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It is well known that chemical strengthening of glass brings the benefit of increased fracture strength. Despite
extensive research on processing and mechanics at the macroscale, the effectiveness of chemical strengthening
on glass elements with all three dimensions in the micrometer regime remains largely unexplored. Here, we
develop a novel process for chemical strengthening of micrometer-sized spherical glass powder particles and
study the fracture behavior of these particles with in-situ particle compression tests inside a scanning electron

microscope. Cross-sectional microscopy and energy dispersive spectroscopy measurements confirm ion exchange
and show an increase in diffusion depth with an increase in processing time and temperature. We report a higher
fracture strength for chemically strengthened powder particles compared with the as-received ones. We show
that the increase in fracture strength is associated to the compressive residual stress resulting from ion exchange

during chemical strengthening.

Although glass is a widely used engineering material, its brittle na-
ture compromises its range of applications [1,2]. This is due to surface
flaws found in glass that grow rapidly under tensile stress [3-6]. To
counteract this, the chemical strengthening of glass can induce
compressive stresses, thereby increasing the fracture strength and
expanding its applications [7,8]. Chemically strengthened (CS) glass is
widely used in sectors such as aerospace, motor, military, electronics
and communications [9]. While the benefits of chemical strengthening
on macroscale components, e.g., glass plates [10] and touch screens
[11], are well-documented, its effects on microscale elements remains
largely unexplored. The extent to which chemical strengthening may be
applicable or even effective at the microscale has not been investigated.
In this work we explicitly address this gap by chemical strengthening of
microscale glass powder particles and in-situ studies of their fracture
behavior.

Microscale glass powders (microspheres) are increasingly used as
fillers and composites in the additive manufacturing of polymers [12,
13], metals [14,15], and concrete [16]. Additionally, glass microspheres
can be used in ball bearings [17] and as a raw material for additive
manufacturing of glass [18]. The strength of these particles is critical as
low fracture strengths can decrease the overall strength of the composite
material and results in undesired deformation and failure [19,20].
Additionally, if the fracture strength of these microspheres is low, they
can fracture during mixing [21]. The studies of fracture strength of glass
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particles in both cement [22] and synthetic foams [23,24], demonstrate
that certain glass compositions with higher fracture strengths have led to
higher overall tensile and compressive strengths. The strength of glass
beads is also critical in the hydrofracturing applications as they serve as
proppants. Research is currently focused on increasing the strength of
these spheres as their premature fracture reduces proppant pack con-
ductivity and decreases hydrocarbon production. Some strengthening
methods currently include coating the beads with polymeric surface
coatings to increase crushing strengths [25]. Certain studies into cold
spray applications have also shown that harder reinforcement particles
can be used to create composites with better surface wear resistance,
[26] and better tensile strengths [27]. To this end it is important to
develop methods to increase the fracture strength of glass microspheres
thereby expanding their applications.

The focus of this study is to explore the possibility of chemically
strengthening glass powder particles effectively. First, we developed a
novel process for chemically strengthening powders. We used cross-
sectional microscopy to characterize the chemically strengthened glass
powder particles and confirm the occurrence of ion exchange. We have
also conducted in-situ particle compression experiments inside a scan-
ning electron microscope (SEM) to measure the strength of glass parti-
cles. Finally, the experimental measurements of strengthening results
were compared to theoretical predictions of residual stress to explain the
underlying mechanisms behind the achieved strengthening.
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Glass powders used in this experiment were solid soda lime glass
microspheres in a range from 10 to 38 um purchased from CoSpheric
(Goleta, CA). To the best of our knowledge, there is no previous litera-
ture on the chemical strengthening of glass powders. This could be in
part due to challenges in separating micrometer sized glass powder from
molten potassium nitrate in traditional chemical strengthening pro-
cesses [28]. In this study, glass particles were poured into the molten
potassium nitrate solution. The target temperature was maintained for a
specific holding time and then removed from the furnace to cool down to
room temperature. Upon cooling, the potassium nitrate solidified with
the glass powder. The solidified mixture was placed into a large glass of
distilled water. The potassium nitrate readily dissolves in water while
the glass is insoluble in water, leaving the powder to accumulate at the
bottom of the glass. The solution was then poured through a funnel with
grade 3 filter paper, allowing separation of the glass particles from the
liquid solution (see the schematic Fig. S1 in supplementary material).
We used a range of temperatures from 365 °C to 450 °C together with a
range of times from 0.5 to 4 h in this work.

