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Figure 8

a) Field-returned borosilicate vials that experi-
enced a lensing crack that propagated up the side-
wall from additional applied stress but did not
break the vial. b) Optical microscopy image of two
vials from controlled lab experiments that repli-
cated these lensing cracks.

higher magnification than 8a) show the part of the
crack system in the heel where the fracture terminates
because the stress was removed.

Neck cracks can be introduced by interactions with
capping equipment. This defect was previously ob-

Figure 9

served in borosilicate vials capped by several meth-
ods, including rotating the vial against a static sealing
rail system and by free-spinning displacement-driven
crimping wheels. Because the introduction of these
crack systems is difficult to control, the container
response for defects in this region was evaluated using
a rotary disc (low-speed diamond blade). Figure 9
illustrates how the rotary disc was used to damage the
neck of a vial in a similar location to that of a misad-
justed automatic crimping wheel. This method more
consistently introduced severe damage in the vial
neck, and manual inspection provided observations of
differences in container response. The response of the
vial to this type of insult can be categorized as either
cracked (if the disc induces damage completely
through the neck and the vial remains intact), or bro-
ken (if the vial flange separates from the neck before
the disc induces damage completely through the neck).

Dye Ingress Leak Testing

Dye ingress leak testing was employed to confirm that
perceived cracks (identified by human inspection)
generated in the replication experiments completely
penetrated the glass container and presented patient
safety risk. Following the recommendations in USP

a) At left, seal crimping equipment configured to shape aluminum caps on vials. When operating, the crimping
wheel (at lower left of image) is displaced a fixed distance toward the neck OD (at lower right), bending the
aluminum cap under the flange. The vial being processed has larger neck OD, causing the crimping wheel to
damage the glass surface in the vial neck. b) At right, rotary disc blade cutting into vial neck mimicking the
location of damage from seal crimping equipment contact. Cutting through the vial neck with the rotary disc
without the vial breaking demonstrates the stable nature of cracks in conventional glass vials. However, if the
vial breaks before the disc can completely penetrate through the neck, that vial is not at risk to cause patient
harm through the injection of contaminated drug product.
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Figure 10
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Positive control population for semi-quantitative comparison of dye ingress tests. The vial set shows (from left
to right) a process blank (no methylene blue) and serial dilutions of methylene blue dye from 0.000049% to

0.1%.

<1207.2>, a procedure was developed in which vials
were filled to a nominal volume with high-purity wa-
ter, stoppered, and sealed (23). The sealed vials were
submerged in a 0.1% methylene blue dye solution, and
vacuum of —85 kPa was applied for 60 min. During
this time, the pressure differential created by the vac-
uum could draw gas or fluid out of the vial through
cracks. The submerged vial system was then vented to
ambient pressure for 60 min, allowing the dye solution
to be drawn into vials that had previously leaked gas
or liquid during the vacuum step. Considering the low
pressure used in this method, it is unlikely that signif-
icant flaw extension occurs from the applied pressure.
Vials were removed from the solution, rinsed thor-
oughly, and manually inspected to determine if dye
ingress occurred.

As recommended by USP <1207.2>, reference solu-
tions and negative controls were implemented to en-
sure consistency of results. Reference solutions were
created by 11 serial dilutions of the 0.1% methylene
blue solution between 0.05% and 0.000049% for semi-
quantitative inspection. The test specimens were com-
pared to these references and a process blank against a
white background as shown in Figure 10. Negative
controls were created using as-received (non-dam-
aged) vials that were filled, stoppered, crimp-sealed
under identical conditions, and vacuum-tested along-
side each sample set to ensure any identified leaking
vials were not a result of the crimping procedure. Any
leaking of these negative controls during testing would
have indicated poor sealing of the glass flange, rubber
stopper, and aluminum cap closure system. No failures
of the negative controls were observed in any of the
test sets.
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Preventing Formation of Stable Cracks

Cracks in glass parenteral containers present a serious
risk to patient safety (ineffective dose, lack of sterility,
contamination leading to sepsis or even death) and to
the drug supply chain stability (recalls and resulting
shortages) and should therefore be prevented. It is well
known in other glass applications that strengthening
techniques can inhibit flaw introduction and growth
and also control the fracture behavior when glass does
break (number of fragments, their shapes, etc.). For
example, thermally tempered safety glass used in au-
tomobile and architectural applications is engineered
to have a region of compressive stress at the surface
that hinders damage introduction and flaw extension.
In addition, when safety glass does break (at higher
load than non-tempered glass) the fracture propagates
to the extent of the tempered region and produces
small, harmless, approximately cubic-shaped frag-
ments to prevent injury from dagger-like fragmenta-
tion typical of annealed glasses (24).

