317

18.8

8.1

21.9

0.311

Marginal

22.5

9.4

24.8

0.317

19.2

8.3

22.3

0.312

Ductile

23.1

9.5

25.5

0.320

19.3

8.3

22.4

0.312

Brittle

22.8

9.5

25.5

0.317

19.3

8.3

22.4

0.312

Marginal

27.3

12.1

32.0

0.307

20.1

8.7

23.5

0.311

Brittle

(Pinch Test)

Table 3.2. List of amorphous alloy compositions with elastic properties. The Bulk (K), Shear (G)
and Young’s elastic moduli are calculated using the Voigt or Reuss method. The ductility rating
listed was experimentally determined immediately after melt spinning.
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Estimates of elastic moduli from Voigt and Reuss methods indicate an average range
bounded from roughly 18.5 - 22.5GPa for bulk moduli, 8 - 9.5 GPa for shear moduli, and 22 - 25
GPa for elastic moduli. The estimated moduli compared to the ductility ratings show no clear
indicators of trends with ductility. A better model for calculating moduli is needed. One that
takes into account the interactions of constituent elements. The ductility rating tests conducted
here were used to help validate a simulated model of certain calcium glasses by Michael
Widom's group at the Department of Physics at Carnegie Mellon University. This model
accounted for the local atomic bonding in the simulated calcium glasses.

3.2 Molecular Dynamic Simulations of Calcium Glasses

The Widom model is a molecular dynamic simulation that uses the Vienna Ab initio
Simulation Package (VASP) [203] to determine the solution to the many-body Schrödinger
equation. VASP uses the Kohn-Sham method [204] for solving this system of equations. The
Kohn–Sham method maps a system of one electron interacting particles onto a fictitious system
of non-interacting particles. The non-interacting particles move in a local external pseudo
potential. This potential is the sum of the external potential acting on the interacting system, a
Coulomb term, and the exchange-correlation potential. The projector augmented wave potentials
[205] and the generalized-gradient approximation to the exchange-correlation potential [206] are
used for the simulation wave function. Using this electronic density functional theory, forces and
energies are calculated that can be used to calculate elastic moduli.
The exact simulation parameters [47] included creating a system of 200 atoms confined
to a cubic cell with dimensions on the order of 20 . After annealing the sample at 2000 K it is
reduced to an equilibration temperature approximately 200 degrees above liquidus temperature,
Tl. Then the sample is quenched at 1 K/fs from the equilibration temperature to 300 K and
relaxed until the average forces were below 10-2 eV/A.
The solution of the Kohn–Sham equations for this simulation yields energies and forces
for the simulated glasses. Using these results, elastic properties, charge transferred away from Ca
(

), electronic density of states at the Fermi energy

, crystal orbital Hamilton population

(COHP), partial pair correlation functions, charge densities, and other properties can be
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calculated. Further details of the model are found in a collaborative paper [47] published with
Widom. Table 3.3 contains published properties of certain modeled calcium metallic glasses like
the calcium alloys presented in Tables 3.2 and 3.1. Listed in the table are the computed bulk
modulus, shear modulus, Poisson’s ratio, charge transfer of calcium, density of state, and the
crystal orbital Hamilton population (COHP).
Composition
Ca3Ag
Ca3Al (Brittle)
Ca3Cu
Ca3Mg (Ductile)
Ca3Zn
Ca12Al3Li
Ca12Mg3Al
Ca12Mg3La
Ca12Mg3Zn

K (GPa)

G (GPa)

COHP

22.4

8.2

0.34

0.88

0.071

0.68

22.7

9.5

0.32

0.90

0.102

0.88

22.1

9.3

0.32

0.89

0.080

0.57

19.7

5.7

0.37

1.07

0.054

0.56

21.5

6.3

0.37

1.03

0.065

0.54

20.8

7.9

0.33

0.96

0.099

---

20.2

6.0

0.37

1.03

0.066

---

19.5

5.6

0.37

1.19

0.062

---

19.9

5.4

0.38

1.07

0.057

---

Table 3.3. Table of simulated data with bulk modulus (K) in GPa, shear modulus (G) in GPa,
Poisson’s ratio (ν) unitless, density of states (ρ) in states/eV/atom, charge transfer (QCa) in
fractions of e, and the crystal orbital Hamilton population (COHP) in eV [47].

The bulk and shear modulus contribute to the calculation of the Poisson’s ratio, which
correlates with ductility. The charge transfer measures ionicity and the COHP measures the
covalency of the interatomic bonds. From Table 3.3, the values for COHP increase from 0.56 eV
for the ductile Ca3Mg system to 0.88 eV for Ca3Al the brittle. COHP solely is not a good
indicators since Ca3Cu is 0.57 eV and it is a very brittle glass. The density of states at the Fermi
energy,

, reveals characteristics of binding. If a high density of states, then it is metallic

bonding. If a low density of states, then it is covalent or ionic bonding. In Fe-based metallic
glasses, density of state has been correlated with ductility [163, 207]. From Table 3.3, the trends
of relating the density of states to ductility hold better than for COHP. For the ductile Ca3Mg and
Ca3Zn alloys their values are close to each other while the brittle systems of Ca3Ag, Ca3Al, and
Ca3Cu are significantly lower.
The brittle alloys here have lower densities of states than the ductile ones. From Table
3.3, the
Ca3Al. The

value for the most ductile glass Ca3Mg is half the value of the very brittle glass
trackes the ductility well, with low values associated with ductile systems and
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higher values associated with brittle systems. The simulated Poisson’s ratio for the ductile alloys
is higher than brittle ones. A plot, Figure 3.1, of the simulated charge transfer from Ca vs.
Poisson's ratio colored with ductility rating shows the clear trend. The calcium metallic glasses
with higher Poisson's ratios and a low charge transferred away from calcium are more ductile,
while lower Poisson's ration and high charge transfer are more brittle. Since Ca is able to keep its
electrons it maintains a ductile nature due to the metallic charge distribution surrounding it.

Figure 3.1. Plot of the calculated Poisson ratios (ν) as a function of charge transfer from Ca
(QCa). The experimentally tested, immediately after melt spinning, compounds are color coded
from most ductile (red) to most brittle (blue) [47].

A comparison of the Voigt and Reuss estimates of bulk and shear moduli from Table 3.2
with the Widom molecular dynamic model is presented in Figure 3.2. The bulk moduli fall
within the Voigt estimate (upper bound) and Reuss estimate (lower bound). The shear values are
bounded well for the brittle alloys, while for the ductile alloys the shear is over estimated by both
the Voigt and Reuss methods. Difference between bulk and shear could be due to what bulk and
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shear measure. Bulk moduli are a compression of atoms while shear is tangential resistance to
separation. The bonding of local atoms would resist a shear force. The Voigt and Reuss methods
do not account for bonding. The molecular dynamic simulations do, however, account for local
bonding.

Figure 3.2. Moduli for various amorphous calcium alloy compositions are plotted against the
ductility rating from their pinch test results. The plotted moduli are the bulk moduli (K) and
shear moduli (G) calculated from the Voigt and Reuss estimates plotted with moduli calculated
from the Widom molecular dynamic model.

Another quantity calculated from the model is formation enthalpy. The formation
enthalpy is indicative of interatomic bond strength. The more negative the formation enthalpy,
the stronger the bond formed. The stronger the bond between calcium and other elements the
more brittle the calcium glass is. In Figure 3.3, the Ca-Al and Ca-Cu alloy systems have bond
enthalpies more negative than the Ca-Mg alloy system. The amorphous structures follow this
same trend. Amorphous Ca3Mg has a positive formation enthalpy, while Ca3Cu, and Ca3Al have
negative formation enthalpies. This further supports the link between bond strength and ductility.
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Figure 3.3. Plots of formation enthalpies of Ca-Al (solid lines), Ca-Cu (dotted lines), and Ca-Mg
(dashed lines) relative to tie-lines joining pure elements. 'X' in the plot stands for the atomic
percent of Al, Cu, or Mg. The amorphous structures are plotted as open diamonds, ◇, and the
crystal structures are plotted as open circles, ○. The structures types are identified by Pearson
notation. The structures labeled 1–3 are elemental Ca (cF4, hP2, and cI2); 4–6 are amorphous
structures (Ca3Mg, Ca3Cu, and Ca3Al); 7 is CaMg2 (hP12); 8 is Ca2Cu (oP12); 9 is CaCu
(mP20/oP40); 10 is CaCu5 (hP6); 11 is Ca8Al3 (aP22); 12 is Ca13Al14 (mC54); 13 is CaAl2
(cF24); 14 is CaAl4 (tI10); 15 is elemental Mg (hP2),Cu (cF4), and Al (cF4)[47].

Figure 3.3 is a plot of convex hull lines. The plotted lines bound all the convex sets
containing the enthalpies of formation for a given alloy system. Known crystal structures of each
alloy family were fully relaxed and their derived enthalpies were then plotted as a function of the
composition [208].
The boundary of the convex hall is lined with stable crystal structures. The enthalpies of
formation for amorphous alloys are indicated with diamond shapes. They lie above the convex
hall since they are metastable states. The enthalpies of formation of Ca3Al and Ca3Cu are
stronger than that of Ca3Mg. Hence ductile Ca3Mg is relatively less strongly bonded than the
brittle Ca3Al and Ca3Cu systems.
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3.3 Experimental Validation of Simulations

There were several experimental validations of this model. The first are the ductility
rating results, listed in Table 3.2, from the pinch test described in Section 2.3.1. These correlate
with the Poisson’s ratio, density of state and charge transfers found in Table 3.3. The ductile
systems have high Poisson’s ratios, high density of state, and low charge transfers.
A second confirmation is of plastic processing zone (PPZ) size. PPZ are the zones created
when metal ribbons are pulled apart in the tensile direction. These zone are created by the
intersections of river and vein like features on the fracture surface. The average size of PPZ has
been used to characterize ductile behavior [209]. The change in size and structure of the PPZ is
comparable with trends noted in Fe-based calcium glasses [164, 210]. Secondary electron images
of the fracture surface of Ca72Mg28, Ca3Al, and Ca12Mg3Al taken on a JEOL JSM-6700F SEM
show the trend in PPZ size. From Figure 3.4, the average PPZ sizes are extracted by a semiautomated as described next in Section 4.4. The PPZ were 1.6 µm for Ca72Mg28, 0.8 µm for
Ca12Mg3Al, and 0.2 µm for Ca3Al. The ductility rating decreases as the PPZ decreases.

Figure 3.4. SE SEM images of fracture surfaces from left to right of Ca3Mg, Ca12Mg3Al, and
Ca3Al tested immediately after melt spinning [47].

A third experimental validation of the model was conducted locally with assistance from
the group of Despina Louca at the UVa Physics department. Samples of the three binary alloy
ribbons Ca3Mg, Ca3Cu and Ca3Al were taken to the Advanced Photon Source of the Argonne
National Laboratory. X-ray diffraction data were collected on the 11-ID B beam line using a
wavelength of 0.2127 . Louca's group processed data extracting structure functions (S(Q)).
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Fourier transformations of the S(Q) yielded the pair distribution functions (PDF). The PDF
(

) describe the distance between pairs of elements in a given volume. Where α and β are

either Al, Ca, Cu or Mg. The results are plotted in Figure 3.5 along with the simulated PDFs
from the model. For the two samples which the PDFs were created, the simulated and
experimental PDFs are in agreement.

Figure 3.5. The partial pair correlation functions from top to bottom of ductile Ca3Mg, very
brittle Ca3Cu, and very brittle Ca3Al glasses. These as spun ribbons were placed immediately in
quartz vials before being sent for measuring. The insets for Ca3Mg and Ca3Cu compare the
experimental RDF with the x-ray weighted sum of simulated partial pair correlation functions
[47].
Comparing the ductile Ca-Mg system to the brittle Ca-Cu system, there are less Ca-Ca
bonds for Ca-Cu than for the Ca-Mg system. As expected from the modeling work, in the brittle
Ca-Cu system more of the charge of the calcium is transferred.
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3.4 Ductile Ribbon Embrittled

The results of the simulations tie the atomic bonding to the brittle or ductile nature of
calcium metallic glass. Metallic bonds are good for ductility. Iconic and covalent bonded
calcium glasses are brittle. During the pinch test conducted for assigning ductility rating, several
ribbon compositions would turn from initially ductile to brittle results in the course of minutes.
In particular, the ductile Ca-Mg binaries made around the Ca72Mg28 eutectic point would become
marginal ductile in under a minute after being removed from the vacuum on the melt spinner.
The calcium glass ribbons do not last in the ductile state. To study this brittle to ductile
transition, a composition that can maintain its ductility longer than Ca72Mg28 is needed. Adding
Al to the Ca-Mg binary extend the ductile lifetime, but does increase the brittleness. Figure 3.6,
shows the qualitative ductility pinch test results for several alloys tested in the Ca-Mg-Al ternary
system.
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Figure 3.6. Ternary diagram of the Ca-Mg-Al system indicating amorphous compositions tested
for ductility using the pinch test immediately after melt spinning. The alloy Ca75Mg15Al10 was
selected for further study. This composition is only marginally ductile, in that it failed the pulling
taunt stage of the pinch test. However, it held this property for at least half an hour. The next
part of the thesis uses this alloy to determine the mechanism that causes the embrittlement of
ductile calcium metallic glasses.

The results from this chapter lay the ground work for the remaining thesis research.
Similar to the strategy that that led to the composition optimization for ductile amorphous steel
[164, 207], a combination of computational and experimental research resulted in ductile Ca
amorphous alloys. The difficulty is the ductility is short lived. To explore the reason for this
property degradation the Ca Ca75Mg15Al10 is selected, based on the previous results and
discussion.
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Chapter 4 - Embrittlement of Calcium Glasses and
Data Processing Procedures
4.1 Observations of Embrittlement

Amorphous ribbons which passed the initial pinched test became brittle within minutes.
To determine the embrittlement mechanism, ribbons which had been left in ambient lab
conditions for an extended period of time were examined. Ambient conditions for temperature in
the lab were centered at 20.5±2.0 °C; humidity in the lab initially would range from 20 to as high
as 70% RH with a variance of ±10% RH over a typical 24 hour period.
The specific alloy studied is Ca75Mg15Al10. It was selected for reasons given in Section
3.4. This alloy was verified to be amorphous, Figure 4.1. The criteria demonstrating amorphicity
include a diffuse ring in the selected area diffraction pattern (Figure 4.1a); a uniform TEM
image; endothermic glass transition temperature (Figure 4.1c) from DSC; and a broad x-ray
hump void of ancillary sharp spikes (Figure 4.1d). Over time these ribbons transform from
metallic ribbons to powder.
A batch of amorphous Ca75Mg15Al10 ribbons was left in an envelope, in ambient lab
conditions for six years transformed from initially shiny ductile ribbons to a mixture of dull
metallic brittle ribbon shards, a grey powder, and a white powder. Figure 4.2 is an optical image
of these products.
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Figure 4.1. Steps to demonstrate the Ca75Mg15Al10 melt spun ribbon are fully amorphous. (a)
electron diffraction pattern with circular halo and no diffraction spots; (b) bright-field TEM
image, slightly under focused illustrating the mottled uniform, microstructure and no crystalline
features; (c) DSC signature illustrating a Tg glass transition event and three crystallization
exothermic peaks; and (d) a powder x-ray scan revealing a broad peak, similar to (a) for
electron diffusion, and no sharp spikes.
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Figure 4.2. Optical image aged ribbon exposed to 6 years of ambient lab conditions (20.5±2.0
°C, 20-70±10% RH). Here metallic ribbon shards and white powder are intermingled on top of a
black background to highlight the white powder. The lower left hand corner contains a higher
concentration of shards while the upper right corner has a higher concentration of powder
present.

Samples of the metallic ribbon shards and the powders were analyzed using XRD, Figure
4.3. The XRD scan of the powders exhibited peaks from calcium hydroxide and also three
variants of calcium carbonate structures: calcite, aragonite, and vaterite. The XRD of the dulled
metallic ribbon shards had the characteristic amorphous hump and also peaks from calcium
hydroxide. Also displayed in the XRD plot for comparisons are as spun ribbons, as well as
ribbons exposed to ambient lab conditions for 21 and 54 days. In XRD the as spun and the 21
day ribbons are amorphous. The ribbons for 54 days are starting to show a slight hump near
2θ=35° where the main peak of Ca(OH)2 is located.
49

Chapter 4 – Embrittlement of Calcium Glasses

Figure 4.3. XRD of a Ca75Mg15Al10 ribbons after being exposed to ambient lab conditions for
various times. The products of the interaction of the ribbons with ambient lab conditions are
labeled. Aragonite, Vaterite, and Calcite are different forms of CaCO3. XRD of as spun ribbons
and ribbons exposed to exposed of ambient lab conditions (20.5±2.0 °C, 20-70±10% RH) for, 21
d, 54 d and 6 years. The 6 year exposed ribbons were in three products, metal ribbon shards, a
grey powder, and a white powder. The circle at 2θ=35° for 54 d indicates the beginning of a
peak for Ca(OH)2.

