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Summary

In support of the Capillary Flow Experiments (CFE) program, several polymethylmethacrylate
(PMMA) flight vessels were constructed. Some vessels used a multipiece design, which was chemically
welded together. Due to questions regarding the effects of the experiment fluid (silicone oil) on the weld
integrity, a series of tests were conducted to provide evidence of the adequacy of the current vessel
design. Tensile tests were conducted on PMMA samples that were both in the as-received condition, and
also aged in air or oil for up to 8 weeks. Both welded and unwelded samples were examined. Fracture of
the joints was studied using notched tensile specimens and Brazilian disk tests. Results showed that aging
had no effect on tensile properties. While the welded samples were weaker than the base parent material,
the weld strength was found to be further degraded by bubbles in the weld zone. Finally, a fracture
analysis using the worst-case fracture conditions of the vessel was performed, and the vessel design was
found to have a factor of three safety margin.

Introduction

The NASA Glenn Research Center (GRC) Capillary Flow Experiments (CFE) program is developing
microgravity experiment payloads to explore fluid interfaces in microgravity on the International Space
Station (ref. 1). The information to be gained from CFE is relevant to the design of fluid-bearing systems
in which capillary forces predominate, for example, in the passive positioning of liquids in spacecraft
fuel tanks.

To achieve the science goals of CFE, several types of experiment vessels are constructed. One type of
vessel is known as the interior corner flow (ICF). The multipiece ICF vessel (fig. 1), which comprises the
test chamber, and the fluid reservoir is made of polymethylmethacrylate (PMMA) per ASTM D-4802
(ref. 2). One of the key reasons PMMA was selected was its excellent optical properties. The CFE science
data collection consists of digital video imagery of the capillary fluid flow inside the test chamber, and
good visual access is required.

The fabricator of the vessel used methylene chloride to solvent bond (“chemically weld””) the multiple
pieces together. This chemical is a solvent that dissolves the plastic surface, allowing the pieces to flow
together. The solvent evaporates leaving a tight seal and bond. Of the CFE hardware, only the ICF vessel
is a multiple piece PMMA construction that uses methylene chloride for bonding the PMMA. The other
CFE vessels, Contact Line and Vane Gap, use single piece PMMA construction that does not have any of
these bonds. The bonding method of manufacture for ICF was necessary to meet the particular test
chamber geometry requirements.
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Figure 1.—CFE interior corner flow vessel.

The experimental fluid used in CFE is silicone oil of differing viscosities. The ICF vessels will use
silicone oil viscosities of 2 ¢St and 5 c¢St. CFE conversations with the NASA Johnson Space Center (JSC)
Payload Safety Review Panel (PSRP) indicated some past experience with adhesive bonded plastic where
experiment fluid significantly degraded the adhesive to the point of failure. It was not clear what the
plastic was, though it could have been PMMA. Hence, a question arose about the effect of silicone oil on
the CFE solvent bonded PMMA joint.

In response to the JSC PSRP concerns, CFE, in conjunction with the GRC Structures Division,
developed and initiated a PMMA materials test plan. This test plan is documented in CFE-TPRO-017—
CFE PMMA Test Procedure (ZIN Technologies, Inc., report). The primary issues addressed by the tests
are (1) the strength of the bonded PMMA material in relation to the parent material and (2) the effect of
silicone oil on the strength of the bonded material.

To assess the joint strength a number of different tests were conducted. These included tests on the
PMMA itself, tests on welded PMMA, and notched samples of both welded and unwelded PMMA.
Additionally, samples were aged in either air or silicone oil for up to 8 weeks to investigate any potential
effects of PMMA aging or interaction with the silicone oil. This report documents the results of tests
conducted by the GRC Structures Division as part of the requirements of CFE-TPRO-017.
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Experiments

Material

All specimens used in this study and the flight vessels were taken from one block of PMMA, which
was procured by ZIN Technologies, Inc. The block was 152 mm (6 in.) thick, 508 mm (20 in.) wide, and
3050 mm (120 in.) in length. It was sectioned and then machined down to the desired sample thicknesses
and polished to obtain visually transparent, scratch-free surfaces.