Not all strengthening processes are able to impart
special fracture behavior. Processes producing lower
levels of strengthening (less stored strain energy) may
exhibit strength improvements over non-strengthened
glass but with the same dagger-like fragmentation
pattern as annealed glass (24). Special fracture behav-
ior is only enabled when the strengthening process
produces sufficient strain energy to influence the flaw
propagation (25). Lawn and Marshall describe that for
samples with sufficient internal tension, a crack will
tend to propagate catastrophically once it penetrates
the protective surface layer (26). This means that flaw
tips that remain within the compressive surface layer
will remain benign, and flaws that penetrate into the
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Illustration of the engineered stress profile result-
ing from ion-exchange of a thin-walled glass article,
where the abscissa is the wall thickness (t, radial
direction) and stress is the ordinate. High compres-
sive stress (CS) is installed at the surfaces, and it
decreases to the depth of the compressive stress
layer (DOL). The compressive strain energy in-
duced by this ion-exchange process is balanced by
tensile strain energy, measurable as central tension
(CT).

tensile region (at the center of the wall thickness) can
propagate under the stored strain energy. A similar
strengthening method can be applied to glass contain-
ers for pharmaceutical applications to prevent forma-
tion of stable cracks.

Ton-exchange strengthening (or chemical tempering)
is another method that can impart this threshold strain
energy. It is better suited to strengthen thin walls,
glass compositions with low thermal expansion coef-
ficient, and complex container geometries compared to
thermal tempering (27). The process uses chemical
gradients and interdiffusion to substitute larger ions
from an external salt bath for smaller ions in the glass
network. This substitution creates a compressive stress
on the surface of the container and a balancing central
tension over the thickness of the container wall, as
illustrated in Figure 11. Because the stress profile is
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Figure 12

Percent of containers exhibiting stable cracks from
damage introduction, as a function of increasing
central tension. The response shows a clear
“threshold” response, above which damage (severe
enough to cause cracks) causes obvious breaking
into fewer pieces with clean edges, facilitating
detection.

the result of interdiffusion, exposure time and temper-
ature can be controlled and monitored during the man-
ufacture of the glass containers to maintain the strain
energy (or central tension) above the minimum tension
threshold value for crack prevention.

An aluminosilicate glass, previously shown to be suit-
able for pharmaceutical use (28), was strengthened by
the ion-exchange process as part of this study. A series
of glass vials was prepared with increasing levels of
central tension (or stored strain energy) by varying the
ion-exchange process (time and temperature) to ex-
plore changes in the material’s fracture response. The
containers were then subjected to controlled damage
to observe the fracture response. Figure 12 illustrates
the decrease in frequency of cracked vials produced as
a function of increasing central tension (as surrogate
for stored strain energy). The graph shows a clear
“threshold” response, above which damage suitable to
produce cracks in unstressed vials causes obvious
breakage patterns (stable cracks are not maintained).

Demonstrating Prevention of Stable Cracks

To demonstrate the prevention of stable cracks with
the strengthened aluminosilicate vial, several methods
were employed: (i) replication of common crack fail-
ure modes using lab tests, (ii) statistical analysis and
interpretation of the lab results, (iii) a line simulation
with a misadjusted capper to assess performance using
actual pharmaceutical processing equipment, and
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TABLE II

Results of Dye Ingress Testing for Borosilicate
and Strengthened Aluminosilicate Vials after
Experiencing Bump Check Damage Replication

Dye Ingress

Testing
Quantity | Percent
Glass Type Tested | Leaking
Borosilicate 100 20%
Strengthened Aluminosilicate 100 0%

No leaking cracks were observed for the aluminosili-
cate vials strengthened with an engineered stress pro-
file, while 20% of the borosilicate vials experienced
leaking cracks under the same conditions.