An SEM image Figure 4.4, is for a 6 year old ribbon shard exposed to ambient
conditions. The shard is in cross section. The aged metallic ribbon has a metallic core between
two thick oxygen rich layers, best seen in the figure with oxygen mapped in red. There is also a
carbon rich layer on the surface. It will be shown from current results that the metal ribbons are
growing hydroxide layers and then the hydroxide is converting to calcium carbonate. Spallation
is associated with this carbonate layer. Spallation then exposes a new layer of Ca(OH)2 for
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conversion to CaCO3. From SEM and XRD data it will be demonstrated that the ribbons in long
term ambient lab conditions are converting to various forms of carbonate. The process is not yet
at equilibrium since the metal cores and hydroxide layers are still in the process of being
converted to calcium carbonate, even after 6 years.

Figure 4.4. Cross section of ribbon exposed to 6 years of ambient lab conditions (20.5±2.0 °C, 2070±10% RH) is mounted and fixed to an Al SEM sample holder. Displayed are a BSE labeled
image, an elemental EDS composite map, and individual elemental EDS maps of Ca, Mg, C, Al
and O. The Al holder contributes a strong Al signal seen in the combined and Al EDS elemental
maps.
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Exposure to ambient lab conditions is resulting in significant changes to the ribbons, and
the exact embrittlement mechanism will be determined, analyzed, and discussed in greater detail
in Chapter 5.
4.2 Testing Individual Ambient Conditions to Determine Embrittlement Condition

Since the embrittlement is occurring in ambient lab conditions, different aspects of the
lab environment were isolated and examined. These included various atmospheric gasses and
ambient temperature. To determine whether ambient lab conditions were affecting the ribbons
the following protocol was initiated. Immediately after melt spinning, a batch of ribbons was
split into two or three sets. A batch of ribbons is defined as the ribbons produced by melt
spinning an initial 0.5 mg of master alloy. The sets from a batch include a control set and up to
two test sets. The test sets are isolated in a quartz tube enclosure and held in either a vacuum or
at a positive pressure in one of the high purity gases to be examined. The control set is tested
immediately in ambient lab conditions over mandrel rods as described in Section 2.3.2. To
ensure adequate testing material for the duration of each experiment, the testing intervals were
increased after each mandrel size failure. The series of test before failing the mandrel can be
noted in the control set data in Figure 4.5a.
The testing method is to perform bending experiments over mandrel diameters until the
lab exposed ribbons (control set) failed over two different diameters. Then the vacuum set,
exposed to a pure gas, would be removed from its environment and tested in a similar fashion.
The time the encapsulated set spent exposed to a pure gas was about 1.5 hours before the whole
set is removed from the gas and placed into lab conditions. The mandrel bending experiments
were repeated. The time ‘offset’ between the labs exposed set and the set held in an encapsulated
state is marked in Figure 4.5a where the x-axis is ‘Lab Time’. The staggered start shows whether
the isolated ambient condition is related to the embrittlement of the Ca75Mg15Al10 glass ribbons.
Holding the test condition set for the duration of two control set mandrel failures ensures that the
ribbons have experienced ambient lab conditions long enough for significant measured
embrittlement to occur. When the test set and the control set are compared, the spacing between
failures over the mandrels would be the same if the isolated ambient condition is not a factor in
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embrittlement. If the isolated ambient condition is related to embrittlement, then the initial test
will show failure over multiple mandrel sizes initially.

4.2.1 Thermal Relaxation

Given this testing methodology, the first batch of ribbons is tested to show if thermal
relaxation due an ambient temperature in lab environment occurred. One set of the batch was
held in a vacuum of 0.01 Torr, and the control set was placed in ambient lab conditions. Holding
one set in vacuum while testing the other in lab air allowed for both to experience the same
thermal history.
The mandrel diameters are plotted versus the points in time when ribbons fail. For all
subsequent plots testing various isolated ambient conditions, the horizontal axis is in units of
square root of time. This will be useful later when linking to the hydroxide growth kinetics.
Additionally, the plots of the ribbon sets held in various conditions have a time offset removed.
Lab time, Figure 4.5a, is the time the ribbons exist after being removed from the melt spinner
regardless of being placed in a controlled test environment or held in the lab environment. The
offset between the control set and the test set is equal to the time it takes for the control set of
ribbons to fail the second smallest mandrel. The difference between the lab time and offset
corrected time is seen when comparing the two plots in Figure 4.5.
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Figure 4.5. (a) Plots of the size of mandrel diameter when a ribbon break when bent over the
mandrel versus total lab time. The control set is tested immediately after melt spinning is shown
with open squares, □. The plot consists of a control set that only experiences ambient lab
conditions and a vacuum set that is first held in a vacuum of 0.010 Torr to test for effects of
thermal relaxation. The vacuum test set is shown as solid squares, ■. This set is held in vacuum
until the ribbons in the control set break when tested over the 0.8 mm mandrel. (b) The plot of
the same control set data but the vacuum offset time is removed. Note the two sets now overlap.

From Figure 4.5b, the control and vacuum-held sets are seen to fail at similar rates
beginning at the same time. Additional thermal information is found from a DSC scan of an as
spun Ca75Mg15Al10 ribbon. From Figures 2.3 & 4.1c, the DSC scan taken at 20 K/s has a glass
transition at Tg=134.74 °C and there are three crystallization events higher than 150 °C, see
Table 3.1. This Tg is typical of calcium glasses. Even though the Tg can fall in a range of
temperatures dependent on the DSC scan rate, this range is well above the lab temperature of 23
°C. The thermal relaxation of calcium glass ribbons studied here is not likely to occur at lab
temperature.
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4.2.2 High Purity Gasses

All the gas tests were conducted similar to the thermal relaxation test. The only
exception is the Ar and He tests which had the same control set, i.e., the batch used for Ar and
He was divided into three sets. The Ar and He sets were encapsulated in separate containers. The
control set is the third set and is shared by both gases. The other gases tested N2, O2, H2, and CO2
each have a control set which is held in ambient lab conditions and a set held in the various
gases.
The gas test set was held in the high purity testing gas until the lab set ribbons failed over
the second smallest mandrel test rod of 0.8 mm. The humidity in the lab (uncontrollable, but
recorded) was different during each of the gas tests. The initial humidity is noted in the inset in
Figure 4.9a and the would range by ± 10% over a day. Hence a different control set is needed for
each gas test. The size of the mandrel that the gas sets and their control sets fail were plotted
versus their total amount of time exposed to ambient lab conditions; that is, the time spent
encapsulated in a test gas is not included. Only after the ribbons are released does the time start.
The plots in Figure 4.6 are for all the gases tested (Ar, He, N2, O2, H2, and CO2) and they reveal
that the rates of failure and start times follow the control sets once the offset time is removed.
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Figure 4.6. Mandrel diameter size that a ribbon fails when being bent over the mandrel is
plotted as a function of time exposed to ambient lab conditions for Ca75Mg15Al10 ribbons. Each
plot consists of a control set that experiences ambient lab conditions only and a test condition set
that is first exposed to a gas. The test condition set is exposed to the ultra-pure gas for the time
that it takes the control set to fail the first two mandrel diameter sizes. The offsets for each plot
due to time the ribbons spent in a test gas are removed (see Figure 4.5).
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When the data for Figure 4.6 were collected the RH was also measured. The initial lab
humidity affects the rate of failure when comparing across the various gas test control sets, as in
Figure 4.9a. The starting humidity is noted for each control set. The higher the starting humidity
the quicker the samples from the set fail. Figure 4.9a takes the data from Figures 4.6 & 4.8 for
only the control sets along with the RH at the time of testing and replotted the data. The role of
high RH and earlier ribbon failure (embrittlement) is apparent. For instance, when comparing the
H2 control test with an initial humidity of 62% to the CO2 control test with an initial humidity of
29%, the higher initial humidity increases the higher the mandrel diameter failed at a given time
and decreased exposure time to fail the same sized mandrel.
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4.2.3 Humidity

Given the results from the control sets of the gas test sets, a further experiment testing
humidity was conducted. It used water saturated NaCl to create a controlled RH environment of
75%. Using a humidity monitor, the RH in the box was tested for loading and unloading a
sample. The attached tube had a volume 0.1% of the volume of the chamber. The tube was
attached and then disconnected using a quick-connect feed through. The variation caused by the
addition of the tube was at most RH=1%, and took approximately 10 min to return to equilibrium
humidity, as seen in Figure 4.7.

Figure 4.7. Plot of the humidity measured in the salt chamber device used to control humidity at
75% RH as a function of time from when the water saturated salt is first added to the test
chamber to the time when samples are loaded and unloaded for testing. The sample testing
period is highlighted to show the relatively small variance in humidity during testing.
58

Chapter 4 – Embrittlement of Calcium Glasses

Figure 4.8. Mandrel diameter of ribbon failure plotted as a function of time exposed to 75% RH
for Ca75Mg15Al10 ribbons. The rod shaped mandrel diameter where the sets fail is plotted as a
function of time exposed to ambient conditions. The plot consists of a control set that experiences
ambient lab conditions only and a test condition set that is first exposed to 75% RH for about
one hour.

The 75% RH plot in Figure 4.8, shows that when the set is removed from the controlled
humidity chamber, the first two mandrel sizes fail immediately. The rate of failure of the
humidity set then follows that of the lab control set.
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Figure 4.9. (a) The combined plot of mandrel diameter ribbon failure as a function of time
exposed to ambient lab conditions control sets2 and the RH that each control set experienced in
the lab. The inset shows the control set associated with the gas tested. The H2 and CO2 test sets
are trace to show a contrast between a set that experienced high initial humidity with one that
experienced low initially humidity. (b) The combined plot of mandrel diameter ribbon failure as
a function of time exposed to ambient lab conditions after being exposed to a gas, a humidity or
a thermal relaxation test. The inset shows the condition that was tested in the test set. The RH
75% test set is highlighted to show its deviation from the other test sets.

The plots in Figure 4.9 summarize the results of the isolated ambient condition tests.
Figure 4.9a shows all the control sets and Figure 4.9b shows the gas, thermal relaxation and
controlled humidity test sets. The only outlier in all the plotted data in Figure 4.9 is the 75% RH
test set. Specifically, the first two mandrel rod sizes fail when tested immediately out of the
control box. This indicates that humidity is enabling the embrittlement.

2

A reminder: Control sets are the sets that have been immediately exposed to ambient lab conditions following
being melt spun. Test sets are the sets that were immediately exposed to a gas, a humidity level, or a vacuum
following being melt spun.
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4.3 Measuring Ca(OH)2 Growth Layer

Since humidity is observed to be related to embrittlement interaction with the calcium
glass, it is examined in detail. This is a rapid embrittlement process where a ribbon can lose
ductility in less than half an hour. First, the growth kinetics of the Ca(OH)2 layer is examined. Ca
is known from literature to form Ca(OH)2 in the presence of water vapor [211-212]. Since the
calcium glass ribbons react quickly, they have to be prepared and mounted rapidly. To get a
clean surface for cross sectional elemental analysis, samples were cut using an unused razor
blade. The ribbons were sliced with the wheel contact side facing down on a glass slide. After
cutting, the section of ribbon was then mounted on the side of a copper block using quick setting
adhesive. There are more stable ways to mount samples, but the calcium glass ribbons must be
attached in this fashion. Other methods do not capture, or would interfere with, the current state
of the sample. They either take too long to prepare and the sample has excessive time to interact
with the lab environment or the mounting procedure would alter the sample. Hot mounting
procedures would crystallize this calcium glass. In the time required for traditional cold
mountings to set, the cross sectional surface would have a new surface layer growth.
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Figure 4.10. BSE images taken on the SEM of the edge of cross sections of Ca75Mg15Al10 ribbons
exposed to 75% RH. Below each image the hydroxide layer is identified with the red bars. The
humidity exposure duration are 5.8 d (500 ks), 2 wk (1200 ks), 4.9 wk (2900 ks), and 12 wk
(7300 ks). The dark area to the left of each image is the receding out of focus hydroxide on the
melt side surface of the ribbons. The beginning of the depth of each cross section is marked by
the bar below each image. The width of this bar corresponds with the thickness of the hydroxide
layer. The area to the right of the hydroxide indicating bar is the near edge part of the cross
section of the on average 20 µm thick ribbons.
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The cross section surface is examined using backscattered electrons on a SEM. Figure
4.10 shows the edge of the cross section of different ribbons exposed to different durations of
75% RH. The hydroxide layer is the middle region present between the dark left-hand off sample
side and the right most light bulk of the sample region. The samples are all shown at the same
scale for easy qualitative comparison. In Figure 4.10, the increase in thickness of the hydroxide
layer is indicated by the bar length. The 5.8 d (500 ks) image has a thin layer barely visible
between the dark edge and light rough cross sectional surface. The 2 weeks sample has a visible
sub-micron layer between the dark edge and bright ridge line on the cross section surface. The
4.9 weeks cross section has a light grey layer roughly greater than 0.5 µm that is visible. On this
sample it is between a smooth cross section surface and a layer that is the out of focus ribbon
surface next to the dark of sample region. The ribbons surface is not perfectly flat. They have
hills and valleys locked-in from liquid flow during quenching. The 12 weeks sample has a
defined 1.5 µm image of the hydroxide layer.
A line scan of the 4.9 weeks sample, as seen in Figure 4.11, shows where the hydroxide
layer is present in the BSE image. The right side of the image is the surface which is facing the
EDS detector. The plot of different elemental line scans shows hydroxide layers on either side of
the ribbon. While the hydroxide layer can be imaged using a backscattered electron detector, an
elemental oxygen map, or oxygen line scan, shows the thickness of Ca(OH)2 growth layer more
clearly.
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Figure 4.11. A cross section of a Ca75Mg15Al10 ribbon that has been held in 75% RH for 4.9
weeks. The BSE image is of the area where the line scan was collected. The yellow trace is the
line scan. The hydroxide layers and their thicknesses are indicated with the red bars below the
BSE image. The bottom plot is of the elemental line scans of the O Kα1, Mg Kα12, Al Kα1 and Ca
Kα1 emission lines. There are four types regions of the cross section of ribbon labeled in the top
BSE image. The order from left to right is first an off the sample region, then an layer of
hydroxide, then the ribbon on edge with bulk composition, then a second hydroxide layer, and
then there is the top surface of the last hydroxide layer on the outside surface of the ribbon. This
final region is due to the ribbon being tilted toward the EDS detector and not the BSE detector.

To take elemental maps and do line scans, a compromise had to be made in mounting of
the samples. To obtain the best image, the sample has to be on the plane perpendicular to normal
of the electron detector. For optimal EDS maps and lines scans, the face of the sample has to be
pointed 45° from azimuth of the loading door plane and 45° from normal. To have the cross
section face point in both directions during a SEM session is possible only if the SEM has access
to all three Euler angles of rotation. The Quanta 650 only has two of the three angles of rotation.
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Figure 4.12. Pairs of BSE images (top row) and composite EDS maps (bottom row) with the
ribbon tilted at 0°, 22°, and 40°. The direction to the EDS detector is highlighted on the EDS
maps. This corresponds with the tilt of the EDS shadow cast by the ribbon. The EDS elemental
map is a combination O (red), C (yellow), Ca (blue), Al (green), and Mg (light blue).

Low magnitude images, Figure 4.12, show the shadow of the ribbons sticking over the
edge of the copper mount. Face on imaging is best at 0° tilt. EDS is best near 22° tilt. Tilting
further through angles past 40° demonstrates that the EDS becomes less optimal. The 40°
condition is similar to that at 0°.
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Figure 4.13. SEM BSE image, a composite EDS map, and elemental EDS maps of Ca, Mg, Al,
and O of a cross section of a Ca75Mg15Al10 ribbon exposed to 75% RH for 4.9 weeks. The
hydroxide layers and their thicknesses are indicated with the red bars below the BSE image.