Tensile Tests

Tensile tests were conducted on PMMA samples according to ASTM D638 (ref. 3). The samples
were 165-mm- (6.5-in.-) long dogbone-shaped samples with a 3.5 mm (0.138 in.) thickness (Type I
samples in ASTM D638). A few samples having a 10.0 mm (0.394 in.) thickness were also tested, but
only in the unsoaked, welded state. This thickness represented the thickness of the plates in the actual
component. The thicker samples were used as a conservative case (anticipated lower tensile properties)
representing more of a plane strain situation. Tests were conducted in air and at 20 °C on a 20 kip,
hydraulically actuated load frame in Glenn’s Fatigue and Structures Technology (FAST) Lab. The tests
were run in strain control and loaded at a constant strain rate of 0.0025/s. A 12.7 mm (0.5 in.) gage length
extensometer was used to measure strains, and a load cell measured the applied loads. Both test control
and data acquisition were performed using a dedicated PC. The digital data were analyzed with a
commercially available program, CESLab, which is used for most test data analysis in the Life Prediction
Branch at Glenn. All equipment was calibrated according to standard FAST Lab quality procedures.

Samples 3.5 mm (0.138 in.) thick were tested in the as-received condition, as well as after aging for 2,
4, and 8 weeks. Samples were aged either in air or in silicone oil. The oil-soaked samples were cleaned
with a dry cloth before testing. All samples were visually inspected before testing to document any
damage which might affect the test results. This was especially necessary for the welded samples, as will
be described later.

Testing was also performed on double-edged notched samples (design nos. 80006 and 80008), which
had a similar dogbone design as the unnotched samples, but had a thickness of 6.0 mm (0.236 in.). These
samples were used to give an idea of the notch sensitivity of both the PMMA material and the welded
joint. In particular we were simulating the effects of the glue reservoir. The reservoir catches excess glue
in the joint to ensure complete bonding. The reservoir is a 1.5 mm (0.06 in.) diameter groove placed
1.5 mm (0.06 in.) from the interior edge of the bonded surface. Conservatively assuming that the inner
1.5 mm is not bonded, this gives a notch that is 1.5 mm (0.06 in.) wide and 3.0 mm (0.118 in.) long,
which was the notch size used in test samples. For the welded specimens (80006) the weld was placed
(due to manufacturing convenience) at the upper edge of the notch (fig. 2). The notched samples were
tested only in the unsoaked condition.

Generally, triplicate tests were conducted per condition. However, more tests were occasionally run
to answer questions as they arose. Table I gives the final test matrix for all the tensile specimens. The
soaked specimens include both air (threesamples) and oil (three samples) as soaking media. Soaking of
samples in air acted as a control condition for the oil-soaked samples and also ensured that properties of
the PMMA did not change with time.
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Figure 2.—Double-edged notch sample with weld.

TABLE I.—FINAL TENSILE TEST MATRIX

Sample type Tensile curves
Unsoaked billet Soaked billet Unsoaked weld Soaked weld
No.of | Drawing | No.of | Drawing | No.of | Drawing | No.of | Drawing
samples no. samples no. samples no. samples no.
No age 3 80003 None 4 80004 None
2 weeks 3 80003 3 80003 3 80004 3 80004
4 weeks 3 80003 3 80003 3 80004 3 80004
8 weeks 3 80003 3 80003 3 80004 3 80004
Thick weld—no age None None 6 80007 None
Notched sample—no age 3 80008 None 3 80006 None
Brazilian disk—no age 6 80010 None 6 80011 None

Brazilian Disk Tests

The Brazilian disk test was used to gain insight into the modes I and II fracture properties of the
material. The disk contains a center crack symmetrically located and is loaded in compression between
two platens. The included angle between the crack plane and the line of applied load determines the
fracture mode of the specimen. The approach follows work done by Liu and coworkers (ref. 4) at
Lawrence Livermore Laboratory on enhanced shear banding in epoxy specimens. Liu et al. utilized the
closed-form solution developed by Atkinson et al. (ref. 5) to generate the required specimen calibration
factors. The specimens used here are dimensioned identically so the analytical results published by Liu
et al. (ref. 4) may be used to calibrate these specimens and determine appropriate angles for pure modes I
and II. The PMMA disks were machined to 6 mm (0.236 in.) thick and had a diameter of 38 mm (1.5 in.).
A center notch 19 mm (0.748 in.) in length and 0.6 mm (0.025 in.) in width was machined into the center
of the sample (figure in table III). A starter crack was introduced at each end of the notch using a scalpel.
The starter crack was approximately 0.2 mm (0.008 in.) in length. For the welded samples, the notch was
supposed to be centered with respect to the weld joint. However, machining often led to the weld joint
being parallel to the upper surface of the notch.