(iv) evaluation of automatic visual inspection system
in use on pharmaceutical filling lines to assess preven-
tion of cracks relative to the current state-of-the art
processing equipment used for this purpose.

Lab Replication of Common Failure Modes

Differences in vial cracking response were illustrated
by applying the crack replication methods to typical
borosilicate and ion-exchange strengthened alumino-
silicates vials. Glass vials of equivalent dimensions (3
mL nominal fill volume) were formed from tubes of
two glass compositions (51-expansion borosilicate,
and strengthened aluminosilicate). After forming and
annealing, the aluminosilicate glass vials were ion-
exchanged to establish the internal stored strain energy
above the minimum tension threshold. The strength-
ened aluminosilicate glass vials received a low coef-
ficient of friction surface treatment, which resists glass
damage and reduces particle formation (29). The boro-
silicate vials underwent typical annealing and bulk
packaging. Both populations of vials were then tested
via the three high-risk crack replication methods de-
scribed previously followed by dye ingress testing to
confirm leaking cracks.

The bump check crack replication method was re-
peated on 100 typical borosilicate vials and 100
strengthened aluminosilicate glass vials, then all vials
were subjected to the dye ingress leak testing protocol
described previously. The borosilicate vial population
exhibited perceived cracks (by human visual inspec-
tion) with 100% of the population tested. Dye ingress
testing confirmed that 20 vials leaked (20%), as sum-
marized in Table II. The strengthened aluminosilicate
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glass vials showed no perceived cracks and no leaking
upon dye ingress testing.

The bump check crack introduction method was then
increased in a stepwise manner to test if cracks could
be introduced in the strengthened aluminosilicate glass
vials. Despite increasing the load by 35%, the tests
showed no observation of cracks; instead the vials
began to break— consistent with the bimodal response
expected.

The absence of cracks in the aluminosilicate vials
under the same conditions that consistently cracked
the borosilicate vials demonstrates a significant differ-
ence in crack introduction behavior. The load needed
to observe cracks will be just below that needed to
break the container. The absence of cracks and onset
of breaking at higher loads indicates that flaws were
introduced that exceeded the aluminosilicate compres-
sive layer depth. The binary response of the alumino-
silicate vials (intact or broken) is expected because the
stored strain energy was above the threshold shown in
Figure 12.

The lensing crack replication method was performed
on 50 typical borosilicate and 50 strengthened alumi-
nosilicate glass vials. After going through this damage
replication process, manual inspection confirmed that
all conventional borosilicate vials contained perceived
cracks. Aluminosilicate vials that had been through
the same crack replication method showed no signs of
damage and zero perceived cracks by manual inspec-
tion. Dye ingress testing confirmed that a large frac-
tion (70%) of the cracked borosilicate vials leaked and
none of the aluminosilicate vials exhibited leaks.

In parallel, the crack replication conditions (load ap-
plied during initial damage introduction and peak load
during dynamic impact) were increased to observe a
change in the aluminosilicate fracture behavior. After
increasing the dynamic impact peak load by 60%, the
aluminosilicate vials began to exhibit breaks. For the
engineered stress profile imparted to these alumino-
silicate vials, cracks were not created for any combi-
nation of initial damage introduction or dynamic im-
pact conditions. When damage was introduced that
penetrates deeper than the compressive layer, the
stored strain energy serves to extend the flaw, propa-
gating to cause breakage and make the damage obvi-
ous.

