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Precision  bonding  is an  important  manufacturing  step  for many  glass–glass  and  glass–metal  assemblies.
Various  bonding  methods  are  available,  such  as  optical  contacting,  epoxy  bonding,  and  hydroxide  catalysis
bonding.  In this  paper,  the  shear  strength  of  hydroxide  catalysis  bonds  is  explored.  The  influences  of:  (1)
the  amount  of aqueous  bonding  solution;  (2) concentration  of  the  bonding  solution;  (3) curing  time;
and  (4)  curing  temperature  on  bond  strength  are  investigated.  Experimental  results  are  presented  for
glass–glass  and  glass–aluminum  assemblies.  Comparison  is  also  made  to  bond  strength  and  thickness  for
a commercially  available  optical  cement.
ydroxide catalysis bonding
hear strength
lass
K7
luminum
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. Introduction

The ability to generate high quality bonds at glass–glass and
lass–metal interfaces is critical for complex optical assemblies
sed in interferometry, microscopy, vacuum, defense, and space
pplications. Specific examples include displacement measuring
nterferometers for lithographic steppers used in the semicon-
uctor industry, laser targeting systems for precision delivery of

aser-guided munitions, and laser range finders. Both glass–glass
nd glass–metal bonds are necessary in these cases. The interfaces
equire high alignment accuracy, mechanical stability, the ability to
e located in a vacuum environment, and low transmitted wave-
ront distortion.

Well-known bonding methods include: optical contacting,
iffusion bonding, frit bonding, adhesive bonding, and mechan-

cal fastening [1].  An alternative to these traditional bonding
ethods is hydroxide catalysis bonding (HCB). HCB was  first

escribed by Gwo [2–4] to join the fused silica compo-

ents which formed the star-tracking space telescope used

n the Gravity Probe B space experiment [4].  HCB achieves
onding at room temperature between various materials if a

∗ Corresponding author. Tel.: +1 704 687 8421.
E-mail address: tony.schmitz@uncc.edu (T.L. Schmitz).

141-6359/$ – see front matter ©  2012 Elsevier Inc. All rights reserved.
ttp://dx.doi.org/10.1016/j.precisioneng.2012.06.004
silicate-like network can be formed between the surfaces. Example
materials include silica, Zerodur, fused silica, ultra-low expan-
sion glass, granite, and other materials that can be oxidized
on their surfaces (including metals such as aluminum and tita-
nium).

In this study, the mechanical strength of hydroxide catal-
ysis bonds is examined. The influences of: (1) amount of
aqueous bonding solution; (2) concentration of the bonding
solution; (3) curing time; and (4) curing temperature are inves-
tigated. The paper is organized as follows. Section 2 provides
background information on the HCB process. Section 3 describes
the experimental setup, surface flatness measurements for glass
and aluminum samples, and the bonding procedure. Section 4
provides experimental results and conclusions are presented in
Section 5.

2. HCB background

In HCB, the materials are bonded using an aqueous alkaline
bonding solution, such as sodium hydroxide (NaOH), potassium
hydroxide (KOH), or sodium silicate (Na2SiO3) dissolved in de-

ionized (DI) water. The chemical process of hydroxide catalysis
bonding consists of three steps: (a) hydration and etching; (b) poly-
merization; and (c) dehydration. A description of these three steps
follows.

dx.doi.org/10.1016/j.precisioneng.2012.06.004
http://www.sciencedirect.com/science/journal/01416359
http://www.elsevier.com/locate/precision
mailto:tony.schmitz@uncc.edu
dx.doi.org/10.1016/j.precisioneng.2012.06.004


2 sion Engineering 37 (2013) 23– 32

(

(

(

3

g
s
v
t
c
o
p

Fig. 1. Example height map for glass slide sample. The ‘�’ symbol indicates the
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a) Hydration and etching
The hydroxide (OH−) ions in the bonding solution act as a

catalyst and etch the silica surfaces in contact. This causes the
liberation of silicate ions.

SiO2 + OH− + 2H2O → Si(OH)5
− (1)

b) Polymerization
As the active number of OH− ions reduces during the hydra-

tion process, the pH of the solution decreases. If the pH is less
than 11, the silicate ions dissociate:

Si(OH)5
− → Si(OH)4 + OH− (2)

and siloxane chains and water are formed. The bond is achieved
via the siloxane chains.