The hydroxide layer can be measured from the EDS of the map or the line scan data. In
Figure 4.13, we can see the thickness of the hydroxide in the 75% RH 4.9 weeks exposed
sample. Also noticeable is that the Mg and Al maps have lower intensity levels compared to the
center of the ribbons. This lower intensity corresponding to where the hydroxide is in the oxygen
map. Figure 4.14 shows the growth of the hydroxide layer of different exposure times from 3 h
(11 ks), 1.2 d (100 ks), 2 wk (1200 ks), and 4.9 wk (2900 ks). For easy qualitative comparison,
images of 3 h, 1.2 d, and 2 weeks were adjusted to be on the same scale as the 4.9 weeks image
and the 3 h and 1.2 d were aligned so that the cross section runs vertical, like the 2 and 4.9 weeks
images. The EDS detector is to the right side of the images. For the 3 h and 1.2 d images, the
dark area on the left is the cross section surface and the brighter area on the right is the ribbon
surface. For the 2 and 4.9 weeks images, the dark far left side in off sample, the bright lines are
the hydroxide layers bounding the cross section, and the right most side is the ribbon surface.
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Figure 4.14. EDS oxygen maps of the cross section views of Ca75Mg15Al10 ribbons exposed to
75% RH for 3 h (11 ks), 1.2 d (100 ks), 2 wk (1200 ks), and 4.9 wk (2900 ks). The hydroxide
layers and their thicknesses are indicated with the red bars below the BSE image.

For lower exposure times, the thickness measurements for EDS maps overestimate the
thickness of the hydroxide layer. The diffuse interior edge has a low signal, making it difficult to
determine the exact edge. If the EDS maps detection time were to increase, the sample would
drift due to the mounting limitations. Line scans are used to create a standard means of
measuring the hydroxide thickness. Elemental maps provide rapid survey results to select region
on the sample to take the line scans.
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Figure 4.15. This is a sample SEM EDS oxygen line scan taken on a ribbon of Ca75Mg15Al10 that
has been exposed to 75% RH for 4.9 weeks. A black box is drawn around region from the BSE
image that the line scan was extracted. The BSE image is in the upper left corner. The BSE
image is of the edge profile of the cross section of the ribbon. The FWHM that was used as the
thickness of the hydroxide layer, and an error used, are labeled on the line scan as the hydroxide
layer width and error.
For each ribbon, multiple line scans were taken at several regions along the edge closest
to the detector. An example of one of these oxygen line scans and location on a BSE image is
shown in Figure 4.15. These oxygen line scans have different level backgrounds depending on
which side of cross section is closest to the detector. A standardized way of measuring the
hydroxide thickness was created. To get a bottom standard starting point for measuring the width
of the hydroxide layer an average background level was established by determining the point half
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way between the oxygen background level in the bulk and the value at exterior face. The full
width half maximum level was measured and used as a thickness of the hydroxide layer.
Using the full width half maximum (FWHM) here gives a standardized measurement that
takes into account the variances introduced by the slight differences in alignment of the curvy
sample edge and cross section face angle relative to EDS detector across the various samples
measured. The hydroxide measurement can be stated as being the thickness where the hydroxide
is a majority of the composition. The average result of the 15-20 line scans per sample and error
is reported in Table 4.1. One error measurement is the distance between the distance coordinate
of the line scan where the FWHM starts, to the point where the background level on the ribbon
surface side is. This distance used as an error is identified in Figure 4.15. This was comparable to
a calibration standard of Au, evenly spaced and deposited on Si. The standard was scanned at the
same conditions to determine the line scan resolution. A calcium standard is not easy to make or
procure. For the Au on Si standard the error is 0.03 µm. This is comparable to the prior described
error measurements made on the calcium ribbon line scans. A second source of error is the
standard deviation of the average of samples. Due to the large sample set and homogeneousness
of the measurements, this error is not the largest limiting error. A third error for the larger
hydroxide thickness was probe site spacing. Scanning too slowly or too close in spacing for the
larger thicknesses resulted in damage to the hydroxide layer. The largest of the three errors was
used as the error to associate with the thickness measurement.
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Time (s) x 105
0.1 (3 h)
0.5 (13.9 h)
1.0 (1.2 d)
5.0 (5.8 d)
9.3 (10.8 d)
12.2 (2 wk)
29.3 (4.9 wk)
41.5 (6.8 wk)
52.7 (8.7 wk)
72.6 (12 wk)

Hydroxide Thickness (µm)
0.119 ± 0.03
0.143 ± 0.05
0.224 ± 0.05
0.260 ± 0.07
0.304 ± 0.07
0.308 ± 0.10
0.631 ± 0.12
0.864 ± 0.08
1.302 ± 0.12
1.547 ± 0.15

Table 4.1. Table of averaged measured Ca(OH)2 thickness layers grown on ribbons of
Ca75Mg15Al10 and the times that the ribbons were exposed to 75% RH. Plotted in Figure 5.6.

4.4 Measuring PPZ Size

To see how the sample exposure to humidity affects their ductility, the samples were
tested in a tensile test. Their cross section surfaces were examined under the SEM using
secondary electron imaging. Samples of different exposure to 75% RH durations: 0.5 h, 3 h, 13.9
h, 1.2 d, 5.8 d, 10.8 d, 2 wk, 4.9 wk and 6.8 wk were imaged, Figure 4.16. The plastic processing
zone (PPZ) can be related to the ductility of a sample. The PPZ are the closed areas created by
the intersection of river and vein patterns. These patterns are on the fracture surface of tensile
tested metallic glass ribbons. As PPZs become smaller the metallic ribbons trend toward being
more relatively brittle.
The change in size of the PPZ is noted in Figure 4.16. All the images are on the same
magnification scale. Several visual groupings can be made of these PPZ images. The 0.5 h, 3 h
and 13.9 h have large irregular shaped PPZ. The 1.2 d and 5.8 d images have a mixture of regular
spaced smaller PPZ, and a few larger size ones. The 10.8 d, 2 wk and 4.9 wk images all show
fine, regular spaced PPZ. And at 6.8 weeks the PPZ are small enough that visually they are
difficult to differentiate, but line profiles do show small PPZ are present. It is noted that the 3 h,
2 wk, and 4.9 wk images are taken near the outer surface of the ribbon. The larger PPZ on the
halves further from the edge are representative of the average size of the PPZ present over the
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fracture surface on these tensile pulled ribbons. The PPZ decrease in size as the hydroxide layer
is approached. This may indicate a gradient of brittleness from the edge of the hydroxide layer
extending into the ribbon, with the near surface layer being more brittle than the interior. For the
analysis, the edge PPZ will be ignored. The relation sought is the link between average PPZ size
of the interior core and the duration of exposure to 75% RH to reveal a general trend between the
decreases in PPZ size to the embrittlement of the ribbons. It is also noted that these gradients are
not seen in other whole ribbon scans of metallic glasses which unlike these Ca-based glasses are
stable in ambient lab conditions [148, 153, 157, 167].
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Figure 4.16. Postage stamp sized image of fracture surface of ribbons of Ca75Mg15Al10 that are
tensile tested after being exposed to an 75% RH for 0.5 h (1.8 ks), 3 h (11 ks), 13.9 h (50 ks), 1.2
d (100 ks), 5.8 d (500 ks), 10.8 d (1000 ks), 2 wk (1200 ks), 4.9 wk (2400 ks) and 6.8 wk(3600
ks). Images were taken from regions of the ribbon representative of the samples average PPZ
sizes. Preceding the postage stamp summary image are enlargements of each image.
To create a standard technique for measuring the PPZ, each of the different samples was
counted using a semi-automated linear density method. Like the traditional grain boundary
counting method, the number of boundary intercepts is divided by the length of draw line to get
the average size of the PPZ. In the Digital Micrograph software, evenly spaced line profiles of 10
pixel width were taken across the image in a grid like pattern.
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Figure 4.17. Example of the results from the peak finder algorithm used on ribbon of
Ca75Mg15Al10 exposed to 75% RH for 2 weeks. The SE SEM image with the region when the 10
pixel width line profile was extracted is displayed. The plot is of the line profile with the points
the peak finder found plotted as red stars ☆. The peaks that were kept and used for the PPZ
measurement are plotted as solid blue stars ★.
The peaks in these line profiles correspond to the intercepts of the PPZ boundaries. A
peak finding algorithm was created using Microsoft Excel (2007) macros which tested for local
maxima over 30 pixel ranges. For Figure 4.17 the conversion from pixel to unit length was
0.0041 µm/pixel. The pixel conversion for all images used was on a similar order of magnitude.
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The macros were able to identify all the peaks plus a few erroneous ones. The over counting of
peaks was due to ~5% of the peaks appearing to be split, but they were actually broader PPZ
boundaries. Also, there were low level peaks that were identified that did not correspond to PPZ
boundaries in the image. The identified peaks were plotted with the line profiles. The broad
boundary and low level peaks that were not associated with PPZ were manually identified and
removed. An example of this processing is seen in Figure 4.17. The final average PPZs and
errors are listed in Table 4.2. One source of error for this was the calibration of the magnification
scale bar. This error was determined to be on average 0.040 µm error per 5.0 µm using a
calibration standard at the various working distances, spot sizes, beam energies and
magnifications employed. The major source of error for the PPZ measurements came from the
standard deviation of the sample measurements. For the shorter times there was a larger spread
due to greater variance in sample PPZ sizes. The PPZ became more homogeneous the longer the
samples were exposed to 75% RH.
Time (s) x 105
0.02 (0.5 h)
0.10 (3 h)
0.5 (13.9 h)
1.0 (1.2 d)
5.0 (5.8 d)
9.3 (10.8 d)
12.2 (2 wk)
29.3 (4.9 wk)
41.5 (6.8 wk)

PPZ Thickness (µm)
0.33 ± 0.10
0.20 ± 0.07
0.19 ± 0.07
0.17 ± 0.05
0.16 ± 0.05
0.14 ± 0.02
0.14 ± 0.06
0.11 ± 0.03
0.05 ± 0.02

Table 4.2. Table of measured average sizes of the PPZs on the fracture surface of Ca75Mg15Al10
ribbons that were tensile tested after different exposure times to 75% RH. Plotted in Figure 5.16
and plotted with the Ca(OH)2 thickness growth in Figure 5.17.
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4.5 XPS measurements

4.5.1 Low and High Resolution XPS Spectra

XPS was used to determine information about the relative location of calcium
compounds from the surface to the bulk. Also, the ratio of calcium to elements other than
hydrogen can be determined. Full spectra survey scans of calcium glass ribbons where taken
from 0-1400 eV binding energy.

Figure 4.18. XPS scan on binding energy from 0-1400 eV of a ribbon of Ca75Mg15Al10 exposed to
ambient lab conditions for 20mins. The different XPS transitions lines are labeled.

Figure 4.18 is an example of a full spectra of a Ca75Mg15Al10 metallic glass alloy. The peaks are
identified and labeled. The known binding energy values [213] are listed in Table 4.3.
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Element Transition
O
2s
Ca
2p
Ca
3s
Mg
2p
Al
2p
Mg
2s
Al
2s
C
1s
Mg
KL23L23
Ca
2p3/2
Mg
KL1L23
Ca
2p1/2
Mg
KL1L1
Ca
2s
O
1s
O
KL23L23
O
KL1L23
O
KL1L1
Ca
L23M23M23
C
KVV
Mg
1s
Al
L23M1M23

Binding Energy (eV)
23
26
45
50
73
89
118
285
301
347
347
351
381
440
531
978
999
1013
1197
1223
1303
1419

Table 4.3. Table of known binding energies [213] of transitions for the elements in a ribbon of
Ca75Mg15Al10.

In addition to full low resolution XPS spectra, high resolution X-ray photoelectron
spectra (HRXPS) were taken. The full spectra have information about which elements are
present and their relative amounts. The HRXPS spectra of Ca 2p are used to compare the
different calcium compounds present. A comparison of the Ca 2p peaks collected from the
selected rage of the full spectra as compared to the HRXPS spectra, as seen in Figure 4.19,
shows why the full spectra cannot be used for calcium compound information, as the Ca 2p
doublet is not resolved.
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Figure 4.19. Comparison of the Ca 2p doublet using a high resolution scan with a 0.2 eV step
size and a low resolution scan using a 1 eV step size.

HRXPS spectra are taken with a smaller scan step size of 0.2 eV versus the 1 eV step size
of the full spectra. The XPS lines that were examined in HRXPS were the O 1s, Ca 2p and C 1s.
Initially Al 2s and Mg 2s were also examined, but their collection did not yield usable peaks in
allowable collection time. As shown later, this sample is sensitive, and reacts, to the humidity
present even in a vacuum of 10-10 Torr. The O 1s and C 1s were used for processing of the Ca 2p
peaks.
The Ca 2p peaks were chosen due to abundant literature values at this peak for various
calcium compounds. They are listed in Table 4.4. The range and overlap in literature values
could be attributed to the measurements being taken on different experimental setups. The
differences between calcium compounds are relatively small. In general, the most metallic
behavior is toward the lower binding energies and as the binding energies increase the
compounds behave more like insulators. The literature studies for Ca(OH)2 and CaH2 were taken
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with different XPS equipment. Having the same value for the two different compounds, CaH2
and Ca(OH)2 is suspect, especially since CaH2 readily oxidizes forming Ca(OH)2.

Compound
Ca
Ca
Ca
Ca
CaCO3
CaCO3
CaCO3
CaCO3
CaCO3
CaCO3
CaH2
CaO
CaO
CaO
CaO
CaO
CaO
CaO
Ca(OH)2

Binding
Energy (eV)

Normalized with
C 1s = 284.8 eV
(eV)

344.7
345.7
345.7
345.9
346.5
346.6
346.7
346.9
347
347.3
346.7
345.9
346
346.3
346.5
346.6
347.1
347.3
346.7

344.5
345.7
345.7
345.9
347
346.8
346.5
346.9
347.2
347.1
346.5
345.9
345.8
346.1
346.7
346.8
347.1
347.3
346.5

Calibration Standard
Line
C 1s
Au 4f7/2
Au 4f7/2
C 1s
C 1s
C 1s,
Au 4f7/2
Au 4f7/2
C 1s
C 1s
Au 4f7/2
Au 4f7/2
C 1s
C 1s
C 1s
C 1s
Au 4f7/2
C 1s
C 1s

Energy
(eV)
285.0
83.8
83.8
284.8
284.3
284.6
84.0
83.8
284.6
285.0
84.0
83.80
285.0
285.0
284.6
284.6
83.80
284.8
285.0

Reference
Sosulnikov [214]
VanDoveren [215]
VanDoveren [215]
VanDoveren [215]
Christie [216]
Demri [217]
Briggs [218]
Moulder [213]
Barr [219]
Sosulnikov [214]
Franzen [220]
Seyama [221]
Sosulnikov [214]
Inoue [222]
Barr [219]
Demri [217]
VanDoveren [215]
VanDoveren [215]
Sugama [223]

Table 4.4. List of calcium compounds, their known binding energies for the 2p3/2 spectral line,
their known normalized binding energy with respect to the C 1s peak defined at 284.8 eV, the
standard used to calibrate the data and literature source of the data, respectively.

4.5.2 Procedure for Extracting XPS Spectra

Full spectra XPS scans were taken after each Ar ion etching for SIMS collection. A full
spectra was taken every 5 min to 120 min, every 10 min up to 200 min and then every 20 min till
240 min. HRXPS spectra were taken after etching at 0, 5, 10, 30, 35, 50, 80, and 240 min. All the
XPS processing was done using CasaXPS software [224].
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First, all the XPS spectra need to be aligned. This is done by using a standard like Au
4f7/2 (83.8 eV), Cu 2p3/2 (932.4 eV), Si 2s (153.4 eV), or C 1s adventitious carbon (284.8 eV). In
this work, the ever present adventitious carbon is used. The background is fitted using a Shirley
fit [225]. A Shirley fit is used to remove the asymmetric backgrounds. The extrinsic background
in XPS spectra is due to inelastic scattering of electrons beneath the surface. After background
removal, the remaining symmetric peaks are fitted using a multiplicative combination of a
Gaussian and a Lorentzian functions. The shape of the photoelectron lines are a convolution of
the core level line shapes and instrumental broadening. The analyzer broadening is Gaussian, the
primary X-ray radiation is Lorentzian, and the core level is Lorentzian in nature [226].
The photoelectron lines are fitted with multiple Gaussian-Lorentzian peaks. There are
several constraints for the fitting with the XPS system used here. The FWHM's of the GaussianLorentzian are constrained. For the HRXPS scans with step size 0.2 eV, the FWHM was
constrained between 2.2 eV to 2.6 eV. For the low resolution XPS scans with step size 1 eV, the
FWHM was constrained between 6 eV and 10 eV. And, depending on the number of compounds
present, the number of peaks fitted would change.
The C 1s and O 1s lines are fitted with single peaks for each compound present. The Ca
2p is a doublet peak. The Ca 2p line has a two spin states, 2p1/2 and 2p3/2. This is due to the spin
orbital splitting. The ratio of the areas of the two peaks is 1:2. The ratio is dictated by the
degeneracy of the two states. Additionally, the two peaks in the doublet are intrinsically
separated by 3.6 eV. These Gaussian-Lorentzian peaks are then fit by a Levenberg–Marquardt
algorithm [227-228]. The algorithm is also known as the damped least- squares method. Once
the peaks have been fitted, information like binding energy peak position, ratio of elements and
ratio of compounds can be extracted.