An evaluation of the container response to severe neck
cracks was performed on a smaller population of 20
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a) At left, an image of a conventional borosilicate vial neck showing rotary disc damage going through the neck
thickness without flange separating from the neck. b) At right, an image of a strengthened aluminosilicate vial
neck after a rotary disc damage demonstrating that the disc penetrated less than 75% of the way through the
thickness before central tension from the engineered stress profile (ESP) initiated the glass fracture and
separated the flange from the neck. This response prevents the vial from being at risk of containing a
contaminated drug product that could be administered to a patient.

vials per glass type. The method was designed to
demonstrate the inherent nature of crack stability in
conventional glass vials and illustrate the release of
stored strain energy via fracture with the strengthened
aluminosilicate vials. Figure 13 compares representa-
tive micrographs of a conventional vial to a strength-
ened aluminosilicate vial after damage from a rotary
disc, showing different fractographic responses. For
the conventional borosilicate vial, the rotary disc com-
pletely penetrates through the vial neck with no frac-
ture observed, only a roughened cut surface from the
disc. This means that the rotary disc carved a large
pathway through the neck thickness (an exaggerated
crack) of the conventional borosilicate vial without the
flange separating from the neck. For the strengthened
aluminosilicate vial, the image shows that the rotary
disc penetrates less than 75% through the thickness of
the neck before the stored strain energy (central ten-
sion) caused the glass to fracture and the flange to
separate from the neck.

These results illustrate that strengthened aluminosili-
cate glass vials show a marked differentiation in frac-
ture behavior, exhibiting no cracks in any of the tests
and no detection issues during automated inspection.

Statistical Analysis of Lab Replication Results

A statistical analysis was performed to quantitatively
compare the probability of failure of these two vial
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types (borosilicate or aluminosilicate) for the two
probabilistic damage replication methods (bump check
and lensing crack). The binomial distribution was
used, in which case the median probability of the
failure mode occurring was calculated, that is, the
probability for which the cumulative binomial proba-
bility is 0.5. Additionally, the 80% two-sided and 95%
two-sided confidence bounds around these median val-
ues were determined by calculating the failure rate for
which the cumulative binomial probability is 0.1 and
0.9 (for the 80% level) and 0.025 and 0.975 (for the
95% level).

Because the tests of aluminosilicate vials did not pro-
duce any failures, the calculated probability values
only represent an upper bound. For example, in the
lensing crack replication method, there were 50 alu-
minosilicate samples tested with no failures. As such,
there is 97.5% confidence that the true probability of
occurrence is less than 0.071, and a 90% confidence it
is less than 0.045.

The tabulated results for producing leaking cracked
vials are shown in Table III. The results show that
differences between the borosilicate and aluminosili-
cate failure probabilities are significant (evident by the
separation in the confidence bounds). Differences in
median values are greatest for bump check and lensing
crack replication methods, where borosilicates are at
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TABLE III

Statistical Analysis of the Probability of Producing a Leaking Crack in Aluminosilicate and Conventional
Borosilicate Vials for Bump Check and Lensing Crack Replication Methods, Based upon Values in Tables

IT and V
95% Two-Sided
80% Two-Sided
Median
Method Glass 0.0250 0.1000 0.5000 0.9000 0.9750

Bump Check Borosilicate 0.1349 0.1577 0.2060 0.2607 0.2918
Aluminosilicate <0.0003 <0.0011 <0.0069 <0.0228 <0.0362
Lensing Crack Borosilicate 0.5751 0.6228 0.7086 0.7854 0.8214
Aluminosilicate <0.0005 <0.0021 <0.0138 <0.0450 <0.0711

Both 80% and 95% two-sided confidence intervals are calculated, though the intervals reported for the aluminosilicate

vials represent upper bounds due to the absence of failures.

least 30 to 50 times more likely to exhibit leaking
cracks.

Because the rotary disc cut demonstrated a targeted
response with the binary result of cracked or broken,
the predicted results of a statistical analysis is only
subject to the number of specimens tested and more
insight can be gained from the fracture response than
probabilities. As described previously, the fracto-
graphic response of the conventional borosilicate vial
is to allow the disc to cut completely through the neck
thickness; in contrast, the strengthened aluminosilicate
vial will tolerate the disc cutting only up to 75% of the
neck thickness before the vial breaks. This demonstra-
tion of the response due to stored elastic strain energy
is physics-based and not probability-based.