The CS particles were mixed into 6 g of carbon powder (MetLab CAT
#M134), and hot pressed to make a solid carbon thermoset with glass
particles embedded throughout the solid. The sample was then ground
and polished to create a clean cross-section across the midplane of the
particle. This cross-section was analyzed by Tescan Mira3 FESEM using
an Energy Dispersive Spectroscopy (EDS) scan to find the concentration
profile for the glass samples [29,30]. Particles with diameter of a 25-35
pm were chosen to study diffusion as they provided better resolution and
accuracy on the concentration profiles. The concentration profiles were
used to fit the diffusion coefficients of glass.

To experimentally measure the strengthening, particles were com-
pressed using an Alemnis nano-indenter within a Zeiss LEO 1550
FESEM. A 10 pm diamond flat punch tip was used to compress the
particles on a sapphire substrate. Due to the limitation of maximum load
capability of the nano-indenter, particles between 10 and 15 pm were
chosen from each sample for compression and were compressed at a rate
of 8 mN/s. The load and displacement data were recorded until fracture
was achieved. These measurements were repeated 10 times for both the
as-received and the CS samples.

Exemplar EDS maps for CS particles are shown in Fig. 1(a-d). The
sodium mapping presents a large concentration of sodium ions
throughout the glass that is diminished at the surface of the glass
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particle. The potassium mapping shows that the potassium ions were
successfully diffused into the glass particle at the surface, replacing the
sodium ions. We fitted the concentration measurements from the EDS
analysis using the concentration profile for diffusion in a sphere [31],
Eq. (1), to find the diffusion coefficient:
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where C is the concentration, r is the radial position from the center of
the glass sphere, d is the particle diameter, C; is the concentration at the
surface of the sphere, D is the diffusion coefficient and t is the time.
Additionally, with the measurement conducted for chemical strength-
ening at different temperatures, we calculated the activation energy for
alkali diffusion using Eq. (2):

D =D, %/"T 2

Where D is the diffusion coefficient, D, is a constant, R is the universal
Gas constant, T is the temperature (K), and E, is the activation energy for
alkali diffusion.

The comparison of concentration of potassium as a function of dis-
tance from the surface between CS particles from different process pa-
rameters is shown in Fig. le. We observe that the potassium
concentration across the particle increases as either the temperature or
time of the chemical strengthening processing increases. With the same
processing time, 1 h, lower temperature conditions such as 365 °C leads
to smaller diffusion depths, creating a sharper concentration gradient.
Higher temperature conditions such as 450 °C leads to a greater diffu-
sion distance, creating a smoother concentration gradient. The same
behavior is observed when increasing the time of the process while
keeping the temperature constant. We can show that the diffusion data
indeed obeys Eq. (1) by defining the dimensionless time, z, and
dimensionless radial distance, r*, as:

R

ETP) ©
Dt

TR @

(e)

365°C 1h
395°C 0.5h
395°C 1h
395°C 4h
450°C 1h

[ JNCRN BN

K,0O Concentration (mol%)

Distance from Surface (um)

Normalized Concentration

1.0p
® 1=18x10°

0.8 o 1=2.1x10°
® 1=59x10°

0.6 ® 1=1.45x 102
® 1=1.62 x 10?

0.4}

0.2

0.0 0.2 04 0.6 0.8 1.0
Normalized Distance from Surface

Fig. 1. Cross-sectional SEM images and elemental analysis of glass particle chemically strengthened at 395 °C for 4 h, (a) SEM image, (b) Potassium elemental map,
(c) Sodium elemental map, (d) Silicon elemental map. (e) Measured Potassium vs. Distance from Surface, from EDS line scan of CS particles for different processing
conditions, (f) Normalized Concentration values vs. Normalized Distance from Surface.
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where r is the radial distance from the center of the particle, d is the
particle diameter, D is the diffusion coefficient, and t is the process time.
In Fig. 1f we observe a collapse of normalized concentration, c% for
similar values of dimensionless time and normalized distance from the
surface (I-r*). Further analysis of the data results in an activation energy
of E; =100 = 5 KJ/mol and D, = 1.8 x 10 m?/s from our experiments
which closely align with the range of previously reported values from
literature [32,33].