Si(OH)4 → (HO)3SiOSi(OH)3 + H2O (3)

c) Dehydration
Water generated from the polymerization process migrates

or evaporates during curing.
Several follow-on efforts to Gwo’s initial work have further

explored the HCB process. For example, Preston et al. [5] stud-
ied the mechanical strength of BK7–BK7 and silicon carbide
(SiC)–BK7 bonds, while van Veggel et al. [6,7] tested SiC–SiC
and silicon (Si)–Si bonds. Elliffe et al. [8] reported mechanical
strength variations based on different types of bonding solution
and concentrations of hydroxide ions for various materials. Reid
et al. [9] explored the influence of temperature and hydroxide
concentration on the settling time (i.e., the time required after
alkaline solution application before the assembly can be safely
removed from the fixture for curing).

. Experimental setup

The materials used in this study were: (1) water white, low iron
lass microscope slides; (2) BK7; and (3) aluminum. The micro-
cope slides were selected for their low cost in studying a large
ariety of bonding conditions with a sufficient number of tests

o establish statistical variation. BK7 was selected because it is a
ommon optical material and aluminum was chosen because it is
ften used as a mounting base for optical assemblies. The sample
reparation is described in the following paragraphs.

Fig. 2. Surface profile between points P
valley, while the ‘�’  symbol shows the peak. The PV flatness is 3.39 �m over the
sample size of 15 mm × 25 mm.

The 25 mm × 75 mm  × 1 mm  thick glass slides were cut into
15 mm × 25 mm sections using a dicing saw. The peak-to-valley
(PV) flatness for several samples was measured using a scanning
white light interferometer (SWLI); typical values were on the order
of 3 �m.  An example height map  is provided in Fig. 1. The map  peak
(�) is located at the center of the right edge, while the valley (�)
is in the right upper corner. Fig. 2 shows a surface profile along the
sample diagonal.
The manufacturer-specified PV flatness for the BK7 samples
(12.5 mm × 12.5 mm × 3 mm thick) was �/4 (158 nm at a wave-
length of 633 nm). The SWLI measurement result shown in Fig. 3

1 and P2 for a glass slide sample.
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Fig. 3. Example height map  for BK7 sample. The PV flatness is 159 nm over the
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ample size of 12.5 mm × 12.5 mm.

PV = 159 nm)  agrees well with the manufacturer’s specification. A
urface profile is provided in Fig. 4.

A single-side polished 5052 aluminum sheet
300 mm × 300 mm × 1 mm thick) was cut into 15 mm × 25 mm
ections using a picosecond micro-machining laser system (Oxford
asers, Inc., J-355 PS System). Fig. 5 displays a typical height map.
he PV flatness is 6.9 �m.  A surface profile is provided in Fig. 6.

The samples were cleaned in an ethyl alcohol ultrasonic bath for
0 min. The remaining alcohol on the surface was removed using
n optical wipe and the surface was observed using a magnifier
ith a high intensity light source. Any remaining particles were

emoved using a wet alcohol wipe. Room temperature bonding was
erformed in a class 100 laminar flow clean cube to avoid including
ny airborne particles in the bond interface, which could degrade
he bonding strength; see Fig. 7.

Fig. 8 depicts the bonding process. As seen, a jig was used to
lign the top and bottom samples with a bonding area of 307.5 mm2

15 mm × 20.5 mm).  The bonding solution used in this experiment
as sodium silicate solution, containing 14% sodium hydroxide

NaOH) and 27% silicon dioxide (SiO2), dissolved in DI water. The
onding solution was dispensed on the top surface of the bottom
ample using a micropipette as shown in Fig. 8. The second sam-
le was then placed on top of the first sample. Light pressure was
pplied to the top sample to uniformly spread the solution. The

onded pieces were left to settle in the jig for 5 min  [9] and then
oved to another location in the clean cube for curing.
Fig. 9 shows the axial load frame test setup used to measure

he shear strength of the bond interface. A small vise was used to

Fig. 4. Surface profile between poin
Fig. 5. Example height map for aluminum sample (polished side). The PV flatness
is  6.9 �m over the sample size of 15 mm × 25 mm.

vertically support the bonded sample so that the force axis was
parallel to the bonding interface. Note that the vise did not restrict
vertical motion of the assembly, but was  simply used as an align-
ment tool. After an assembly was  loaded on the lower crosshead, a
downward force was  applied by the upper crosshead with a speed
of 10 mm/min  until the sample bond was  broken.