It was previously noted that 90% of cracks observed in
failed vials occurred in regions of the vial evaluated by
these crack replication methods (~80% bump checks,
<10% lensing cracks). Assuming that these replica-
tion methods are representative of actual stresses in-
curred on filling lines and in the field, we can apply the
relative frequency of occurrence to estimate a cumu-
lative probability of crack occurrence in each vial
type. The total median failure probabilities for leak
introduction in each glass, weighted by these percent-
ages, are for borosilicate 0.200 and for aluminosilicate
less than 0.0064. This implies that for ~90% of
cracked containers, conventional glass is more than 31
times more likely to fail due to leaks than alumino-
silicate, essentially preventing cracks in the strength-
ened aluminosilicate containers. Given the physics-
based understanding of the fracture response, this
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scale factor (31 times) is smaller than what larger
populations are expected to show due to the small
sample sizes used in this study.

Line Simulation with Misadjusted Capper Equipment

A mixed population of 400 typical borosilicate and
200 strengthened aluminosilicate glass vials were pro-
cessed through a misadjusted capper (most vials ex-
hibiting some damage), resulting in 13 perceived
cracks and 1 breakage in the typical borosilicate vial
population and O perceived cracks and 8 breakages in
the strengthened aluminosilicate glass vial population.
Dye ingress testing confirmed that two of the 13
perceived cracks in typical borosilicate vials were
leaking and zero of the strengthened aluminosilicate
glass vials were leaking, as summarized in Table IV.

These results show that the damage introduced by the
misaligned capping equipment was severe enough to
crack and break borosilicate vials and cause breakage
of several aluminosilicate containers. The experiment
further illustrates the binary response (intact or bro-
ken, not cracked) for the aluminosilicate containers.
Further, the engineered stress profile makes damage
introduced by filling lines more evident so that oper-
ators can immediately address setup issues and pre-
vent creation of systemic cracks.

Evaluation of Automated Visual Inspection System
(Current State-of-the-Art)

A leading automated visual inspection was used to
evaluate the efficiency of current state-of-the-art sys-
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TABLE IV

Inspection and Dye Ingress Testing Results for Vials Processed with Misaligned Capping Machine,

Replicating Neck Crack Damage Introduction

Human Dye Ingress
Inspection Testing
Vial Quantity Processed Percent Percent
Glass Type by Capping Machine Cracked Leaking
Borosilicate 3.25% 0.5%
Strengthened Aluminosilicate 0% 0%

Human inspection identified 13 (3.25%) borosilicate vials that contained neck cracks, while no (0%) strengthened
aluminosilicate vials were identified as cracked. Leak testing of these vials showed that two (0.5%) of borosilicate
vials exhibited leaking cracks and none (0%) of the strengthened aluminosilicate vials leaked.

tems to reliably detect cracks relative to the strength-
ened aluminosilicate vial, which was designed to pre-
vent cracks.

The lensing crack replication method was performed
on 50 conventional borosilicate and 50 strengthened
aluminosilicate glass vials. After experiencing this
damage replication process, manual inspection con-
firmed that all conventional borosilicate vials con-
tained perceived cracks. Aluminosilicate vials that had
been through the same crack replication method
showed no signs of damage and zero perceived cracks
by manual inspection.

All vials were inspected by an automated camera
system to evaluate the capability of the inspection
equipment to detect cracks in the footprint and heel
areas. The commercially available camera system was
specifically designed to identify cracks in this region
of the vial with the camera orientation illustrated in
Figure 14a. Table V quantifies the results and shows
that the automated camera system captured 74% of the
containers with known cracks and failed to detect 26%
of the cracked vials processed through the system. Dye
ingress testing was performed and identified that 70%
of all of the lensing replication borosilicate vials were
leaking, including 35% of the cracks that had been
accepted by the visual inspection (Figure 14b). This
shows that even the best automated visual inspection
system, performing 100% inspection, is unable to re-
liably detect cracks that present sterility risks.

In contrast, none of the strengthened aluminosilicate
glass vials showed evidence of damage or perceived
cracks, despite having been subjected to the same
damage process. Automated inspection did not reject
any of the aluminosilicate vials, and dye ingress test-
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ing demonstrated that none of that population exhib-
ited leaking cracks.