The disks were placed between two steel plates fixed to the grips of a hydraulically actuated load
frame, similar to the one used for the tensile samples. The notch was placed vertically (parallel to the load
axis) for mode I tests and placed at a 22.5° angle to vertical for the mode II tests, and compression loads
were applied. The tests were run in stroke control and at a crosshead displacement rate of 0.05 mm/s
(0.002 in./s). Tests were conducted in air and at 20 °C. Only as-received material was tested. Soaking was
not performed on these samples.
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Results

Tensile Specimens

Visual examination of the samples revealed them to be optically transparent and free of major
scratches and defects. The exception to this observation was that many of the welded samples contained
defects (“bubbles”) in the weld. The size and distribution of these bubbles varied from specimen to
specimen as shown in figure 3. These bubbles are not uncommon with these welds and have been
observed previously. In fact, examination of the flight hardware shows significant bubbles in the weld
zones. Specimens with weld defects were not used for determination of the property averages from
triplicate tests. However, additional specimens containing bubbles were tested to give a qualitative
ranking of the effect of bubbles on tensile properties.

Typical tensile curves are shown in figure 4 for the unsoaked, no-aged samples (billet and welded). In
general, the billet samples (as-received) exhibited good ductility and strength. The curve was linear at low
strain and progressed into a smooth yield. The welded samples had less strength and ductility. Typical
tensile parameters are indicated in the figure and are tabularized for each sample in table II. Note that the
failure stress in the table is given by the net section stress for the notched samples. Specimens highlighted
in yellow have bubble-containing weld joints. Photographs of the weld joint of these samples showing the
bubbles are also shown in the table.

Spec 16 Spec 17

Spec 24 » Spec 22

Figure 3.—Bubbles in weld joint.
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Figure 4.—Typical tensile curves for welded and unwelded samples.

Bar graphs of three tensile parameters are shown in figures 5 through 7. These parameters are given
for the triplicate tests and for each condition. Data for selected specimens containing weld bubbles are
included in the bar graphs. Those particular specimens were chosen to show the largest range of
properties for bubble-containing samples. Values for the remaining bubble-containing samples were not
plotted for clarity reasons, but are given in table II. In each of the plots, the identical legend scheme is
used. The data are divided into three groups, representing the three repeats. The leftmost bars in each
group are colored blue and represent the unwelded billet material. Immediately to the right of these bars is
a red-colored group, which represents welded material. The remaining two bars in the group are cream
colored and depict the data for the notched samples, both unwelded and welded. The various soaking
conditions are depicted by different background patterns and are described in the legend. Since the thick
(10 mm (0.394 in.)) samples were only tested in the welded state, they only appear in the red group of
data. Note that there are arrows above some of the bars. This denotes that the data were from defect-
containing samples.

Values for elastic modulus are given in figure 5. There appears to be no obvious effect of the weld
joint, or soaking on the elastic modulus. There is also no effect of defects (bubbles or notches) on the
modulus. Pooling all data listed in table II, the average modulus is 3.1 + 0.3 GPa, (446 + 42 ksi) where
the variation represents one standard deviation. This average value is typical for the modulus of PMMA
(ref. 6).