4. Experimental results

This section presents experimental shear strength results for
glass–glass, BK7–BK7, and aluminum–glass bonds under various
bonding conditions. For the glass–glass bond, the amount and con-
centration of the bonding solution and curing time/temperature
were varied to determine the maximum achievable strength. In
addition, a commercially available optical cement was used to bond
glass samples for comparison to the HCB results. Each glass–glass

test set included 10 bonded samples to determine the mean
strength and standard deviation; the aluminum–glass tests used
five samples for each set and seven samples were used for the
BK7–BK7 tests.

ts P1 and P2 for a BK7 sample.
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Fig. 6. Surface profile between points P1 and P2

Fig. 7. All samples were bonded in a class 100 laminar flow clean cube to avoid
including airborne particles in the bonded interface.

Fig. 8. The samples were bonded using an alignment jig: (left) the bonding solution
was  dispensed on the bottom sample; and (right) the top sample was placed on top
of  the bottom sample.
 for an aluminum sample (polished side).

4.1. Glass–glass (HCB)

The shear strength for the glass–glass HCB assemblies was mea-
sured using the axial load frame shown in Fig. 9. The shear strength
profiles for 10 bonded samples using 2.0 �l of solution (over the
307.5 mm2 bonding area) with a volume ratio of 1:4 (sodium sili-
cate solution to DI water) are shown in Fig. 10.  The samples were
cured for 48 h at room temperature for this test. The mean breaking
shear strength was 3.5 MPa  with a standard deviation of 0.5 MPa.

To evaluate the effect of the amount of solution applied to the
bonding area, the glass samples were bonded with five different
solution amounts {0.5, 1, 2, 3, and 5 �l}, over the bonding area of
307.5 mm2. The volume ratio was  1:4 and the curing time was 48 h.
Fig. 11 shows the mean breaking shear strengths (circles) and one
standard deviations error bars for each solution amount. Although
the mean breaking strength for 1 �l is slightly lower, the error bars
from all tests overlap. Therefore, the test results indicate that the
bond shear strength is not strongly dependent on the amount of
sodium silicate solution for the range tested here.

In Fig. 12,  the mean breaking strengths for a range of sodium

silicate solution to DI water concentrations {1:2, 1:4, 1:6, 1:10,
and 1:50} were determined. For these tests, 2.0 �l of the bonding

Fig. 9. Shear strength test setup using an axial load frame with a 30 kN load cell.
A  vise was used to support the bonded samples between the upper and lower
crossheads.
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Fig. 10. Shear strength profiles for glass–glass bonding tests with 2.0 �l of 1:4 vol-
ume  ratio (sodium silicate solution to DI water) solution. The samples were cured
for 48 h at room temperature.
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Fig. 11. Breaking shear strength for various bonding solution amounts. The mean
values and one standard deviation error bars are provided.

0 2 4 6 10 50 60
0

1

2

3

4

5

Volume ratio (sodium slilicate solution:H2O)

S
he

ar
 s

tre
ng

th
 (M

P
a)

Fig. 12. Breaking shear strengths for various concentrations of the bonding solution
(volume ratio of sodium silicate solution to DI water).
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Fig. 13. Breaking shear strength for various curing times. Maximum strength was

reached after four weeks of curing at room temperature (2.0 �l of solution with a
1:4  volume ratio).

solution was applied and the samples were cured for 48 h. No sig-
nificant strength difference is observed.

The influence of curing time on bond strength was also tested.
A solution amount of 2.0 �l and 1:4 volume ratio were used; these
values were arbitrarily selected since the shear strength was shown
to be insensitive to the amount and concentration of the bond-
ing solution. Fig. 13 shows the breaking shear strengths for curing
times ranging from 1 h to 5 weeks at room temperature. The bond
strength increased with curing time until four weeks. This contra-
dicts the results presented in Ref. [5] that showed constant shear
strength for curing times from 18 h to 11 days. However, it sup-
ports Ref. [2],  where it was reported that maximum strength was
achieved only after four weeks of curing time.