We used in-situ particle compression to measure the fracture strength
of the glass particles. Fig. 2 shows snapshots of the particle compression
during which a glass particle flattens slightly in between a rigid indenter
and rigid substrate until fracture occurs. We can also observe the frac-
tured surface of the particle parallel to the compression axis in Fig. 2.
The fact that fracture occurs through particle splitting in half suggests a
mode I fracture driven by tensile stresses perpendicular to the fracture
surface. Following Hiramatsu and Oka’s approach [34,35], we calculate
the maximum tensile stress in a sphere under diametral compression by
Eq. (5) which we can further consider to the fracture strength:

4F,
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Where oy is the stress at fracture, Fy is the force at fracture, and « is a
constant that depends on the location of the maximum stress and ma-
terial properties. This theoretical equation has been used to measure and
compare the tensile strength in glass spheres, [36-38] and other brittle
spheres [39-41], when diametrically compressed. The values for x used
in diametral compression testing have been contested and different
models and theories have been proposed based on material properties
and loading conditions [42]. For glass, which is dominated by surface
flaws, maximum tensile stress to cause fracture would be either located
at the surface point just outside the contact area [43,44], or at the
equatorial axis of the particle [45,46]. The location of the maximum
tensile stress is dependent on the size of the radius of contact, a.. Pre-
vious works have validated that when, % > 0.65, the maximum

tensile stress in a sphere will be found at the surface near the equator
[46-48]. From the image of the fractured particle, we observe that the

radius of contact is 3.6 pm giving us an (d"ﬁ = 0.72, therefore fracture

will initiate along the equatorial axis. As such, we set the constant as 0.4
and assumed the maximum tensile stress as a hoop stress along the
equatorial axis of the particle, causing a particle to be split in half along
the axis of compression. Additionally, from the work of Shipway et al.
[46] it has been stated that the tensile stress just outside the contact zone
in unlikely to lead to catastrophic failure as there is a zone of
compression present between the center of the sphere and the surface
tensile region. This would cause a crack to grow in the circumferential
direction producing a cone crack. Previous studies have shown that this
tensile stress has led to spalling around the contact zone but indicated
that it had no effect on the eventual catastrophic fracture [49,50]. These
theories are further supported by our results found later in Fig. 3b as the
values for stress on the sphere fit well with the expected theoretical
values for surface stress.

During the immersion of glass powder particles in molten potassium
nitrate, smaller sodium ions from the glass surface are exchanged with
larger potassium ions from the molten salt. This ion exchange process
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creates a compressive residual stress layer on the glass surface, as the
incoming potassium ion attempts to expand the glass matrix. This
dimension change is quantified by the linear network dilation coeffi-
cient, B, which indicates the linear strain per unit change in concen-
tration. Using an analogy between concentration and temperature
gradient-induced dimensional change and residual stress generation,
we can estimate the circumferential component of residual stress
generated in a sphere from chemical strengthening with Eq. (6) [7,51,
52]:

mﬁﬂ:G%%me—@) ®)

Where oy, is the residual stress at radial positions from the center of the
glass sphere (where positive values corresponds to compressive stress), B
is the linear network dilation coefficient of expansion, E is the elastic
modulus of the glass, v is the poisons ratio of the glass, C(r,t) is the
concentration of potassium at a point r from the center of the sphere, and
C is the average concentration of potassium throughout the glass:
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The value for E used in Eq. (6), was determined as 74 GPa through
the fitting of the linear elastic segment of the particle compression load-
displacement data, following the linear elastic Hertzian contact theory
[53,54]. This falls in line with what is expected for SLS glass [55]. The
values for the linear network dilation coefficient were taken from the
work of Sun and Dugnani [56]. For reference at a molar percent of
K50=11 mol% the linear network dilation coefficient was B = 4.70 x
10~ mol% ! and when K;0=12 mol% the linear network dilation co-
efficient was B = 4.47 x 10~ mol% '. Poisson’s ratio was taken as v =
0.22 [57]. Finally, Cs; was given as a value of 11.5 mol%, an average
value of experimental measurements.