Values for the maximum or failure stress are given in figure 6. By visual inspection, there is no effect
of soaking either in air or oil on the failure stress. This is true for both unwelded and welded samples.
Given this, pooling of all data for the unwelded samples yields an average strength of 85 + 1 MPa
(12.3 £ 0.2 ksi), and this is slightly higher than values reported (ref. 6) for PMMA material. It is obvious
that by introducing the weld into the samples, the strength drops by 32 percent to an average of 58 +
2 MPa (8.4 &+ 0.3 ksi). It should be noted that all of the welded samples fractured in the weld and not in
the parent material, indicating that the strength of the joint is weaker than the parent material. The
notched samples are still weaker, having an average strength of 41 =2 MPa (5.9 £ 0.3 ksi). There was no
apparent difference in strength between the welded and unwelded notched samples. The welded, notched
samples broke in the notch. However, each sample had a different amount of crack surface contained in
the weld, from 0 to 100 percent. There was no effect of soaking the samples in either air or oil on the
welded, unnotched samples. However, there can be a strength decrease due to the introduction of bubbles
into the welds. This is evident in both the unnotched and notched samples. In the worst case observed, the
strength of a welded sample (specimen no. 82) dropped to 13 MPa (1.9 ksi), which is a 76 percent drop in
strength compared to the average for the defect-free, welded samples.
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TABLE II.—SUMMARY OF TENSILE TESTS

Spec. Geometry Spec Pre- E, Property YS Failure | Failure
no. design | condition MPa limit, 0.2%, stress, strain,
MPa MPa MPa %
As-received So
37 |Smooth, unwelded| 80003 | Unsoaked 3.2 334 52.5 85.3 5.6
38 |Smooth, unwelded| 80003 | Unsoaked 3.3 25.3 49.9 82.1 4.0
39 |Smooth, unwelded| 80003 | Unsoaked 3.1 32.5 52.1 87.3 5.0
82 Smooth, welded 80004 | Unsoaked 3.4 4.8 11.8 12.8 0.5
83 Smooth, welded 80004 | Unsoaked 2.7 21.7 448 59.3 2.8
84 Smooth, welded 80004 | Unsoaked 2.8 234 452 59.2 2.7
109 Smooth, welded 80004 | Unsoaked 2.7 22.5 447 58.3 2.7
25 |Notched, unwelded| 80008 | Unsoaked 34 236 | - 42.7 1.4
26 |Notched, unwelded| 80008 | Unsoaked 34 17.9 40.0 40.1 1.3
27 |Notched, unwelded| 80008 | Unsoaked 3.4 187 | - 41.3 1.3
1 Notched, welded [ 80006 | Unsoaked 3.2 199 | - 40.7
2 Notched, welded 80006 | Unsoaked 3.6 177 | -——- 37.9
3 Notched, welded 80006 | Unsoaked 3.5 114 | - 24.1
13 Thick, welded 80007 | Unsoaked 3.1 19.6 | --—--- 453
17 Thick, welded 80007 | Unsoaked 3.8 17.8 | --—--- 27.8
18 Thick, welded 80007 | Unsoaked 3.4 24.1 49.4 58.2
23 Thick, welded 80007 | Unsoaked 3.2 24.1 48.8 51.0
14 Thick, welded 80007 | Unsoaked 3.7 167 | --—- 31.8
21 Thick, welded 80007 | Unsoaked 3.6 154 | -—-- 31.9
2 weeks age
40 |Smooth, unwelded| 80003 | Unsoaked 2.9 31.9 51.0 84.5
41 |Smooth, unwelded| 80003 | Unsoaked 3.1 33.1 51.9 85.5
42 |Smooth, unwelded| 80003 | Unsoaked 2.8 30.7 50.1 85.2
43 |Smooth, unwelded| 80003 |Oil soaked 2.9 323 51.5 86.3
44 | Smooth, unwelded| 80003 |Oil soaked 3.0 32.8 51.5 86.8
45 |Smooth, unwelded| 80003 |Oil soaked 2.9 38.3 51.3 85.8
85 Smooth, welded 80004 | Unsoaked 2.9 22.5 46.1 57.9
86 Smooth, welded 80004 | Unsoaked 2.8 22.1 46.1 59.1
87 Smooth, welded 80004 | Unsoaked 2.7 22.3 44 4 58.1
90 Smooth, welded 80004 |Oil soaked 2.9 25.0 46.5 59.5
88 Smooth, welded 80004 |Oil soaked 3.0 23.7 46.4 60.3
89 Smooth, welded 80004 |Oil soaked 2.9 26.2 474 60.3
4 weeks age
48 |Smooth, unwelded| 80003 | Unsoaked 2.8 31.8 49.8 83.2
49 |Smooth, unwelded| 80003 | Unsoaked 3.1 33.2 52.4 84.7
50 |Smooth, unwelded| 80003 | Unsoaked 2.8 32.0 50.2 82.4
51 |Smooth, unwelded| 80003 |Oil soaked 3.1 31.9 52.7 85.4
52 |Smooth, unwelded| 80003 |Oil soaked 2.9 33.0 50.7 84.4
53 |Smooth, unwelded| 80003 |Oil soaked 2.9 32.5 51.1 84.9
93 Smooth, welded 80004 | Unsoaked 2.8 23.4 46.3 59.5
94 Smooth, welded 80004 | Unsoaked 3.0 23.0 47.2 58.0
95 Smooth, welded 80004 | Unsoaked 2.8 24.1 453 57.9
96 Smooth, welded 80004 |Oil soaked 3.1 22.8 48.1 53.6
97 Smooth, welded 80004 |Oil soaked 2.8 24.1 474 58.4
98 Smooth, welded 80004 |Oil soaked 2.7 26.2 443 57.6
8 weeks age
56 |Smooth, unwelded| 80003 | Unsoaked 2.9 30.0 49.9 81.0
57 |Smooth, unwelded| 80003 | Unsoaked 3.1 31.0 51.5 83.4
58 |Smooth, unwelded| 80003 | Unsoaked 3.1 32.1 50.9 81.8
59 |Smooth, unwelded| 80003 |Oil soaked 33 33.2 53.7 85.2
60 |Smooth, unwelded| 80003 |Oil soaked 32 33.6 52.6 86.0
61 |Smooth, unwelded| 80003 |Oil soaked 32 31.1 53.9 85.5
101 Smooth, welded 80004 | Unsoaked 3.1 24.1 47.5 58.0
102 | Smooth, welded 80004 | Unsoaked 3.1 23.3 46.7 57.4
103 Smooth, welded 80004 | Unsoaked 3.1 22.0 44.7 57.3
104 | Smooth, welded 80004 |Oil soaked 3.2 28.4 49.9 57.7
105 Smooth, welded 80004 |Oil soaked 33 22.6 49.0 58.0
106 | Smooth, welded 80004 |Oil soaked 32 234 48.1 59.4
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with bubbles in welds).
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Figure 7.—Failure strain for various test conditions. Failure strain (arrows indicate specimens with bubbles
in welds).