Fig. 14 shows glass pieces that were collected after breaking
tests at each curing time. The samples cured for less than 24 h were
separated without breaking, while longer curing times produced
samples that were broken into several small pieces. The size of bro-
ken pieces reduced with curing time, which follows the increase
in strength observed for longer curing times. The 4- and 5-week
samples are displayed together because few pieces remained after
breaking; most were too small to collect.

It is seen in Fig. 13 that the distribution in shear strength for
samples cured over 24 h was  larger than for the other curing times.
This is investigated further in Fig. 15.  The mean shear strength
(3.5 MPa) for six out of 10 samples (group A in Fig. 15) was about
three times higher than the strength (1.1 MPa) of the remaining
four samples (group B in Fig. 15).  The group A samples were broken
during the shear test, while the group B samples were separated
without breaking. It was concluded that a curing time of 24 h is
the transition time between a permanent and “separable” bond for
2.0 �l of sodium silicate solution with a 1:4 volume ratio.

The thickness of the bonding interface for a 4-week curing
time was  measured using the SWLI. The bonded sample was  sec-
tioned through its center to reveal the bonding interface and
then polished; see Fig. 16(A). The interface could not be observed
for the 1 �m lateral resolution of the SWLI measurement; see
Fig. 16(B). This indicates that the interface thickness was less than
1.0 �m.

It was  observed that the full strength for the glass–glass bonding

was obtained after a curing time of 4 weeks at room temperature.
However, this time is too long for most commercial applications.
Therefore, it was desired to reduce the curing period. It is known
that water migrates or evaporates out of the bond during curing
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cate solution was determined (4 weeks at room temperature or 24 h
at room temperature followed by 1 h at 100 ◦C), it was  of interest to
ig. 14. Photographs of the broken and separated pieces of the bonded samples for 

trength); and (B) separated (lower strength).

the final step in the HCB process). In this study, two  methods were
sed to aid in this dehydration step: (1) oven; and (2) microwave
eating.

Fig. 17 shows strength testing results for oven curing at vari-
us temperatures. Again, 2.0 �l of 1:4 volume ratio sodium silicate
olution was used. The glass pieces were bonded and placed in
he clean cube for 24 h at room temperature. The bonded samples
ere then moved into the oven. At each temperature (60–100 ◦C),

he samples were cured from 1 h to 7 h. Ten assemblies were
sed for each test set. As shown in the figure, the mean shear
trengths of the samples cured at 100 ◦C for all curing times and at
0 ◦C for times of 3 h and higher exceeded the maximum strength
solid horizontal line) obtained from the room temperature cure.

hese tests provided two important results: (1) the curing time for
aximum strength can be significantly reduced from 4 weeks at

oom temperature to 24 h at room temperature followed by 1 h at
00 ◦C; and (2) the shear strength of the samples cured at elevated
s curing times. For the 24-h curing time, two results are shown: (A) broken (higher

temperatures exceeded the strength of the samples cured only at
room temperature.

The shear strength results for microwave1 curing tests are pro-
vided in Fig. 18.  The bonding conditions were the same as for the
oven tests. The samples were heated for various time periods {0.5, 1,
3, and 5 min}, after a 24-h cure at room temperature. The maximum
shear strength (6.4 MPa) for the microwave tests did not reach the
strength (8.6 MPa) obtained from the 4-week cure at room temper-
ature. The strength did approximately double between 1 min  and
3 min  in the microwave, however.

Since the maximum shear strength for HCB using a sodium sili-
compare this result with the compressive breaking force required

1 0.92 kW power at 120 VAC/60 Hz.
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Fig. 17. Variation in shear strengths for oven curing. At a temperature of 100 ◦C,

F
s

ig. 15. Shear strength profiles for samples with a 24-h curing time. Two  groups (A
nd B) are observed.

or a single glass sample (no bond). Fig. 19 shows the test setup,
here a single glass sample was supported by the vise. The size

f the piece was 15 mm × 25 mm with a 1 mm thickness. Fig. 20
hows the force profiles for six samples; the mean breaking force
as 5002 N with a standard deviation of 286 N. For comparison pur-
oses, the force profiles for six bonded samples cured for 4 and 5
eeks are provided in Fig. 21 (same vertical scale). The mean break-

ng force and standard deviation are 2635 N and 80 N, respectively.
o enable a convenient comparison, force data is presented is the
gure (since there was no bond for the single sample, the shear
trength cannot be reported). This data shows that the full force to
reak the bond using HCB is about half that of the bulk material.