As glass has a distribution of surface flaw sizes, the strength must be
estimated using a three parameter Weibull Distribution, which is sug-
gested as being more suitable for the compression of glass spheres, [1,
37,48,58]:

P=1-—exp {- (@) m} 8)

Where P is the probability of fracture, o, is the characteristic fracture
strength where P = 63 %, ¢, is the location parameter, and m is the shape
factor.

Using Egs. (5) and (8) we measured the characteristic fracture
strength from the as-received particles and compared them to the
characteristic fracture strength of each CS sample. Weibull plots were
created for each processing condition for a sample size of 10 particles
shown in Fig. 3a. For the as-received samples we obtained a character-
istic fracture strength of 969 MPa. Within the range of times and tem-
peratures tested, our measurements show that chemical strengthening
process indeed increased the fracture strength of the glass with the in-
creases in characteristic fracture strength reaching as high as 1308 MPa.
For each different CS sample tested, as the time or temperature
decreased, the characteristic fracture strength increased. The CS

Fig. 2. Snapshots of the in-situ glass particle compression test inside SEM, along with a close-up view of the fractured particle.
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Fig. 3. (a) Weibull Distribution of the fracture strengths of the as-received and chemically strengthened glass particles. (b) Weibull Distribution of the fracture stress

subtracted by the residual stress of the glass particles.

particles processed at 365 °C for 1 h showed the highest fracture
strengths shown in Fig. 3a.

While it has been reported that the electron beam may influence the
mechanical properties of glass [59,60], the effect is limited to very small
particles in the nanoscale range of 200 nm [60] under a high energy, 300
kV, TEM. The effect of the electron beam has been also shown to be
limited in the microscale range 1-5 pm [59] under lower energy, 5-10
kV SEM. As the penetration depth of the CS sample was in the 1-2 pm
range, and we had a low beam intensity of 5 kV, we expect a negligible
effect from the electron beam on the measured fracture strengths.

Under the assumptions that the crack size does not change after the
chemical strengthening process, and that the unstable crack propagates
from an existing surface flaw (see supplementary information, section 2)
[61], we expect the increase in fracture strength to align with the
compressive residual stress present at the surface:

0f.cs — Of AR = Oress ©

Where ocs is the fracture strength of CS particles, 654, is the fracture
strength of the as-received particles and o is compressive residual
stress at the surface for the corresponding chemical strengthening con-
ditions. To confirm the role of residual stress in increasing the fracture
strength (Eq. 9), we subtracted the theoretical residual stress from the
fracture strength of each set of CS glass particles. Fig. 3b shows that
when the residual stress is subtracted, all the data collapses into a single
Weibull plot expected for the as-received glass. The characteristic frac-
ture strength from Fig. 3b, 945 MPa, is also in good agreement with the
characteristic fracture strength taken from the Weibull plot of the as-
received glass in Fig. 3a which was 969 MPa. The reference line shows
the theoretical best fit Weibull distribution line for the collated data. A
95 % confidence band was shown around the plot. The shape is in
accordance with what we would expect on a Weibull graph from pre-
vious studies on the compression of glass spheres [62]. From this data set
the location parameter was found to be 449 MPa. The location param-
eter is estimated from the data, by maximizing the coefficient of deter-
mination from the linear regression [58].