4.5.3 Full Spectrum XPS Spectra for Determining Bulk Composition

The full survey spectra were used to determine when the etching of the sample had
reached the bulk alloy. Figure 4.20 displays the ratio of Al to Ca to Mg data from the full spectra
surveys. The Al 2s, Ca 2s and Mg 2s lines were used. They are each isolated lines without other
elemental lines overlapping. The background of each peak was removed using a Shirley fit. Then
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area of each peak was measured using a Gaussian-Lorentzian fit. These data were then
normalized using the sensitivity factors known for an Al source on a Physical Electronics (Perkin
Elmer) 550 spectrometer [229]. Then for each survey scan these data are used to determine the
relative amounts between Ca, Mg and Al. As seen in Figure 4.20, the bulk alloy composition of
Ca75Mg15Al10 is reached near 80 min of etching.

Figure 4.20. Plot of the relative amounts of Al 2s to Ca 2s to Mg 2s peak areas extracted from
XPS full spectrum scans of a Ca75Mg15Al10 ribbon, exposed to ambient lab conditions (23% RH,
21.5 °C) for 25 minutes, at different depths after SIMS collection at various Ar etched time
depths.
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4.5.4 Standards3

To find a depth relation of each calcium compound present in the Ca75Mg15Al10 metallic
glass, the positions of the Ca 2p peaks must be known for these compounds. The literature spread
needs to be narrowed. The way to do this is to measure the different calcium compounds on the
same instrument. First, standards of CaH2 and Ca(OH)2 were fitted to determine the positions of
the CaCO3, CaO, Ca(OH)2 and CaH2 2p peaks.
It is possible to measure the four compounds from these two standards. Traces of CaO
remain from the production of Ca(OH)2 and CaH2. CaCO3 is present in Ca(OH)2 due to its
reaction with carbon dioxide. CaCO3 and Ca(OH)2 are present in CaH2 due to its reaction with
humidity and carbon dioxide.

Figure 4.21. HRXPS scans of the C 1s peak from powder samples of CaH2 (left) and Ca(OH)2
(right). The O-C=O, CaCO3, and C-C lines are fitted. The C 1s HRXPS data is plotted with
black '+' signs. The background is plotted with dark green dashes and the envelope which is the
summed fit of all the peaks is plotted with a solid maroon line. The C 1s peaks of O-C=O (yellow
dots), CaCO3 (red dash dot dash), and adventitious carbon (C-C) (grey dots) are fitted. The
legend is ordered in decreasing value, with respect to the total area under the fitted curves, is C
1s, envelope fit, C-C, O-C=O, CaCO3, and then background.

3

Note for this section: Figure 5.7 may be helpful in keeping track of the calcium compounds and reactions at room
temperature.
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To extract the Ca 2p peaks from XPS data, first the samples have to be aligned. All
samples have adventitious carbon bonds. As seen in the Ca(OH)2 spectra Figure 4.21, the C 1s
line is fitted with three curves. The three peaks correspond with: (1) C-C adventitious carbon to
carbon surface bonds, (2) O-C=O adventitious carbon to oxygen bonds, and (3) calcium carbon
bond from CaCO3. The envelope fit that traces the data is a combined fit of the three fitted
separate peaks. Using the position of the fitted adventitious carbon peak, the C 1s spectra and the
other HRXPS spectra are adjusted according to the peak set to 284.8 eV.

Figure 4.22. HRXPS scans of the O 1s peak from powder samples of CaH2 (left) and Ca(OH)2
(right). The O 1s HRXPS data is plotted with black '+' signs. The background is plotted with
dark green dashes and the envelope which is the summed fit of all the peaks is plotted with a
solid maroon line. The O 1s peaks of CaO (green dots), CaCO3 (red dash dot dash), and
Ca(OH)2 (blue dash dot dot dash) are fitted. The legend is ordered in decreasing values with
respect to the total area under the fitted curves.

Once the spectra of the standards are aligned the O 1s line can be fitted. The Figures 4.22
the CaH) spectra, three Gaussian-Lorentzian curves are used to fit the O 1s peak. These peaks are
CaO, Ca(OH)2, and CaCO3. The O 1s and C 1s peak show that the two powder standards of
CaH2 and Ca(OH)2 have CaO and CaCO3 contaminants present.
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Using the ratios of calcium to oxygen in each compound and the area under the three
fitted peaks for each of the O 1s lines of Ca(OH)2 or CaH2, the relative amounts of CaO to
Ca(OH)2 to CaCO3 can be determined.

Figure 4.23. HRXPS scans of the Ca 2p doublet line from powder samples of CaH2 (left) and
Ca(OH)2 (right). The Ca 2p HRXPS data is plotted with black '+' signs. The background is
plotted with dark green dashes and the envelope which is the summed fit of all the peaks is
plotted with a solid maroon line. The doublet peaks CaO (green short dots), CaCO3 (red dash
dots), CaH2 (black short dashes), and Ca(OH)2 (blue dash dot dots) are fitted. The legend is
ordered in decreasing values with respect to the total area under the fitted curves.

The Ca 2p line of the Ca(OH)2 compound is fitted first in the Ca(OH)2 plot of Figure
4.23. The Ca(OH) 2 spectrum does not have CaH2, but CaH2 does contain Ca(OH)2. Since in
storage conditions, CaO and CaCO3 are possible products from Ca(OH)2 but not CaH2. CaH2
reacts readily with water to form Ca(OH)2. The Ca(OH)2 reacts with CO2 to from CaCO3.
Unreacted CaO can be left from the combination of it with water to form Ca(OH)2. Based on
energetics, there is no mechanism at room temperature to form CaH2 from Ca(OH)2. For the
Ca(OH)2 spectra, the positions of the CaO, CaCO3 and Ca(OH)2 are determined by using the
relative ratios of each determined from the O 1s line and the doublet fitting described earlier.
These now known relative positions of CaO, CaCO3 and Ca(OH)2 can be used to remove
their contributions from the CaH2 spectra of the CaH2 plot in Figure 4.23. Taking the three Ca 2p
positions, combined with their area ratios from the O 1s line of the CaH2 spectra, and adding a
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fourth pair of unconstrained peaks to the Ca 2p line of CaH2 gives the area and position of the
CaH2 doublet peaks. The summary of all the peak fitting for the C 1s, O 1s and Ca 2p peaks are
given in Table 4.5.

Sample

Component
CaH2
Ca(OH)2
CaO

CaH2

CaCO3
CaO
Ca(OH)2
CaCO3
C-C
O-C=O
CaCO3
Ca(OH)2
CaO
CaCO3

Ca(OH)2

CaO
Ca(OH)2
CaCO3
C-C
O-C=O
CaCO3

Peak
Ca 2p 3/2
Ca 2p 1/2
Ca 2p 3/2
Ca 2p 1/2
Ca 2p 3/2
Ca 2p 1/2
Ca 2p 3/2
Ca 2p 1/2
O 1s
O 1s
O 1s
C 1s
C 1s
C 1s
Ca 2p 3/2
Ca 2p 1/2
Ca 2p 3/2
Ca 2p 1/2
Ca 2p 3/2
Ca 2p 1/2
O 1s
O 1s
O 1s
C 1s
C 1s
C 1s

Position (eV) Area (eV2) % Total Area
346.05
1746.9
66.67
349.65
873.4
33.33
346.45
159.7
6.09
350.05
79.9
3.05
346.83
81.7
3.12
350.43
40.8
1.56
347.20
41.4
1.58
350.80
20.7
0.79
529.23
912.7
35.72
531.50
933.7
36.54
532.73
709.0
27.75
284.84
630.5
80.32
288.85
129.0
16.43
290.78
25.5
3.25
346.43
2693.3
49.31
350.03
1346.6
24.65
346.80
645.3
11.81
350.41
322.7
5.91
347.10
302.8
5.54
350.70
151.4
2.77
529.22
803.8
13.09
531.47
4767.3
77.61
532.80
571.4
9.30
284.81
816.0
72.39
288.74
190.0
16.85
290.10
121.3
10.76

Table 4.5. List of the of measured compound peak locations from binding energies of the peaks
from Ca 2p, O 1s, and C 1s XPS lines. The data was taken using HRXPS scan resolution of
powder samples of CaH2 and Ca(OH)2.

For the Ca 2p fits of Ca75Mg15Al10, an additional Mg KL1L1 peak had to be fitted. Survey
spectra of MgO were used. The MgO standard provided a ratio between the Mg 2s or Mg 1s line
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to the Mg KL1L1 line. The size of the Mg KL1L1 contribution to the Ca 2p is found by measuring
the Mg 2s and Mg 1s line data from the Ca75Mg15Al10 survey scans. The relative amount of Mg
changes as layers of the sample milled away. From the size of the Mg 2s or Mg 1s line at each
layer the contribution of Mg KL1L1 is inferred from the known ratio of the lines. With the
compound positions and Mg KL1L1 positions known, the relative concentrations of the calcium
compounds in various etch depth times can be extracted from the Ca75Mg15Al10 HRXPS Ca 2p
data. Table 4.6 list these extracted values.

Etch Time (min)

Ca

0
5
10
30
35
50
80
240

4.76
3.69
10.27
23.14
23.41
25.78
36.1
60.91

Percent of Ca 2p Peak
CaCO3
CaH2
CaO
57.77
27.35
10.01
0.34
89.2
0.83
0
87.62
1.55
0
76.33
0
0
75.6
0.04
0
74.22
0
0
63.76
0
0
39.09
0

Ca(OH)2
0.11
5.94
0.56
0.54
0.94
0
0.14
0

Table 4.6. List of the percent area of the HRXPS scanned Ca 2p doublet that Ca, CaO, CaCO3,
CaH2, and Ca(OH)2 doublets have as a function of depth of Ar etching of a ribbon of
Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes.

4.6 SIMS Measurements

SIMS was collected between XPS measurements. The SIMS data are used to determine
the relative ratios between different collected ions. The ions collected are etched from the surface
of the calcium ribbons through Ar ion milling. SIMS has the advantage over other
characterization techniques since it can detect H ions. The SIMS setup used can detect positive
or negative ions.
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4.6.1 Standards

First, SIMS standards of CaH2 and Ca(OH)2 were taken to determine if SIMS could be
used to differentiate the two. Also the standards were used to determine whether positive or
negative ions were better suited for studying the calcium metallic glasses. Powder samples of
Ca(OH)2 and CaH2 were employed. Scans of 0.1 to 65 amu were taken for either negative ions or
positive ions.

Figure 4.24. Plots of negative ion SIMS from powder samples of CaH2 (left) and Ca(OH)2
(right).

Figure 4.25. Plots of positive ion SIMS from powder samples of CaH2 (left) and Ca(OH)2 (right).
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Figure 4.24 shows the negative ions that are collected from the two standards and Figure
4.25 shows the positive ions. The negative ions collected were H, 12C, 13C, 16O, 17O, 24Mg, 25Mg,
35

Cl, and 37Cl. The positive ions collected were H, Na, 40Ca, CaH, CaO and CaOH. The ions of

H, CaH, O, and CaOH are present from the powder compounds. C is always present in any
surface science experiment. Traces of contaminants of Mg, Na and Cl are known to be present
from the assays of calcium compounds.

Figure 4.26. Comparison of the fraction of total area to individual peaks of the positive ion and
negative ion SIMS spectra from powder samples of CaH2 (left) and Ca(OH)2 (right) as a function
of atomic mass.

An effective way to compare the four plots in Figures 4.24 & 4.25 is by comparing the
peak area fraction of the compounds in positive SIMS and negative SIMS. The derived plots in
Figure 4.26 show that for the positive ions both standards have the same ions present, but
Ca(OH)2 has more CaOH as expected. CaH2 has CaOH ions since CaH2 reacts readily with
humidity to form Ca(OH)2 and SIMS is a surface sensitive technique. Figure 4.26 shows that the
biggest difference between negative ions from the two standards is that Ca(OH)2, as expected,
has more O negative ions. CaH2 also has an O peak. This is due to CaH2 reacting readily with
moisture in the air to form Ca(OH)2.
The results show that hydrogen can be detected using either positive or negative ion
collection, though positive ion collection is of greater use for the calcium glass system since it
detects the Ca, CaH and CaOH ions additionally. For positive or negative SIMS collection, the
spectra of pure CaH2 and Ca(OH)2 can be distinguished. If a sample had an unknown ratio of the
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two, it is harder to differentiate the two. Positive SIMS is more useful for this experiment. It will
show where the H, Ca, CaH or CaOH ions are present, and XPS of the same layer will determine
the quantitative amounts of the calcium compounds.

4.6.2 Data Collection Optimization

Figure 4.27. Positive SIMS from a Ca75Mg15Al10 metallic glass ribbon exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes.

Figure 4.27 has a SIMS spectra of a Ca75Mg15Al10 metallic glass ribbon. The positive
SIMS scan contains all the expected Ca ions. Additionally there is Na, which is present in the
same relative amount as in the CaH2 and Ca(OH)2 standards. In addition to the assays, this gives
further credence that the presence of Na is a contaminant associated with calcium compounds.
The positive SIMS spectrum of the Ca75Mg15Al10 ribbon also has Mg and Al positive
ions. This spectrum allows for the comparisons of 40Ca, Al, 24Mg, CaOH, CaH and H ions. It was
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collected with parameters of a scan range of 0.4 to 75 amu with a step size of 0.1 amu and a
dwell time of 200 ms.
To increase the amount of non-trivial SIMS data collected, the parameters were changed
to scan ranges of 0.1 amu windows around several peaks of interest with dwell times of 500 ms.
The peaks collected were a back ground signal (22 amu), H (1.1 amu), 24Mg (24.1 amu), Al (27
amu), 40Ca (40.05 amu), CaH (41.05 amu), and CaOH (57.05 amu). For the pertinent peaks,
these adjustments increased by close to forty fold the data collected.

Figure 4.28. Two plots of SIMS scan data from a ribbon of Ca75Mg15Al10 exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes. (a) is the lot of SIMS scans as a function of
continuous collection time or lab time in hours. (b) is a plot of SIMS scans plotted as a function
of Ar etching time in minutes. The data are compressed with the understanding that individual
compounds are difficult to resolve. These will be more clearly displayed in later plots. Here the
point is to highlight the spacing between data sets in (a) and in (b) the total collection time with
the gaps in (a) removed.

A plot of the raw SIMS data, as collected as a function of real lab time, is displayed in the
plot, Figure 4.28a. The horizontal spaces between the data points are due to XPS collection.
Larger spaces are HRXPS while smaller spaces are full spectra survey XPS data collections.
When data are compressed to remove the XPS gaps it is seen in the time plot of Figure 4.28b that
the total Ar etch time is approximately 240 min. The next chapter will show that this effect does
not hinder data analysis.
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The observation is that the signal in Figure 4.28b starts out strong and then diminishes
with time. This is due to the instrumentation setup. Given that the composition is constantly
changing as the surface is etched away, the collection parameters were first optimized on the
initial surface of the sample. The signal is initially higher since the system is optimized for
collection of data at the starting surface which is more of an insulator in characteristics. As the
sample is milled away from the initial surface layer, it becomes more metallic and the collection
is not as optimized as it was before. If the detector is changed to optimize at each new layer, the
baseline for comparing each layer to the next will be lost.
It is apparent from these data that as the sampled is milled there are upwards tails that
occur at the start of each new mill session. These tails on the first half of each SIMS collection
show a more insulating nature. They can be removed to give a clearer picture of what is
occurring in the material. Later in Chapter 5, the nature of these tails and why they can be
removed will be explained.

Figure 4.29. Two plots of SIMS scan data, from a ribbon of Ca75Mg15Al10 exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes, plotted as a function of Ar etching time. (a) is a
plot of the second half of all the positive ion SIMS data scans. (b) is a plot of the second half of
each background signal (22 amu) SIMS data scan.