.2. Glass–glass (optical cement)
A common optical bonding technique is to use an adhe-
ive to join the assembly components at room temperature. The
dhesive bonding strength, however, is often sensitive to temper-
ture changes and the chemical environment. Additionally, the

ig. 16. HCB interface for glass–glass assembly: (A) the bonded sample was cut at the cen
everal  locations. The bonding thickness was less than the SWLI lateral resolution.
all  bonding strengths exceeded the strength obtained from a 4-week cure at room
temperature.

bonding interface is relatively thick, which may  lead a refractive
index mismatch. In this section, the bond strength and thickness
for glass–glass bonds using a commercially available optical cement
are presented and compared to HCB results.

A two-component optical cement (Summers Optical, M-62) was
used. According to the manufacturer, curing time should be varied
with the volume ratio between cement and catalyst. The catalyst
was supplied in a controlled-drop bottle. A ratio of three drops of
catalyst per 3 ml  of cement was  used. This ratio required either:
(1) an 18 h pre-cure at room temperature followed by a four day
(96 h) full-cure; or (2) a 30 min  pre-cure at 70 ◦C followed by a 1.5-
h full-cure. In this study, the curing cycle was: (1) 30 min  at room

◦
temperature; (2) 2 h at 70 C; and (3) 72 h at room temperature.
The microscope glass slides were again used as materials to be

bonded. The bond geometry and breaking process were the same
as for the HCB tests. Fig. 22 shows the shear strength profiles for

ter to reveal the bonding interface; and (B) the sectioned surface was measured at
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Fig. 20. Force profiles for breaking a single glass sample (25 mm × 15 mm × 1 mm
thick). The mean breaking force was 5002 N with a standard deviation of 286 N.
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Fig. 21. Force profiles for bonded samples with four and five weeks curing time at
trength (6.4 MPa) obtained from these tests was less than that (11.5 MPa) for the
ven-cured samples (100 ◦C).

he five samples. The mean strength is 8.5 MPa  which is close to the
aximum strength (8.6 MPa) obtained for the HCB samples cured

t room temperature for 4 weeks.
SWLI images of the bond thickness for the optical cement are

resented in Fig. 23.  The same 1 �m lateral resolution as for the
CB thickness measurement was available. Fig. 23(B) shows the
onding interface at each location labeled in Fig. 23(A). A uniform
ond thickness is observed. The mean bonding thickness of the five

ocations is approximately 40 �m as shown in Fig. 24(C). This bond
hickness (∼40 �m)  is much higher than for HCB (<1 �m),  while the
ond strengths are comparable.

.3. BK7–BK7 (HCB)

In this section, shear strength results for BK7–BK7 assem-
lies using HCB are presented. The bonding and curing conditions
atched the glass–glass HCB bonding experiment reported in Sec-

ion 4.1.  The amount of the bonding solution was  0.65 �l over a
onding area of 100 mm2; this provided the same amount per unit
rea as for the glass–glass bonding (2.0 �l per 307.5 mm2). The

olume ratio (sodium silicate solution to DI water) was  1:4. The
onded samples were cured at room temperature for 24 h in the
lean cube. Then, five out of seven samples were placed in an oven
or 1 h at 100 ◦C, while the remaining samples were cured for 7 h at

Fig. 19. Setup for breaking a single glass sample supported in a vise. The axi
room temperature. The mean breaking force is 2635 N with a standard deviation of
80  N.