The reduction in crack occurrence demonstrates that
stable cracks are essentially prevented when glass
vials are strengthened to levels above the minimum
tension threshold. While automated inspection can
detect some cracks that are introduced during the
filling line process, it does not protect against crack
occurrence after the filling process from prior or new
damage events. The stored strain energy that prevents
cracks in the aluminosilicate containers persists
through handling, transport, and end use at the patient.
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Figure 14

a) At left, an illustration shows the orientation of a
state-of-the-art automated inspection camera de-
signed to reject vials with cracks in the lensing
crack region, with an example photo at bottom. b)
At right, a photo of vials that were accepted as good
by the automated inspection system shows that they
clearly failed the dye ingress testing as indicated by
the presence of blue dye.
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TABLE V

Automated Inspection and Dye Ingress Testing Results for Vials That Had Experienced Lensing Crack

Replication Damage

Automated Dye Ingress Testing
Glass Type Inspection Results Quantity Tested Percent Leaking
Borosilicate 26% Accepted 17 35%
74% Rejected 33 88%
Strengthened Aluminosilicate 100% Accepted 50 0%
0% Rejected 0 0%

The automated inspection rejected 74% of the damaged borosilicate vials, 88% of which leaked in dye ingress testing.
Of the 26% damaged borosilicate vials that were accepted, 35% of them leaked in dye ingress testing. While the
strengthened aluminosilicate population experienced the same damage replication event, 100% of the vials were
accepted by the automated inspection equipment and none of the vials leaked.

Engineered Safety Benefits of Glass in Other
Industries

Engineering safety into glass product design is not a
novel concept. As mentioned earlier, automotive and
architectural glasses are designed to reduce harm in
the event of glass breakage (24). Automotive glass
uses lamination and thermal tempering to increase the
safety of passengers in the event of a collision. The
lamination prevents glass fragment ejection and pre-
vents passenger ejection during a collision (30). Au-
tomotive side and rear windows are made of thermally
tempered glass, which has high stored strain energy in
the glass. This stored strain energy aids in egress of
passengers from an overturned vehicle by causing the
window to fracture into many small pieces after being
struck with an emergency hammer.

Architectural glass is also thermally tempered. If an
overstressing situation occurs, the thermal tempering
also causes the window to fragment or dice into small
squared-off pieces of low mass that minimize harm in
overhead applications. Both laminated and tempered
glass for automotive and architectural use are sub-
jected to strict testing standards to ensure manufac-
tured product performs as expected during use. Their
reliability has been demonstrated, and now federal
regulations require their use in many applications,
such as shower doors. This approach of engineering
safety into product design and manufacturing through
standards setting can also be applied to pharmaceutical
glass packaging to prevent harm from cracked glass
containers.

Conclusions

Glass is the preferred primary packaging material for
parenteral drug products, but the risk of cracks in
conventional glass containers cannot be mitigated
through inspection alone. The low-energy state of
conventional glass vials allows crack systems to per-
sist indefinitely, presenting opportunities for sterility
loss and patient harm if the compromised dose is
administered. Introduction of stored strain energy was
shown to provide sufficient driving force to prevent
stable cracks in vials made from an aluminosilicate
glass.

Three crack failure modes were identified in various
field return surveys and replicated in controlled labo-
ratory damage introduction methods. Differences in
cracking behavior were observed when these methods
were applied to both conventional borosilicate and
strengthened aluminosilicate glass vials. Specifically,
the conventional glass vials exhibited cracks with high
frequency and were not detected reliably by state-of-
the-art automated inspection equipment. Strengthened
aluminosilicate glass vials did not exhibit cracks under
any of the testing methods. In one instance (neck
cracks from line simulation with misadjusted capper
equipment), the strengthened aluminosilicate glass vi-
als broke in obvious ways to signal a setup issue, while
the borosilicate glass vials sustained a high frequency
of stable cracks that were difficult to detect with visual
inspection.

These crack failure modes observed in conventional
glass containers can be prevented through stored strain
energy as imparted through an ion-exchange process.
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By utilizing glass with sufficiently high stored strain
energy, containers for pharmaceutical packaging can
follow the automotive and architectural industries to
design for improved patient safety.
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