The truncated data appear in Figure 4.29a. To extrapolate the signal further, the data are
processed by averaging every 5 points. The plot of the signal divided by (normalized) the
background signal, plot in Figure 4.29b, illustrates that the signal starts out optimized then
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decreases for the first 30 minutes of etching. It then remains constant for the rest of the SIMS
experiment. The other data collected normalized by the background data, as seen in Figure 4.30,
shows each ion without the influence of the detector.

Figure 4.30. Individual positive ion SIMS data plots, from a ribbon of Ca75Mg15Al10 exposed to
ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, normalized by the background signal
taken at 22 amu.

4.6.3 SIMS Ratios

An important point about SIMS is that the intensities do not correspond directly to
quantitative amounts. Standards are needed to turn the data into quantitative data. SIMS
standards are not easy to do particularly for Ca-based alloys as noted below. Hence all SIMS
plots here are plotted as a function of etching time.
To have quantitative SIMS with an analytical accuracy of better than ±20% requires the
use of standards. SIMS ion yields can vary by several orders of magnitude [230]. This variation
is known as the SIMS matrix effect. For quantitative SIMS, these standards are necessary since
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secondary ion yields are dependent on the impurity species and its surrounding matrix. Different
chemical environments will change the sputtered ion yields. The local bonding can significantly
affect the ion yield. To remove this effect, standard samples must contain the impurity species in
a known chemical matrix. For the case here, first the milling rate of pure calcium using Ar must
be known. Then the mill rate can be compared to a sample with a known ratio of Ca(OH)2 to
metal calcium and similar for other calcium compounds. These sample would be difficult if not
impossible to create given how quickly calcium and its compounds can react with humidity in
the environment.
While quantitative SIMS will not work here, the relative ratios will. The ratios do not
require standards since they are directly comparing ions originating from the same conditions in
the matrix. The one requirement is that the settings of the detectors are not changed. Thus if the
SIMS detector is optimized for the surface composition that is different from an interior
composition, the strength of the signal will change as the matrix changes.

Figure 4.31. Full SIMS data plot, from a ribbon of Ca75Mg15Al10 exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes, of (a) the ratio of CaH to CaOH ions compared to
(b) only the second half of each SIMS data scan of the ratio of CaH to CaOH ions.
Taking the relative ratios, of the individual ions from Figure 4.29a, like CaH to CaOH
with all the data or the truncated SIMS data yields the two plots in Figure 4.31. The truncated
data plot Figure 4.31b shows the trend between the two ions as a plot with etch time, while that
same trend is buried in the full data plot with all the tails.
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4.6.4 Validity of SIMS Measurements
There are two checks for the validity of the SIMS data. The first is of a ribbon of
Ca75Mg15Al10 that had been scanned using 0.4-75 amu length spectra. The ratios of the area
under the 40Ca and the 44Ca peaks for all the spectra taken yields the plot in Figure 4.32.

Figure 4.32. SIMS data plot, from a ribbon of Ca75Mg15Al10 exposed to ambient lab conditions
(23% RH, 21.5 °C) for 25 minutes, of the relative ratio of 44Ca to 40Ca ions compared with the
empirical known ratio. These SIMS data, as expected, are centered on the empirically known
44
Ca to 40Ca isotope ratio of 0.022 [192].

The second check is plotting the SIMS data from the 0.1 amu window scans with XPS
survey scan data of the Mg 2s and Al 2s lines. The data in the bulk of the material from 150
minutes on are then tied to the known ratio value of Mg to Ca (0.2) and Al to Ca (0.133) from
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SEM EDS data. This yields Figure 4.33. Here it is seen that the XPS, SIMS and SEM data are
self-consistent for the bulk alloy composition made from pure elements.

Figure 4.33. SIMS and XPS data of the Al to Ca ion ratio (left) and the Mg to Ca ratio (right)
normalized with SEM EDS data from an as spun ribbon of Ca75Mg15Al10 exposed to ambient lab
conditions (23% RH, 21.5 °C) for 25 minutes.
The checks are useful as a sanity check since all the SIMS data will be relative ratios. The
y-axis of the ratio intensity will be without a scale since the number will not have a quantitative
meaning due to the difficulty of obtaining standards in a Ca system. In conjunction with HRXPS
data, the SIMS data will explain how the surface reaction is enabling the embrittlement of the
calcium metallic glass ribbons.
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Chapter 5 - Summary and Discussion of Experimental
Results
5.1 Experimental Humidity Test Mandrel Failures and PPZ Size Ductility Relationship

Chapter 4 presented all the methodology in the collection, selection, and reduction of
data. This chapter uses these methods presenting an analysis of the reason for embrittlement. The
data from Table 3.3 and Figure 3.1 show that calcium glasses are ductile when calcium does not
transfer electrons, maintaining a metallic electron configuration around the calcium atoms. When
calcium transfers electrons to surrounding atoms the result is a brittle glass. Current experiments
show an initially ductile glass exposed to the atmosphere would rapidly deteriorate, becoming
brittle. To test for the individual atmosphere components, originally ductile ribbons were divided
into sets. One set was exposed to ambient lab conditions as a control set4 and another set was
exposed to isolated high purity gases, plus a set exposed to high humidity. These experiments
were able to isolate the embrittling component of the environment, i.e., humidity. What remains
to be investigated is whether there is causational relationship between electron transfer and the
role of humidity with the mechanism causing embrittlement of the once ductile calcium
amorphous ribbons. Figure 5.1 shows the effect of high lab humidity on the embrittlement
process of marginally ductile Ca75Mg15Al10 metallic glass ribbons.

4

A reminder: Control sets are the sets that have been immediately exposed to ambient lab conditions following
being melt spun. Test sets are the sets that were immediately exposed to a gas, a humidity level, or a vacuum
following being melt spun.
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Figure 5.1. Combined plot of mandrel diameter failures of Ca75Mg15Al10 ribbons as a function of
time. Each test set was exposed to an individual ambient lab condition test. Same as Figure 4.9b
but with tracer lines added to all the test sets to act as a guides to group the data points.

The control sets are combined in one plot, Figure 4.9a. The ribbons exposed to lower
initial lab humidity (25% RH) take longer to fail than those exposed to high initial humidity
(60% RH). Also, for the case of low initial humidity, they fail at one rate for the first 1-2 hours;
then the rate changes to a slower one. This dual failure rate is also noted when comparing data
from two thermal relaxation sets, Figure 5.2. It is assumed that the second slow rate would show
up on the other sets if the experiment had been carried out for longer times.
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Figure 5.2. Two separate mandrel failure thermal relaxation tests conducted in different initial
ambient lab humidity conditions. The vacuum test is for thermal relaxation since the control set
and the vacuum set will both experience the same thermal conditions. The control set 2 and
vacuum test set 2 data taken with initial lab humidity at 25% RH are replotted from Figure 4.5b
with added sets of a control and vacuum test set taken prior at a higher initial lab humidity of
48% RH.

The results of the bend-over-mandrel tests show that upon removal from the controlled
humidity chamber the ribbons fail the first two mandrel sizes immediately, Figure 4.8. This was
not the case for ribbons placed in other gases or those tested for thermal relaxation. The test sets
follow failure rates similar to control sets, except for the humidity test condition. This indicates
that humidity is the likely source of the embrittlement. A paired test and control set compared to
other paired set have different rates of failure due to their initial humidity they experience when
the batch is divvied in ambient lab conditions. From known interactions discussed in Section
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1.7.5, it is seen that calcium interacting with water vapor can produce Ca(OH)2. This Ca(OH)2
layer creation is a source for elemental hydrogen. The free H is absorbed by the calcium alloy.
The absorbed H penetrates the ribbons forming ionic salts. These ionic bonds result in
embrittlement of the calcium glasses. The compounds created though interaction with water
vapor, their bond energies, and their depth of interaction are shown in the next section. The
following sections demonstrate all the mechanisms and compounds associated with
embrittlement.

5.2 SIMS and XPS Concurring Results

5.2.1 HRXPS Data

The XPS data in Figure 5.5 show how deep, in units of etch time, the layers of the
calcium compounds are and their quantitative percent. After the location of the Ca 2p peaks of
Ca, CaH2, Ca(OH)2, CaO, and CaCO3 were determined, these values are plotted with values
extracted from the literature in Figure 5.3. The values are found in Table 4.4 and Table 4.5. The
literature has a range in values over a short energy range. Normally this difference would be
tolerable, but for the Ca 2p peaks, these values need to be accurate. There is little room for error
when measuring these compounds since they are all close to one another and the resolution on
the XPS has the peaks all overlapping.
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Figure 5.3. Plot of the binding energies of various calcium compounds determined in this work
and listed in Table 4.5 compared with the values that have been extracted from published
literature listed in Table 4.4. The values of Ca (purple diamonds), CaO (green upward
triangles), CaCO3 (red dots), CaH2 (black squares), and Ca(OH)2 (blue downward triangles)
were determined by HRXPS measurements.

The different values in the literature are due to the use of different setups, analysis
techniques, and measuring only one or two compounds on the same setup to determine the Ca 2p
peaks. Also, only one study has a value for CaH2 [220] and another one only has a value for
Ca(OH)2 [223]. The current values determined here align with what is expected for metallic as
compared to insulating systems. A chemical shift in the Ca 2p doublet means that there is a
change in its binding energy due to a change in the electrons surrounding the Ca atom.
Hydroxides and other compounds have a higher binding energy since the electron density around
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the Ca atom is lower. The most metallic behavior is characterized by lower binding energy with
binding energy increasing as materials become more insulating in nature.
Next, to show where the formation of CaH2 is occurring, a ribbon of Ca75Mg15Al10 was
milled. The milling proceeded until the bulk stoichiometry was reached. The concentration of Ca
to Mg to Al is found as a function of etch time by sampling the full spectrum XPS survey
spectra. A plot for the relative concentration of Ca to Mg to Al as a function of this etch depth is
Figure 4.20. This plots show the bulk composition is reached around 125 minutes of etch time.
With these Ca 2p peak locations, the HRXPS spectra are able to reveal where the five calcium
compounds are located within the ribbon.
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Figure 5.4. Fitted HRXPS scans of the Ca 2p doublet line from a ribbon of Ca75Mg15Al10, exposed to
ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, at various etch depths denoted in the figure as
etch times. The eight times of Ar etching are 0, 5, 10, 30, 35, 50, 80 and 240 minutes. The unprocessed Ca
2p HRXPS data are plotted with black '+' signs. The background is plotted with dark green dashes. The
envelope which is the summed fit of all the peaks is plotted with a solid maroon line. The doublet peaks
are fitted with peaks of CaO (green short dots), CaCO3 (red dash dots), CaH2 (black short dashes),
Ca(OH)2 (blue dash dot dots), Ca (purple short dash dots), and Mg KLL (orange dots). The legend is
ordered in decreasing values with respect to the total area under the fitted curves.
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Figure 5.4 shows that the surface is mainly CaCO3 with a trace of CaO and metallic Ca.
After 5 minutes of Ar ion etching, the CaCO3 is gone and there are trace amounts of CaO
present. The trace amounts are list in Table 4.6. This layer is mainly CaH2 and Ca(OH)2. After a
total of 10 minutes of etching, the Ca(OH)2 layer is only left in trace amounts and the metallic Ca
amount is starting to increase. At 30 minutes etch time this layer is three parts CaH2 to one part
Ca. While Ca(OH)2 remains in trace amounts for further mill times, the ratio of Ca to CaH2
changes. At a point between 80 minutes of etch time and 240 minutes, the amount of metallic Ca
becomes greater than CaH2. This point is estimated to be around 170 minutes of etching. This
inversion point is estimated from the HRXPS Ca compound data summarized by Figure 5.5.

Figure 5.5. Plot of the percent area of the HRXPS scanned Ca 2p doublet that Ca (purple
diamonds), CaO (green upward triangles), CaCO3 (red dots), CaH2 (black squares), and
Ca(OH)2 (blue downward triangles) has as a function of depth of etching from a ribbon of
Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes. A trace line
is added for each compound to be able to distinguish trends.
106

Chapter 5 - Summary and Discussion of Experimental Results
These data show that CaH2 is present in large quantities, peaking near the surface. XPS
and SIMS are both surface measurement techniques. XPS measures the first several nanometers
of the composition. Relative to SIMS, which samples the atoms of the surface layer; XPS is more
of a bulk technique. The surface sensitivity of SIMS is crucial to process and interpret the
etching results.

5.2.2 SIMS UHV Growth Data

The SIMS data in Figure 5.6 shows the relative ratio of CaH to CaOH. For the first 80
minutes of etching there are initial downward pointing tails to the data (see figure caption for
definition). There is then a transition period for roughly 40 minutes. For the last 120 minutes
there are upward tails. These tails are new growth that is forming on the sample surfaces during
XPS measurements. The cause of these tails is once again the interaction of water vapor with the
calcium metallic glass ribbon, even at a vacuum of 10-9 Torr.
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Figure 5.6. Plot of the SIMS ion ratio of CaH to CaOH from the etching of a ribbon, of
Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, with the
initial tails of the SIMS data fitted with data from a model using water vapor concentrations at
different pressures. Each star☆ represents the ion ratio concentration at a given etch time. Each
of the three traces represents a different vacuum condition. The symbols: downward red
triangles▽ are for 10-9 Torr, black squares □ are for 10-8 Torr, and the eight point stars✴ are
for 1 atm and are meant to track the top of each growth tail of the CaH ions for the various
vacuum conditions. The definition of head and tail for a single SIMS data session is identified in
the plot. The scale is arbitrary. By taking a ratio, the systematic errors of the experimental setup
have been removed, but the quantitative amount of each ion cannot be determined, only the
relative amount between the two.
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Figure 5.7. Sketch of the ribbon cross section, not drawn to scale, of a ribbon of Ca75Mg15Al10 as it experience exposure to water vapor;
water vapor ;and O2; and water vapor, O2 and CO2. The ribbon cross section box demonstrates where the hypothetical sample is taken,
from the middle of the ribbon. Different snapshots of how the layers of calcium compounds through the ribbon layers will appear are shown.
The different time slices 'ti' are numerically indexed with increase in time. The different possible path ways are path 1:
t0→t1→t2→t3→t4→t5, path 2: t0→t1→t2→t'3→t'4→t'5, and the same two without t1. Path 1 had an interaction with O2 that creates CaO
which is converted into Ca(OH)2 by time t2. Path 2 in the CO2 containing path. In this path CaCO3 is formed and spallation occurs as seen
in Figure 4.4. Path 1 is the route for the humidity experiment. The snapshot at t2 includes information about the movement of the various
ions derived from SIMS and XPS results. The reaction square lists the possible reactions and in which path or snapshot they occur.
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These data can be roughly fitted with a simple model, described below. This model is
based on the four common reactions Equations [2]-[5] in Figure 5.7 that Ca and Ca compounds
have with water vapor at room temperature. Figure 5.7 is a sketch of the reactions that are and
could occur in ambient lab conditions between Ca glass ribbons, O2, CO2, and water vapor. Of
the pathways described in the figure caption, pathway 1 is the closest to the process occurring in
a controlled humidity chamber. This model fits approximately the tip of new growth tails. The
size of these layers can be estimated by the rate of surface growth in a ultra-high vacuum (UHV).
For every hour of XPS scan, there is a 1 nm of growth on the sample at the 10-9 Torr [231].
The model employed is described as follows. It is based on data of the Ca compounds
and metal Ca present from HRXPS data. It extrapolates the future surface growth based on the
four known reactions, Equations [2]-[5] in Figure 5.7, of Ca and Ca compounds when water
vapor is present. It also takes into account the relative amount of water that is present. It can be
varied from the known concentration of water vapor as percentage of atmosphere given a relative
humidity at 1 atm to the concentration of water at UHV. The amount of water present at the
UHV condition combined with the four Ca reactions, assuming uniform duration of growth, and
the concentration of each compound as a percent of total surface, yields an estimate of the
amount of each Ca compound in the growth layer. The amount of the composition’s growth on
the surface combined with the HRXPS measured results, gives the total of each composition on
the new growth monolayers.
Here the ratio of CaH to CaOH is obtained from the SIMS data and then scaled to that of
the measured SIMS CaH to CaOH ratio. This fit is seen in Figure 5.6. Then juxtaposition fits at
10-8 Torr and 1 atm are plotted. As expected from prior measurement, when calcium is exposed
to water vapor at 1 atm the growth layer is dominated by Ca(OH)2 formation. It is noted that the
rates cannot be quantitatively accessed. Figure 5.6, is the qualitative ratio of CaH to CaOH ions.
While the tails appear large for later (150+ minutes) or earlier (5-75 minutes) etch times, it is
only the relative difference of the two ions formed that is large. The physical quantities of newly
grown compounds containing CaH or CaOH ions maybe low.
At UHV the rapid growth of CaH2 is dependent on two factors. One, the greater the
amount of Ca(OH)2 present on the surface, the more it acts as an inhibitor of CaH2 to form in
UHV. Hence, when the last trace of Ca(OH)2 is gone from the bulk HRXPS data after 80
minutes, there is an inversion in tail direction, from downward Ca(OH)2 tails to upward CaH2
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tails. Factor two is the very small concentration of water in the UHV. If there were more water,
the reaction would be dominated by the formation of Ca(OH)2.