100 ◦C. Due to the limited numbers of the samples, only the 1 h and

7 h curing times at 100 ◦C were tested. The shear strength values for
the BK7–BK7 assemblies are shown in Fig. 24.  The mean bonding
strength (31.8 MPa) for the 7 h cure is slightly higher than the mean

al load frame was again used to apply and measure the breaking force.
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Fig. 22. Shear strength profiles for glass–glass bonding using a commercially avail-
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trength (28.6 MPa) for 1 h cure. The strength result agrees very
ell with the result for fused silica-fused silica bonding strength

approximately 30 MPa) reported by Gwo [4].  In comparison with
he glass–glass bonding, the BK7–BK7 bonding strength is about
hree times higher. This result was expected because the BK7 sur-
ace flatness was much better.

.4. Aluminum–glass (HCB)

As noted, the native oxide layer on metals enables a hydroxide
atalysis bond to be formed with a glass sample. In this case, the
lass surface forms the silicate-like network, while the metal sur-
ace generates a quasi two-dimensional layer of surface hydroxyl
roups [2]. For the aluminum samples tested in this work, the sur-
ace was passivated in air by the natural formation of an aluminum
xide, Al2O3, layer. The shear strength of the aluminum–glass bond
sing this native oxide layer was investigated. From the glass–glass
onding experiment, it was assumed that variation of the bond-
ng solution amount and concentration was not critical. Therefore,
nly curing time variation tests were conducted. In order to deter-
ine the shear strength for aluminum–glass bonds, the samples
ere cured at room temperature for a range of times from 24 h to

able optical cement. The mean shear strength (8.5 MPa) was comparable with the
maximum strength (8.6 MPa) obtained by HCB for the 4-week, room temperature
cure.

ig. 23. Optical cement bond thickness measurements: (A) cross-section of the adhesive bond; (B) SWLI images of the bonding interface at several locations; and (C) thickness
easurement between points P1 and P2 at location 2. The mean thickness for the five measurements is approximately 40 �m.
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Fig. 24. Shear strengths for BK7–BK7 HCB tests. The samples were cured at room
temperature for 24 h and then placed in an oven for 1 h/7 h at 100 ◦C.
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Fig. 25. Shear strength for HCB aluminum–glass assemblies at various curing times.
Maximum strength was obtained after a 3-week cure. The strength is 5.3 MPa, which
is  less than the HCB glass–glass results due to the large figure mismatch between
the  aluminum and glass samples.

Fig. 26. Photograph of aluminum sample and glass pieces after breaking an
aluminum–glass bond. The etching “stain” from the bonding solution indicated that
bonding was  completed only over a portion of the aluminum–glass interface.
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5 weeks. Sodium silicate solution was  again used as the bonding
solution with an amount of 2.0 �l (307.5 mm2 bonding area) and a
volume ratio of 1:4. Five samples were bonded for each curing time.

Fig. 25 shows the shear strength variation with curing time for
the aluminum–glass bonds. Maximum strength was obtained after
3 weeks. Although this strength was  about half the strength of the
glass–glass bonds (when cured at 100 ◦C for 7 h), it is reasonable
given the large PV flatness value for the aluminum samples. Fig. 26
shows an aluminum–glass bonding assembly after breaking. The
glass was  broken into several pieces and an etching ‘stain’ from
the bonding solution indicated that only a portion of the surface
between the aluminum and glass was  bonded due to the surface
figure mismatch.

5. Conclusions

In this work, the shear strength for glass–glass (water white,
low iron glass microscope slides), BK7–BK7, and aluminum–glass
bonds produced using hydroxide catalysis bonding was evaluated.
It was  determined that the solution amount and concentration did
not have a significant effect on bond strength for the sodium sil-
icate solution tested here. However, it was found that the bond
strength increased with extended curing times and elevated curing
temperatures. The maximum bonding strength for the glass–glass
bond was achieved after 4 weeks at room temperature. The same
strength was obtained for a curing time of 24 h at room temperature
followed by 1 h at 100 ◦C. This shear strength level was comparable
to the results for a two-component optical cement, although the
bonding interface of the optical cement was much thicker. Results
were also presented for BK7–BK7 hydroxide catalysis bonding. Due
to the improved surface flatness for the BK7 samples, the bonding
strength increased by approximately three times. Aluminum–glass
bonding was also completed. The strength levels were lower due
to the relative non-flatness (approximately 7 �m peak-to-valley)
of the aluminum samples, where it was also observed that bonding
occurred only over a portion of the bond area. With comparable
flatness, similar strength levels to the glass–glass bonds should be
possible.
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