Fig. 4 shows a map of surface residual stress for a particle size of 12
pm as a function of chemical strengthening time and temperature
calculated using Eqs. (6) and Eq. (1). The parameters for Eq. (1) were
taken from the diffusion properties found from the EDS analysis.
Although the EDS characterizations were conducted on 25-35 pm par-
ticles, since diffusion properties are intrinsic material properties, they
can be used to predict the diffusion behavior of smaller particles as well.
The surface residual stress decreases as the processing time and tem-
perature increases. With higher temperature and longer processing time,
ion exchange propagates towards the center of the particle, leading to an
increase in the average concentration level, and as a result a decrease in
surface residual stress. We have superimposed the strengthening, i.e.,
the left-hand side of Eq. (9) (which we measured experimentally for all
the studied processing conditions) with circles on the surface residual
stress map of Fig. 4 predicted theoretically. The average particle size and
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Fig. 4. Theoretical residual stress map as a function of time and temperature.
Experimental measurements of strengthening for the chemically strengthened
particles are also superimposed on the map.

the standard deviation for all the particles tested in this work are 12 + 1
pm. Once again, the close agreement between the theoretical predictions
of residual stress and the experimental measurement of strengthening
confirms that the increase in fracture strength can indeed be attributed
to surface compressive residual stress generated due to the ion exchange
during the process.

While only particles with diameter of 10-15 pm were tested in this
study due to the limitation of our loading cell, we can use the theoretical
framework presented above to discuss the effects of particle size on the
strengthening of glass particles. We define a dimensionless diffusion
length (described in the Supplementary Information) that combines
both diffusion depth and particle size into a single parameter. This
parameter helps analyze how particle size affects residual stress and the
strengthening behavior. For a specific process parameter, Eq. (1) shows
that the diffusion depth of potassium ions remains relatively constant
across different particle sizes as long as the particles are not small
enough for ion saturation. Therefore, as particle size increases and the
dimensionless diffusion length decreases, the potassium ion concentra-
tion profile represents a smaller fraction of the ions within the glass
particle, leading to a reduction in the average potassium ion concen-
tration (Eq. (7)). Finally, the lower level of average potassium ion con-
centration results in a higher residual stress at the surface of the glass
particle (Eq. (6) and Fig. S2). The increase in residual stress with larger
particle sizes is more pronounced for process parameters that result in
greater diffusion depths (e.g., 395 °C for 4 h and 450 °C for 1 h). This is
because a greater diffusion depth can cause a higher ion concentration in
smaller glass particles, which reduces the surface residual stress.

In line with the results shown in Figs. 1 and 3a, we also observe in the
map of Fig. 4 that the strengthening effects diminish at higher temper-
atures and longer duration of the chemical strengthening process within
the times and temperatures tested. As time and temperature increase,
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there is a greater exchange of ions throughout the particle. This in-
creases the average concentration of the particle. The closer the surface
concentration is to the average concentration, the weaker the
strengthening will be as predicted in Eq. (6). The difference in concen-
tration between the surface and the average concentration leads to the
difference in strain between the layers, creating the residual stress.
When the ions diffuse deeply into the particle, the entire particle will
begin to expand to accommodate the ions. This leads to a smaller dif-
ference in strain between the surface and the rest of the particle, and
thus a smaller stress value [52]. In microparticles where the overall size
is on the same scale as the depth of ion penetration, the ion exchange
process can increase the overall concentration, reducing the strength-
ening. It should be noted that as time and temperature continue to
decrease, we will expect to reach a lower threshold where there will be a
significant decrease in the maximum surface concentration [32], leading
to a decrease in strength.

In summary, we developed a novel process for the chemical
strengthening of micrometer-sized glass powder particles. We confirmed
potassium ion exchange in glass powder particles through cross-
sectional scanning electron microscopy observations and energy
dispersive spectroscopy analysis. The diffusion depth was shown to in-
crease with processing time and temperature. We measured the fracture
strength of glass powder particles with in-situ particle compression tests
inside a scanning electron microscope. Our measurements confirmed
considerable strengthening achieved in chemically strengthened parti-
cles. We demonstrated that experimental measurements of strength-
ening closely align with the magnitude of the surface compressive
residual stress resulting from the potassium ion exchange during the
process. We systematically explored the chemical strengthening process
parameter space and revealed that the essence of improving glass par-
ticle fracture strength lies in the precise control of the ion exchange
process to prevent excessive ion exchange. This work could provide
insights into improving the fracture strength of glass powder particles,
thereby broadening their applications.
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