Figure 5.8. Full SIMS data, from a ribbon of Ca75Mg15Al10 exposed to ambient lab conditions
(23% RH, 21.5 °C) for 25 minutes, for the ratios Al to Ca, CaH, CaOH, H, and Mg ions. These
plots demonstrate the heads and tails as highlighted in Figure 5.6. The direction of the tail
indicates which compound is present in a higher relative amount. If pointed downward the
denominator is present in greater amounts. If pointed upward the numerator of the ratio is
present in greater quantities. If no discernible tails are present then the ions are present in a
fixed ratio through the SIMS sampling session of interest. Each green circle ○ represents the ion
ratio concentration at a given etch time. The scale is arbitrary. By taking a ratio the systematic
errors of the experimental set up have been removed, but the quantitative amount of each ion
cannot be determined, only the relative amount between the two is determined.

Additionally, looking at the SIMS ratio plots, Figure 5.8 of Al to Ca, CaH, CaOH, H or
Mg it is seen that all but the Al to Mg ratio have tails pointing downward. This indicates an
increase in either calcium or hydrogen compounds depending on which ratio is being examined.
The ratios of Al to Ca and Al to CaOH have downward tails for the whole duration of the etch.
The ratios of Al to CaH and Al to CaH have prominent downward tails from 125 minutes etch
on. These four ratios imply that there are Ca compounds forming during the whole SIMS
experiment during each pause for XPS data collection. In particular, the first 125 minutes are
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dominated by CaOH ion containing compounds and after that it is dominated by CaH ion
containing compounds. Supporting the data seen in Figure 5.6. Additionally, the ratios of Al to
Mg and Al to Ca ratios in the first 10 minutes of etch indicate a depleted concentration of Al
relative to the bulk. Furthermore, as expected, there are no obvious tails in the Mg-Al ratio since
the amount of Al to Mg remains constant, except on the initial milled surface.

Figure 5.9. Complete raw SIMS data sets of the ratios of CaH to CaOH and CaH to Ca, from a
ribbon of Ca75Mg15Al10 exposed to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes.
These plots demonstrate the heads and tails as highlighted in Figure 5.6. The direction of the tail
indicates which compound is present in a higher relative amount. If pointed downward the
denominator is present in greater relative amounts. If pointed upward the numerator of the ratio
is present in greater relative quantities. If no discernible tails are present then the ions are
present in a fixed ratio through the SIMS sampling session of interest. Each star☆ represents the
ion ratio concentration at a given etch time. The scale is arbitrary. By taking a ratio the
systematic errors of the experimental set up have been removed, but the quantitative amount of
each ion cannot be determined only the relative amount between the two is determined.
Other self consistent checks are the CaH to CaOH and CaH to Ca ratios, in Figure 5.9.
For the CaH to CaOH ratio, the tails are noted to be downward for the first 80 minutes with
CaOH formation dominant. After 120 minutes the tails are all upward with CaH2 formation
dominant. Even though the Ca signal is a convolution of Ca from metallic Ca, CaH2, and
Ca(OH)2, the tails still show that for the first 125 minutes of etch time there are calcium
compounds that are not CaH2 that are forming, but, after that point, CaH2 tails are a majority.
The assumption that the tails can be removed from the data in Sec. 4.6.3, which will then
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leave only the data of the bulk sample is demonstrated to be valid by the evidence seen in
Figures 5.6, 5.8, & 5.9. The remaining data traces reveal what is occurring in the bulk of the
sample and not from the in situ creation of new surface data.

5.2.3 Positive SIMS Ion Ratio Data

Based on analysis given in Section 4.6.1 positive ions are selected for analysis here. After
removing each of the new growth surface contributions occurring during XPS measurements
from the SIMS ratio data, the bulk data that is left tells the story of how the calcium glass ribbon
looked at its initial state when loaded into the UHV. For the trimmed SIMS bulk, each ion ratio
is presented in separate plots relative to the other five ions collected. The order of presentation is
from most independent to dependent of the ions, where independence is based on the interactions
between ions. For example, Ca, Mg, Al and H are independent from each other, while CaH and
CaOH are not independent from Ca. From order of most independent to least are first Mg and Al,
followed by CaH, CaOH, H and then Ca.
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Figure 5.10. Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the ratios Mg to Al, Ca, CaH,
CaOH, and H ions. Each data point (solid light blue circle ●) represents the ion ratio
concentration at a given etch time. The scale is arbitrary. By taking a ratio the systematic errors
of the experimental set up have been removed, but the quantitative amount of each ion cannot be
determined, only the relative amount between the two is determined.

Figure 5.10 contains the five Mg SIMS ratios. Initially there is more Mg than Al present
on the surface. After 20 minutes of Ar ion etching the ratio of Mg to Al is constant and does not
change as the sample is further etched. From the XPS full spectrum Figure 4.20 it is noted that
the quantitative values of Al and Mg increase going into the bulk. From this ratio it appears that
the two are increasing at roughly the same rate. Comparing the Mg to Ca ratio, initially the
amount of Ca is greater at the surface and the ratio to Mg remains constant for roughly the first
25 minutes etch. This corresponds with most calcium compounds of CaO, CaCO3, Ca(OH)2 and
CaH2 from XPS. The Ca is being extracted from the bulk to form the calcium compounds. The
amount of Mg relative to Ca increases with time before leveling off at 150 minutes and beyond.
This also corresponded with the survey XPS scans leveling off in Ca around 150 minutes.
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For the ratio of Mg to CaH, the surface has less CaH2 than the bulk, hence the initial high
ratio of Mg to CaH. The surface, known from HRXPS, is a layer of mainly CaCO3. There is a
decrease in the ratio due to increase in CaH. The minimum occurs near the 25 minutes of etch
time. From there the amount of Mg increases and the amount of CaH2 decreases. This yields an
increasing slope of the relative ratio for the rest of the etch time. For the Mg to CaOH plot in
Figure 5.10 there is more Ca(OH)2 near the surface than Mg. The XPS data show there is a
Ca(OH)2 maximum occurring in the first few minutes of etch. Then it decreases to trace
amounts. Hence, the maximum in the plot is near 10 minutes. The ratio of Mg to H is similar to
CaH2, except there is H containing compounds that are not CaH2 near the surface, hence the
lower starting Mg to CaH ratio.

Figure 5.11. Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the ratios Al to Ca, CaH,
CaOH, H, and Mg ions. Each data point (green open circle ○) represents the ion ratio
concentration at a given etch time. The scale is arbitrary. By taking a ratio the systematic errors
of the experimental set up have been removed, but the quantitative amount of each ion cannot be
determined, only the relative amount between the two is determined.
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The SIMS ratio plots of Al are similar to those of the Mg. Figure 5.11 contains the five
plots of Al relative to the other positive ions collected. The trends are similar to the Mg plots,
with the exception being that Al-Mg is inverted. The Al to Ca ratio is similar to the Mg to Ca
ratio, except in the first few minutes of etching. For this ratio, since the Al content is lower than
Mg at the surface, the shape of the ratio is initially lower; however, then it has the same trend as
for Mg. For the Al to CaH ratio and Al to CaOH, as with the Al to Ca ratio, both these ratios
follow the same trends as Mg, except once again their starting points are both lower due to less
Al on the surface. For Mg-CaH, the 25-240 minute range shows an increase in Mg to CaH ions.
The trend of the ratio of Al to H is the same as Mg to H after the first 20 minutes of etching. The
initial difference in the ratio is due to the lack of Al on the surface. This causes the Al to H ratio
to start lower in H as opposed to Mg which starts higher relative to H.

Figure 5.12. Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the ratios CaH to Al, Ca,
CaOH, H, and Mg ions. Each data point (black open star☆) represents the ion ratio
concentration at a given etch time. The scale is arbitrary. By taking a ratio the systematic errors
of the experimental set up have been removed, but the quantitative amount of each ion cannot be
determined only the relative amount between the two is determined.
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The ratios of CaH that have not been addressed already are CaH to Ca, CaOH and H.
Figure 5.12 is a plot of these and the CaH to Al and Mg. These plots show there is less CaH2 on
surface followed by a maximum starting near 10 minutes of etching. This is followed by a
decrease in the amount of CaH and this corresponded with the results from XPS. For the CaH to
Ca ratio, there is little to no CaH on the surface within 5 minutes or less of etch time. Then there
is a maximum of CaH between 10-20 minutes with a decrease in CaH as compared to an increase
in Ca to the end of the etch time. The decreasing of the CaH to Ca ratio is less than the other ion
ratios since the amount of metallic Ca is increasing further into the sample. These SIMS ratios
are concomitant with locations of the HRXPS data. The CaH to CaOH and the CaH to H ratios
have initial peaks in CaH around the 10 minute etch time. This is due to the large presence of
CaH2 also seen in the HRXPS data. Then, the relative amount of CaH falls until it reaches a
constant relative amount to H or CaOH around 150 minutes etch time.

Figure 5.13. Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the ratios CaOH to Al, Ca,
CaH, H, and Mg ions. Each data point (solid blue star★) represents the ion ratio concentration
at a given etch time. The scale is arbitrary. By taking a ratio the systematic errors of the
experimental set up have been removed, but the quantitative amount of each ion cannot be
determined, only the relative amount between the two is determined.
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The unique SIMS ratio plots of CaOH to H and Ca are left to be discussed. Figure 5.13
has these in addition to the ratios of CaOH to Al, Mg and CaH. These ratios of CaOH ions show
an initial high amount of CaOH relative to the ratio ion. This is followed by a decrease of the
other ions implying that there is a layer of Ca(OH)2 near the surface. The difference in the CaOH
ratio plots after the initial 5 minutes of etching is associated with the features of the other ions.
For the CaOH to H ratio, after the initial amounts of CaOH, the increase in CaOH from 25
minutes of etch time onwards is due to a decrease in hydrogen containing compounds. From XPS
and other SIMS data it is seen that the decreasing H containing compound is CaH2. For the
CaOH to Ca ratio, the initial amount of CaOH is lower compared with the other ion ratios. This
indicates there are Ca compounds other than CaOH on the surface. This is verified by HRXPS
showing there is a layer of CaCO3 on the surface.

Figure 5.14. Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the ratios H to Al, Ca, CaH,
CaOH, H, and Mg ions. Each data point (black ✴) represents the ion ratio concentration at a
given etch time. The scale is arbitrary. By taking a ratio the systematic errors of the
experimental set up have been removed, but the quantitative amount of each ion cannot be
determined, only the relative amount between the two is determined.
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The last ratio is the H to Ca ion ratio. The H to Ca ratio is convoluted. The Ca
contribution is a combination of multiple compounds; CaCO3, CaH2, Ca(OH)2 and CaO. The
first part of the H to Ca ratio has the relative amount of Ca to be more than H. This is due to the
presence of CaCO3, CaO and Ca(OH)2 in the first 0-10 minutes of etch time. The H to Ca ratio
along with the other H ion ratios is presented in Figure 5.14. These ratios show that there is less
H on the initial surface layers compared with Mg, Ca and CaOH. The first layer has little Al, so
the H to Al ratio starts out high. These plots show that there is a peak in the H compounds from
10-25 minutes etching followed by a decrease. This peak is from CaH2 as seen from HRXPS
data. From 150 minutes of etch time onward there is a decrease in the H to Ca ratio, as seen from
HRXPS. This result corresponds to an increase in metallic Ca to other Ca compounds.

Figure 5.15. Plot of the last half of each SIMS data scan, from a ribbon of Ca75Mg15Al10 exposed
to ambient lab conditions (23% RH, 21.5 °C) for 25 minutes, for the ratios Ca to Al, CaH,
CaOH, H, and Mg ions. Each data point (purple open squares □) represents the ion ratio
concentration at a given etch time. The scale is arbitrary. By taking a ratio the systematic errors
of the experimental set up have been removed, but the quantitative amount of each ion cannot be
determined, only the relative amount between the two is determined.
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Ca to other ions ratios have been previously covered, but for a direct comparison, they
are present in Figure 5.15. These plots show several things. First, there is a Ca compound on the
surface not containing CaH, H or Al. From HRXPS this is known to be CaCO3 and CaO.
Second, there is a CaOH containing compound in the first 10 minutes of etch. From HRXPS, this
is seen to be Ca(OH)2. Third, the ratio of Ca to Mg is constant for the first 50 minutes of etch,
then decreases to another lower constant value at 150 minutes etch time. The same trend is
observed in XPS survey spectra, Figure 4.20. And fourth, the amount of Al, CaH and H present
at the surface is small compared to Ca.
The XPS and SIMS data provide internally consistent results. The XPS shows where the
chemical compounds of Ca are, while the SIMS data reveals the relative ratios of Mg, Al, CaOH,
CaH, H, and Ca ions. SIMS also adds what is occurring on the initial monolayers of the surface
and, further, directly shows the presence of hydrogen. Additionally, SIMS data explains the
growth layers of Ca(OH)2 and CaH2. All of these data (Figures 5.4-6 & 5.8-15), together,
formulate a three dimensional picture of the reactions and relative product amounts. These
results will assist kinetic analysis later in this chapter.

5.3 PPZ Connection to Brittleness

As calcium compounds form and grow in the ribbons, these ribbons become more brittle.
This process can be divided into three regions. The three distinct regions are (1) 0-3 hours, (2) 3600 hours (0.5-25 days), and (3) 600-2000+ hours (3.6-12+ weeks). The origins of these regions
will be discussed further in the next Section 5.4. To track the embrittlement, ribbon samples are
exposed to 75% RH environment for various periods of time. The plastic processing zones (PPZ)
size, defined as the zones created on the fracture surface by the intersections of vein and river
failure patterns on a tensile pulled ribbon sample, are listed in Table 4.2 are plotted here in
Figure 5.16.
The plot has several lines traced to highlight certain groups of data. While the error bars
are large enough that the PPZ could be fitted with only two traces, these four traces are plotted
with the forethought of the regions as defined in Figure 5.17. There a correlation is seen between
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a change in PPZ and the hydroxide growth. Accounting for that, the following analysis of the
regions of decreasing PPZ is presented. The measurements of the decrease in PPZ show three
main regions. The first region can be traced with one line and has a rapid decrease in size of 0.13
µm between the points in the group. Then there is a slower decrease in PPZ size over
approximately the next 2 weeks by 0.060 µm. This second region can be traced with two lines. A
sharper slope between 3 hours and 1.2 days and then a less steep gradually declining one past the
2 weeks point in the Region 2 group. This is followed by a third region traced with one line
where the rate of PPZ decrease is higher than Region 2. Over the 4 weeks in Region 3 the PPZ
decrease by 0.150 µm.

Figure 5.16. A plot of the average measured size of PPZ from the fracture surface of a tensile
tested ribbon of Ca75Mg15Al10 as a function of the square root of exposure time in 75% RH
environment. The error bars are a function of the sampling of the PPZ. The less exposed ribbons
had a higher standard deviation from the average in sizes. The traced lines drawn are not fits but
are drawn to highlight certain groups of data. The top of the plot has three different failure
regions identified.
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As the sample became more brittle with longer exposures to humidity, the size of the PPZ
decreases. There is an initial rapid decrease in PPZ size during the first 3 hours. This corresponds
to a decrease in ductility rating. After 3hr, the ribbons did not survive the pinch portion of the
pinch test. They have a ductility rating of brittle. After half a day in controlled humidity, the size
of the PPZ decreases further and they do not survive the initial bend portion of the pinch test. At
this point the ribbons have exceeded the brittle end of the ductility rating scale. The PPZ of the
ribbons were further tracked and continued to decrease in size. The PPZ decreases at a steady
rate for 2 weeks. Between 2 weeks and 4 weeks there is an uptick in the rate of decrease in PPZ
size. The explanations for the selection of regions and individual lines marking PPZ slopes are
given in conjunction with the following section.

5.4 Hydroxide Layer Growth Rates
As the PPZ decreased in size, a surface layer of Ca(OH)2 was observed growing. This
section is an explanation of models employed to fit the hydroxide growth data. Section 5.5 will
describe further the changing mechanisms associated with the different slopes of growth. When
humidity, which is water vapor, interacts with the calcium ribbons there is a growth of a
hydroxide layer. The thicknesses listed in Table 4.1 are plotted here in Figure 5.17 against the
time the ribbons were exposed to water vapor. Additionally, the PPZ from Section 5.3 are also
plotted on the same plot. Many of the data points are taken at the same time, but there are
thickness measurements that do not have corresponding PPZ points. For instance, 8.7 weeks and
12 weeks thickness measurements have no corresponding PPZ data. And for PPZ there is a
datum point at 0.5 hours but no thickness measurement. This is due to the limitations of the
measuring techniques used. The initial hydroxide at 0.5 hours is too small to measure and the
PPZ after 6.8 weeks are too small to measure. Similar to the rapid decrease in PPZ size, there
was a rapid change in the first day for the hydroxide thickness. This was followed by a steady
layer growth for the first 2 weeks. Also, corresponding with the decrease in PPZ between 2
weeks and 4 weeks, there is an increase in the growth rate of the hydroxide. There appears to be
a correlation in behavior of the PPZ and the hydroxide thickness. There is a rapid change in both
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during the first 3 hours, then a slower process for the next two weeks and then a slightly more
rapid process from 4 weeks on.

Figure 5.17. Plot of calcium hydroxide thickness (left y-axis) and PPZ diameter (right y-axis)
plotted against time held in a controlled humidity environment. The plot is of the growth of
Ca(OH)2 thickness measured from ribbons of Ca75Mg15Al10 as a function of exposure times to
75% RH before measuring. The PPZ are measured from the same material exposed to similar
humidity exposure times. The top of the plot has three different regions of growth and failure
identified.

The three regions of the hydroxide thickness are fitted by two models, each associated
with a different mechanisms as seen in Figure 5.18. The equations used for fitting are displayed
on the plot. The first region is due to chemisorption formation of hydroxides in a low
temperature environment. The initial rapid film growth in Region 1 is concluded to be a result of
the chemisorption process [232]. Chemisorption, the dissociation of H2O, absorption of H and
OH, and the reaction of OH with Ca fit this region. Logarithmic equations that fit thin hydroxide
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growth were theorized by Landsberg [233] and Halsey [234] based on the assumption that the
chemisorption is determining the rate. A concise summary of low temperature growth
mechanisms is provided by Kofstad [235] that justifies these assumptions and conclusions. The
first 0.10 µm of growth can be fit with the following direct logarithmic equation of the form
where

is thickness, is time, and

and

are constants for different

conditions is given [236].
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Figure 5.18. Fitted plot of the Ca(OH)2 thickness measurements from ribbons of Ca75Mg15Al10 as a
function of exposure times to 75% RH before measuring. The fits are (1) a direct logarithmic rate law fit
(red dot), (2) a Deal-Grove linear fit (black dot), (3) a Deal-Grove square root fit (short dash dot), (4) a
Deal-Grove square root fit (green long dash dot), and (5) a piecewise function fit (solid black line) of the
other four fits tracing the whole hydroxide data set. The top of the plot has three different growth regions
identified. The accompanying sketch, at the bottom, is of the primary reactions in each region. Listed in
the bottom of the sketch, not drawn to scale, are these reactions. Region 1 is chemisorption. Region 2 is
Ca(OH)2 formation from Ca and water. Region 3 is Ca(OH)2 formation from only CaH2 and water.
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The second model used to fit the regions is the Deal-Grove model [237] for oxide
thickness growth. This model is applied to oxide films grown on plane substrates. Here the oxide
model will be applied to a hydroxide and the term will be used interchangeably with oxide. This
model was originally developed for oxide growth in silicon. We will present it and fit the
parameters to the current data, however, from SEM, SIMS, and XPS the current situation is
shown to be more complicated. These complications are elucidated in the following text and
Figure 5.18. This model is used for fitting the data from Regions 2 and 3. The Deal-Grove model
is the solution to the differential equation :
thickness, is time,
parameters

and

, where

is the parabolic rate constant, and
are defined as

and

is the hydroxide

is the linear rate constant. The two
.

is the reaction-rate coefficient at the

advancing hydroxide interphase boundary.

is the concentration of water molecules at the

advancing hydroxide interphase boundary.

is the number of hydroxidant molecules interacted

per unit volume of hydroxide grown.
vapor molecules through the hydroxide.
constant, and

is the diffusion coefficient of the water
is related to

the activation energy,

the gas

the temperature.

There are three rates that are important to defining the parameters

and ; (1) the rate

water molecules are arriving at the advancing hydroxide interphase boundary that is it has with
either Ca metal of calcium hydride, (2) the diffusion rate of molecules through already-formed
hydroxide, and (3) the reaction rate at the calcium hydroxide interface boundary. The slowest of
the three is the limiting factor for the reaction at steady state. For this experiment, as with the
Deal-Grove model, the external gas (water vapor) is assumed to not be a limiting factor. The
growth rate of the hydroxide is directly related to the flux of molecules reacting at the hydroxide
interface boundary. The rate goes inversely with thickness. As the hydroxide increases in
thickness, the rate slows. This remains true if the medium that the hydroxidant is reacting with
remains the same. If there is a change in the growth rate of the hydroxide, this implies that one of
the three prior rates has changed.
For thin hydroxides, if

, then

. Initially the hydroxide layer is 0 nm in

thickness. This zero point does not align with the linear fit of the Deal-Grove model. This is seen
in Figure 5.18; the black short dots are this linear fit. When this zero point is added to Figure
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5.18, a linear fit cannot fit within the error bars of the next three points. The linear fit crosses the
y-axis near 100 nm. Region 1, defined as the first 100 nm of the Ca(OH)2 growth, can be fitted
with a chemisorption growth fit, as stated earlier. This is in agreement with the expected growth
of a thin film of hydroxide due to chemisorption at low temperatures [236].
In Region 2, the first 24 hours of growth can be fit with the linear portion of the DealGroves model. The linear curve fits these data points from 3 hours to 1.2 d and lies within the
error bars of the data. This linear part of the Deal-Grove model is due to contributions from the
interface reaction, i.e., the flux of the hydroxidant reacting at the Ca : Ca(OH)2 interface
boundary.
For the later part of Region 2, the data lying between 25 and 600 hours, the hydroxide
growth is best fit with a square root fit. This type of fit is indicative of volume diffusioncontrolled growth. The region is fitted with the Deal-Grove model limit for thick hydroxide
growth. For thick hydroxides, the Deal-Grove model limit is; if

then

.

Region 3 is also fitted with the thick limit of the Deal-Grove model. From the fit in
Figure 5.18, it is noted that the parabolic growth rate constant must change between Region 2
and Region 3. In Region 2, the parabolic rate constant from the fit is
on Figure 5.18, the linear fit region has a linear constant of
parabolic rate constant from the fit is
constants implies that
in these two regions.

and

nm2/h. Based
nm. For Region 3, the

nm2/h. The difference in parabolic rate

yield a relation between in different mechanism controlling the
, this highlights that the mechanisms for growth in Region 3 is

much greater than that of Region 2. This change will be discussed in Sections 5.5.3 and 5.5.4
along with three-dimensional data.

5.5 Discussions on the Correlations of Results

5.5.1 Mandrel Failure and Ca(OH)2 Growth

The bend-over mandrel control sets and test condition sets results appear to show two
rates of failure over the mandrels, as in Figures 5.1, 4.9, & 5.2.
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The first rate is quicker over the initial 1-2 hours. This is seen across all tests. The tests
which are carried out longer than 3 hours show a transition from the quick rate of failure to a
second, slower rate of failure. From the combined plot of all the control sets mandrel failure data
plotted versus the square of time in Figure 5.19, it can be seen that each control set l with added
tracer lines reveals that each can be fitted with a combination of two rates. A quick rate followed
by a slower rate. This indicates a change in mechanism. These failures on the mandrels
correspond with similar times scales as Region 1 of the Ca(OH)2 thickness measurement and the
initial part of the Region 2. When comparing with the regions from PPZ and the growth kinetics
of the hydroxide layer, this implies that the first rate is due to chemisorption while the latter rates
are growth interface related.

Figure 5.19. Tracer lines are added to all the control sets (i.e., the set immediately tested in
ambient lab conditions) in Figure 4.9a. The plot is the combined control sets for all the ambient
lab condition tests and the RH test. The plot is of square root of time plotted versus mandrel
diameter failure as when exposed to individual ambient lab conditions during control sets. Note
the gases listed in the legend are not the environment used, they only note the paired set tested in
lab conditions.
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5.5.2 PPZ Growth Compared to Ca(OH)2 Growth
The decrease in PPZ size show similar points of inflection as the increase in Ca(OH)2
thickness measurements, Figure 5.16 & 5.17. The samples used for the PPZ measurements and
the ones used for the hydroxide thickness measurements were both exposed to the same relative
humidity experiment. The boundaries of the measurements of the PPZ extend to no more than
6.8 weeks and the hydroxide thickness measurements being around 3 hours. These boundaries
are due to the limitation of measuring features on calcium ribbons below 100 nm.
There is a rapid decrease in PPZ size from 0.5 to 3 hours of humidity exposure. There is
then a slower decrease from 3 hours to 1.2 day. This is similar to the change from the
chemisorption fit of the thickness to the linear Deal-Grove fit of the hydroxide. Then the
decrease in PPZ size slows further, but at a steady rate from 1.2 day to a longer than 2 weeks but
less than 5.9 weeks. This corresponds with the first Deal-Grove square root fit of hydroxide
thickness for the same duration. This, finally, followed with an uptick in the rate of decreasing
size of the PPZ from a point between the second and fourth week until the last measured PPZ at
6.8 weeks. This is also when the change to the second Deal-Grove square root fit of hydroxide
thickness occurs.

5.5.3 Change in Growth Mechanisms During Ca(OH)2 Growth
The following analysis explains the transitions in growth from Region 1 to Region 3,
Figure 5.18, focusing particularly on the mechanism change between Region 2 to Region 3.
In Region 1, O2 and water vapor are first chemisorbed on the surface. This is shown in
the time slices t1 and t2 in Figure 5.7. The primary chemisorption is of water vapor that reacts
with Ca to form Ca(OH)2. While not the primary chemisorption event, O2 is chemisorbed to form
CaO. The formation CaO is observed on the surface in the HRXPS data in Figure 5.5. It is
known that CaO formation from Ca and O2 when water vapor is present is not a favored reaction
at room temperature [194], but it can form on the surface of Ca due to chemisorption [185]. The
trace CaO that forms will be readily converted into Ca(OH)2 in the presence of water vapor.
After chemisorption ceases to fit the data, the initial surface layer of metallic Ca layer has
transformed in to a layer of Ca(OH)2 thicker than 100nm. With the increase in thickness of the
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Ca(OH)2 layer, the formation of CaO by chemisorption of O2 terminates. Additionally, the
dissociation of H2O into OH and H stops, since it becomes energetically unfavored due to the
change in the surface to Ca(OH)2.
The next region, Region 2, grows following a Deal-Grove model fit. In this region, see
the associated sketch for the region in Figure 5.18, the molecular water vapor diffuses through
the Ca(OH)2 to the growth interphase boundary and reacts there with metallic Ca to produce the
Ca(OH)2 [238]. During the formation of this layer, elemental hydrogen is released which is then
absorbed further in the bulk of the ribbon to form CaH2. This same reaction of water vapor with
Ca forming products of Ca(OH)2 and CaH2 was observed in the SIMS data collected in UHV,
plotted in Figure 5.6.
Region 2 is fit with the linear-parabolic Deal-Grove model. If the formation of Ca(OH)2
were only dependent on the Ca and water interactions, then the Deal-Grove fit would only have
one square root fit that would be limited by the volume diffusion of water vapor. Then Region 3
would be only a continuation of Region 2. But in Figure 5.18, the thickness data changes and a
second square root fit is needed. This implies that there is a change in the parabolic growth rate
constant. For this to occur, there would need to be a change in either diffusivity of water or the
reaction mechanism due to the structure of the phase adjacent to the advancing calcium
hydroxide interphase boundary. It is the later because calcium hydroxide remains the medium for
water vapor to penetrate from the surface, therefore its diffusivity does not change.
A change in the medium that the hydroxide is growing into occurs. The formation of
CaH2, verified present from HRXPS spectra in Figure 5.4, is the source of these differences in
growth rates. The change from Region 2 to Region 3 is the result of the remaining ribbon
transforming from metallic Ca to CaH2. The reaction of CaH2 with H2O has an end product of
Ca(OH)2. It is known that when comparing CaH2 and Ca reactivities, the reaction of Ca with
H2O is less reactive than the reaction of CaH2 with H2O [239].
In the next section, it is shown that the calcium glass ribbons can be converted to ribbons
that are saturated with CaH2 in the time frame needed to correlate with the hydroxide thickness
growth results.
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5.5.4 CaH2 Saturation Growth Time Estimate
The amount of time it takes to saturate the ribbons with CaH2 can be approximated by an
order of magnitude estimate. To do this first an assumption from new growth in the UHV is used
to set a distance scale to the SIMS and XPS data.
The twenty-four SIMS measurements had a collection time of 5 minutes each. There is
approximately an hour of time between each SIMS collection of this 5 minutes. The first 2.5
minutes of each SIMS etching removes the new growth layer that appeared during the 1 hour
between collections. This is the time for the set up and collection of XPS data. In a vacuum of
10-9 Torr it takes roughly an hour to grow a 1nm [231]. The second 2.5 minutes of the SIMS
etching is of the alloy in the state it was in when loaded in to the UHV chamber. Based on this,
for every 5 minutes of SIMS etching approximately 1 nm of the alloy material is removed. For
the first 120 minutes of etching or first 24 SIMS collections a total of 24 nm of the alloy is
etched away and 24 nm of inside the UHV growth is removed. Between 120 to 160 minutes of
etching the SIMS collection was increased to 10 min durations, for a total of 12 SIMS collections
or 12 nm of alloy material to remove and 4 nm of hydroxide growth removed. The running total
to 160 minutes is 36 nm alloy and 28 nm internal to UHV new growth. Between 160 and 240
minutes of etching there were four 20 min SIMS collection periods for a total of 4 nm of new
growth to remove and a total of 28 nm of alloy material removed. For the whole 240 minute
period of SIMS etching the totals are 64 nm of the base alloy removed and 32 nm of internal to
the UHV growth removed.
Second, from the HRXPS plot from Figure 5.5, the saturation of CaH2 occurs in the first
10 minutes of etch time. Using the prior SIMS depth estimates, this saturation point occurs in the
first 2 nm of the ribbon which has been exposed to 23% RH during the preparation for loading
into the UHV chamber. The Ca(OH)2 thickness for this sample is near the 10 minutes etch time
and has then a thickness of approximately 2 nm.
Using the fit of Ca(OH)2 thickness of the humidity exposed ribbons, Figure 5.18, at 2 nm
of hydroxide growth is equivalent to 3 minutes of exposure to 75% RH. The thickness of the
calcium ribbons used here, like that of the SEM line scan measured in Figure 4.11, are around 20
µm. Using a linear estimate of the growth of CaH2 saturation to the 10 µm half way point of the
ribbons and taking a rate of 3 minutes per 2 nm of saturation gives a total time to saturate the
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ribbons of 1.5 weeks. Assumptions made here are that (1) as the layers grow the growth rate
slows and (2) that the diffusion medium is not a finite bound material. Since the ribbons here are
thin and the diffusion of hydrogen is rapid, the diffusion from one side will interact with that
from the other half before the middle of the ribbon is saturated with CaH2. Hence this estimate
sets a limit on how rapidly the ribbons can saturate with calcium hydride.
The estimate here of 1.5 weeks is less than the second Deal-Grove square root fit of the
thickness growth. But for an order of magnitude estimate it sets the upper limit for the minimum
time in which the reaction can occur. It is near the 2 to 4 weeks data point range where the
second Deal-Grove square root fit occurs. Based on this saturation time frame combined with the
HRXPS results for compounds present, it can be concluded that the second Deal-Grove square
root fit is the transformation of CaH2 to Ca(OH)2 and the first square root fit is the conversion of
Ca to Ca(OH)2 and CaH2.

5.5.5 SIMS, XPS, and Charge Transfer

From the data of the ribbon exposed to ambient lab conditions for less than 30 minutes
before being place in UHV, the comparison of the XPS and SIMS data show several results. First
from XPS, the 0 min plot in Figure 5.4, at the surface there is a thin layer of CaCO3 and CaO.
CaO exist from the chemisorption of O2. CaCO3 exist from the interaction of Ca(OH)2 with CO2.
Second, a significant finding from the SIMS data is that there is almost no Al present
within the first few nanometers of the surface. There is also less Mg near the surface than present
in the bulk. The calcium ribbons are uniform in composition when as spun. The exposure to
water vapor causes difference concentrations at the surface of Mg, Al, and Ca. This suggests that
the reaction in the Ca glass with the water vapor is preferentially binding to Ca as opposed to Al
and Mg. Thus it is creating a Ca rich layer on the surface. The slight signal of Mg as opposed to
no signal for Al on the surface indicates that there is preference for interacting with Mg over Al
when the water vapor interacts with the Ca-based glass. Time slice t2, in Figure 5.7, illustrates
this process.
Below the majority CaCO3 initial surface layer is a layer of Ca(OH)2 from HRXPS, 5 min
plot Figure 5.4 and in Figure 5.5. Additionally, from SIMS ratio of Al to Mg, in Figure 5.11, the
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levels of Al and Mg present are lower than levels in the bulk. From HRXPS, the amount of CaH2
present is at a maximum, but is being consumed to form Ca(OH)2, as expected by the known
reactions of calcium listed in Figure 5.7.
Moving further into the sample the SIMS data show that the amounts of CaH ions and H
ions decrease, Figure 5.12. The amounts of Al and Mg increase until they level off at values of
the original alloy composition seen from both the full spectrum XPS scans (Figure 4.20) and
SIMS ion ratios, Figures 5.10 & 5.11. From XPS, the amount of metallic calcium increases,
Figures 5.4 & 5.5. At the same time, the amount of calcium over all decreases into the bulk until
the value of the original alloy composition is reached, Figure 4.20.
The most important observation is that the ribbon contains large amounts of hydrogen
bonded to calcium. This is verified by the large concentrations of CaH2 present in the XPS data
(Figures 5.4 & 5.5) and the observed presence of hydrogen in SIMS (Figure 5.14). This sample
which was prepared in a relatively low 23% RH day and loaded in the short time of 25 minutes
to the UHV chamber has significant amounts of hydrogen present near the surface.
The XPS and SIMS data confirm that hydrogen is penetrating the sample and readily
binding with the calcium to form CaH2. The CaH2 is a strong ionic salt. When Ca forms a strong
ionic bond it is transferring electrons away, in this case to the hydrogen atom. It was shown, in
Section 3.2, that ionic bonds will result in embrittling the calcium metallic glass.
This quick absorption of hydrogen from an interaction with water vapor in low humidity
shows that it is possible for ribbons with high ductility ratings to embrittle within a matter of
minutes in high humidity environments.
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Chapter 6 – Conclusions & Future Work
6.1 Conclusions

The initial motivation for this research was to design a metallic glass that could be used
for satellite applications. It was required to have a low density and possess ductility. A calcium
glass, Ca60Mg15Zn15Al5Cu5, was designed that had good GFA, possessed good mechanical
properties, had a metallic luster, and a low density. Unfortunately, it was brittle and the useful
properties were short lived. This thesis was a study to design a ductile calcium glass and to
unravel why there is dramatic deterioration of properties of these glasses.
The first part of the thesis focuses on the factors that make a calcium metallic glass alloy
ductile. There have been close to 80 papers on calcium metallic glasses published in the past 40
years. Many only focused on the causes of the amorphous nature of these calcium glasses. Only
four have examined their mechanical properties. No work focused on calcium glass ductility.
From prior studies on ductility and metallic glasses, a correlation between a Poisson’s ratios
greater than 0.3 and ductile glasses has been observed.
Based on high Poisson’s ratio and on estimates of the elastic moduli calculated from first
principles, the set of calcium glass alloys studied here should have been ductile. A pinch test
which assigned a ductility rating was conducted on the calcium ribbons made. Additionally,
measurements of PPZs structures on the fracture surface of tensile pulled ribbons showed a
decrease in size with an increase in brittleness. The results of the PPZ and ductility rating of the
ribbons revealed that moduli estimates alone were lacking and require additional inputs for
accurate ductility predictions.
Better estimates were gleaned from molecular dynamic simulations by Widom. The
elastic moduli values from the model, aiding in predicting ductility, were closer to the
experimentally measured values. With feedback from binary calcium glasses the model was
refined and resulted in predictions of ductile ternary systems which could be validated
experimentally.
From these simulations charge transfer, enthalpy of formation, and radial distribution
profiles were derived. The comparison of charge transfer to Poisson’s ratio showed a correlation
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between an increase in the charge transfer and a decrease in Poisson’s ratio. For the calcium
glasses, the decrease in Poisson’s ratio correlated with a decrease in measured bend ductility
ratings. This model is the first to predict which calcium alloy compositions are ductile glasses.
It was found that a ductile calcium glass can be designed if the elements used would
decrease the amount of charge transferred away from calcium. When calcium retained a crucial
amount of charge, it would maintain its metallic nature and the calcium glass would be ductile.
When enough charge was transferred away from calcium it would exhibit a covalent or ionic
bond nature and the calcium glass would be brittle. Mg and Zn had less charge transferred to
them from Ca and made ductile glasses. Al and Cu took more charge from calcium and created
stronger bonds with Ca, resulting in brittle glasses. The glasses that were ductile did not remain
ductile for long. Glasses like Ca3Mg and Ca3Zn would remain ductile for a few minutes up to 30
minutes depending on the day.
An initial effort to identify the mechanism for the rapid decay in the system by
substituting various elements showed that Al and Mg extended the duration of the ductile nature
of the alloys. Zn and Cu did not help to prevent the decay. No element addition was discovered
that could passivate the system to prevent the decay. Only with knowledge of the factors that are
responsible for degradation would it be possible to attempt the mitigation of the embrittlement.
The majority of this thesis focuses on the factors that make ductile calcium metallic glass
alloys become brittle. The decay occurs in the ambient lab environment. It was hypothesized that
the cause of embrittlement resulted from electronic transfer associated with the solvent metal
creating brittle glasses. A bonding event occurs where strong bonds nonmetallic bond are being
formed. Calcium is transferring charge associated with losing its metallic bond character in
ambient lab conditions.
For this study, the alloy Ca75Mg15Al10 was selected. While it is not the most ductile alloy
of the calcium based glasses examined, it does have ductility duration for at least 30 minutes.
This is an order of magnitude longer than Ca72Mg28, the most ductile calcium glass alloy
discovered. This duration length would allow for adequate time for ductile decay experiments to
be performed.
The ductile decay was found not to be related to thermal relaxation or the most common
gases present in the atmosphere like Ar, CO2, H2, He, N2, and O2. These gases were all tested by
placing the ribbons in a pressure chamber with each individual gas. It was found that none of
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these gases embrittled the Ca-based glasses. H2 is known to penetrate Ca quickly, but it does not
interact with Ca at room temperature. When it is dissociated, it can interact with Ca at room
temperature. It was found, however, that humidity correlated with the embrittlement of the
calcium glass ribbons. Water vapor is the key to understanding calcium glass embrittlement.
Water vapor with calcium is needed to form dissociated hydrogen.
The reaction of water vapor and calcium to form Ca(OH)2 in the ribbons is the source of
dissociated hydrogen. The dissociated hydrogen penetrates rapidly below the initial surface
Ca(OH)2 layer. Being in an ionic form, H interacts with Ca forming an ionic salt, CaH2. Calcium
hydride formation is the calcium-hydrogen bonding event occurring which is causing
embrittlement. After the initial layer of Ca(OH)2 formation, the subsequent Ca(OH)2 growth
front contributes to the further creation of dissociated hydrogen.
To verify the presence of these layers several techniques were employed. The first
technique was powder XRD. The ribbons required about 3 weeks of exposure in ambient lab
conditions to show a slight peak in the XRD pattern. The first peak was the main peak of
Ca(OH)2 crystal XRD pattern. While the surface is covered with Ca(OH)2, the crystals growing
were nanometers in scale. It took 3 weeks for their size to be large enough to be resolved in
XRD.
SEM images and EDS, taken of cross sections of 6 year old ribbon pieces, showed a layer
of spalling CaCO3 with a layer of Ca(OH)2 below. A series of EDS maps and line scans were
taken of ribbons that had been exposed to fixed duration relative humidity of 75% at room
temperature. These scans showed the growth dynamics of the Ca(OH)2 layer. Four different
stages of growth were fitted. The first 3 hours of growth are dominated by chemisorption growth.
The next 23 hours is a linear fit of a Deal-Grove model which is rate controlled by the interface
reaction. The next 24 days are fitted by a square root fit of the Deal-Grove model controlled by
volume diffusion of water vapor to the interphase boundary. The Ca(OH)2 interphase boundary
growth is the reaction of Ca to Ca(OH)2. After the first 25 days, a second Deal-Grove model
square root fit needs to be applied to fit the Ca(OH)2 growth. The parabolic rate constant of the
fit changed. There is a change in the reaction mechanism due to the structure of the phase
adjacent to the advancing calcium hydroxide interphase boundary changing. The Ca(OH)2
interphase boundary growth is no longer controlled by the reaction of Ca to Ca(OH)2 but instead
it is the reaction of CaH2 to Ca(OH)2 controlling the growth.
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Having determined the mechanism for embrittlement, the ductile decay was also studied
using BSE imaging on the SEM of PPZ size changes. The PPZ measured were formed on the
fracture surface of tensile pulled calcium glass ribbons exposed to various durations of 75% RH.
The PPZ became smaller as the ribbons embrittled. The changes in decreasing ductility correlate
with the changes in hydroxide thickness growths.
To verify hydrogen was present and forming CaH2, XPS and SIMS were employed. XPS
identified local chemical compounds, while SIMS identified which ions were present at each
etch layer. Both were needed to present a complete picture of the interactions occurring. The
XPS and SIMS data were collected for Ca(OH)2 powder, CaH2 powder, and samples of
Ca75Mg15Al10. The Ca(OH)2 and CaH2 powder samples were used as standards for XPS and
SIMS to fit the Ca75Mg15Al10 alloy results. Additionally, the powder samples demonstrated that
positive ions detection in SIMS would provide the hydrogen information sought.
The ribbon Ca75Mg15Al10 spent minimum time in ambient lab conditions before loading
into UHV test chamber. The ambient relative humidity level was 23%. XPS and SIMS revealed
that there was a thin layer of CaCO3 and CaO on the surface that was removed with initial Ar ion
etching. This was followed by a small surface layer of Ca(OH)2 that took 10 minutes of etching
to remove. SIMS also showed that there was amount no Al on the surface, that there was
hydrogen present throughout the sample and that CaH and H ions decreased in amounts going
into the bulk, and that after the Ca(OH)2 layer, the Al and Mg are present in amounts that do not
change relative to each other.
XPS showed that the CaH2 concentration peaked right below the surface of the ribbon.
The XPS data also showed that there was a thin layer of CaCO3 and CaO followed by a layer of
Ca(OH)2. As the ribbon was etched further into the bulk, the composition became dominated by
metallic calcium instead of other calcium compounds. Both SIMS and XPS showed that the
surface and several layers below the surface were calcium rich and depleted in Al and Mg. This
demonstrates that calcium is the main constituent, the most reactive, and relevant for the
embrittlement process.
The SIMS data had an unexpected, but explainable, feature. In even an ultra-high vacuum
system, there was evidence of minute traces of water vapor. The UHV was not enough to prevent
monolayers of Ca(OH)2 and CaH2 from forming on the sample surface during XPS collection.
This did not drastically affect the XPS signal since XPS is a technique that is over 3-5 nm in
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depth. It does affect the SIMS data since SIMS collects every ion. The monolayer contributes to
an initial increase in signal until it has been milled away. The signal was normalized by
removing the first 2.5 minutes of data to remove the added monolayer affect in the SIMS spectra.
Knowing the amount of time it took to remove a monolayer, gave a rough depth estimate
to the etch times of the SIMS Ar ion etching. This combined with estimates of hydroxide
thickness, hydroxide fit, hydride penetration depth, and width of ribbons gave an approximation
of the time it took to saturate the ribbons with CaH2. The approximation was on the same order
of magnitude as the starting time of the second Deal-Grove square root fit for the hydroxide
thickness. That combined with the fact that CaH2 rapidly converts to Ca(OH)2 in the presence of
water vapor, quicker than metallic Ca does, this lends credence to the conclusion that the second
square root fit is due to the conversion of CaH2 to Ca(OH)2 in the CaH2 saturated ribbons.
These combined results demonstrate that the environment is embrittling calcium metallic
glasses. Specifically, hydrogen is dissociating from water vapor and is bonding with calcium.
The charge transferred from calcium results in a decrease in metallic bonds and an increase in the
ionic bonds which embrittle an initially ductile calcium glass.

6.2 Future Work

Overall, in this thesis, it is shown that when calcium does not form tight bonds, it is
ductile. When the charge transferred from calcium is high enough, the glasses are brittle. Ductile
glass become brittle in ambient lab conditions. Dissociated hydrogen was shown to be the source
of this embrittlement. Dissociated hydrogen is a byproduct of the Ca(OH)2 layer formation on
the surface of calcium glasses. A comprehensive literature review shows that this failure
mechanism has not been observed in calcium metallic glasses before.
From the results there are several avenues of research that can be perused. First, failure
rate results can be applied to biomedical applications to understand corrosion rates. Research
groups currently studying biodegradable calcium glasses do not account for this hydride decay
mechanism. It would improve their understanding of decay in biodegradable skeletal
applications, in controlling bioresorbable rates, and in controlling passivity improvements.
Certain improvements made to this research would aid these future studies. The focus here was
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on a single alloy system Ca75Mg15Al10 studied primarily at 75% RH. In these biomedical
applications different calcium glass alloys, humidity levels, and the liquid vapor conditions
would need to be tested.
Second, improvements to the rough estimate of the time it takes for calcium ribbons to be
saturated with CaH2 could be refined. One way would be finding the activation energies of water
vapor with Ca compared to that of water with CaH2. Incorporating results of multiple humidity
level tests would expand the hydroxide growth and the PPZ size measurements. An additional
experiment could be an in situ exposure to a controlled amount of heavy water vapor. The
experimental setup used would need to be able to do a depth profile etching of the calcium glass
ribbon used. The measurement of the deuterium atoms would reveal the diffusion rates of OH
and H in a calcium metallic glass. Additionally for PPZ, as noted in Section 4.4, there is a
gradient in the form of increasing PPZ size from outer surface of the ribbon starting at the
hydroxide layer to the inner core. This could correspond with the penetration depth of CaH2
formation. The prior mentioned needed kinetic studies in conjunction with these ductility
gradients could be used as support for the hydroxide and hydride formation rates observed.
Third, based on the control set of the bend-over-mandrel calcium metallic glass ribbons
tested in ambient lab conditions, the sets that experienced a lower initial relative humidity took
longer to fail. A study testing different initial humilities that examined initial hydroxide growths
would explore this temporary passivation effect. And this could further work to find ways to
mitigate the embrittlement. One way would be to block the formation of Ca(OH)2 thus reducing
the dissociated H that forms the CaH2. This could be done by creating and processing the
metallic glass to final structural stage in a water vapor free environment. Another way would be
to hinder the penetration of the dissociated hydrogen.
Finally, an improvement to the Deal-Grove model relating to the thin layer linear fit of
the initial oxide formation and for the fit of the second parabolic rate constant could be made.
For the second parabolic rate constant it is proposed that a change from Ca to Ca(OH)2 to the
CaH2 to Ca(OH)2 reaction is responsible for the increase. The question still exist as to what the
change in mechanism is that allows for the limit of diffusion of water vapor though the
hydroxide to be bypassed and the second reaction to occur. It is possible that once the CaH2 has
saturated the ribbon, that the excess free hydrogen that no longer has Ca to bond with could be
altering the dynamics of the system. Further test need to be conducted. Additionally, for the
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Deal-Grove model, the physics behind the linear fit part of the model is explained by a blanket
statement stating that the fit is due to multiple undifferentiated physics phenomena embedded in
the surface rate constant term, ks. In this work, the chemisorption is observed for the first 3 hours
of 75% RH exposure; if the humidity of control chamber were set to a lower humidity the growth
process of the hydroxide would be elongated. This prolonged growth at low temperatures would
lead to more data in a regime that study of has been limited in by lack of data for high
temperature oxide studies. This increase in data points could lead to a determination of the
physics involved in surface rate constant or an adjustment to the model for the thin layer regime.
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