Figure 7 shows the failure strain for various test conditions. There was no observable effect of
soaking in either air or oil on the failure strain. For the unwelded samples, the failure strains range from
4.0 to 8.5 percent with an average of 6.6 + 1.2 percent. Introduction of a weld reduces the failure strain
by 64 percent to an average of 2.4 + 0.3 percent. An addition of defects, either weld bubbles or notches
can reduce the failure strain even more. The lowest failure strain observed in this investigation was
0.5 percent for sample number 82. This sample failed immediately after yielding, that is, the stress-strain
curve was approximately linear.

Brazilian Disk Specimens

The objective of these experiments was to appraise the fracture toughness of the unwelded and
welded PMMA as a function of loading mode. Since the ICF vessel contains notches, in particular the
glue-reservoirs at the weld lines, we were concerned about the stress amplification out of those notches. A
conservative approach would be to approximate these notches as sharp cracks. If it can then be shown that
the sharp cracks have sufficient toughness, then the notches in the vessel should be benign. While mode I
cracking is the easiest to test and analyze, the vessel may experience shear loads at such locations, or even
mixed-mode loadings, and these other modes could be more damaging. For these reasons, it was desired
to examine the effects of both modes I and II loading on the PMMA and its weld joint.

Preferably, the stress intensity at the crack tip at the instance of failure should be a material parameter
that is independent of specimen geometry. This dictates that the failure process zone must be small with
respect to the sample such that the zone is not influenced by the boundaries of the specimen. The
characteristic size of the process zone may be estimated by the plastic zone size, r,, as determined by the

following equation:
1| K ?
rp = _( ch (l)
| Oy

The value for the plastic zone size was computed for a critical stress intensity factor K. found in the
literature of 31.6 MPa-mm®” (0.909 ksi-in."?) (ref. 7). A literature value for the yield stress for PMMA is
about 44 MPa and this gives an estimate for the process zone size of 0.16 mm (0.006 in.). This length is
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much less than the 6 mm (0.236 in.) specimen thickness, as well as all other specimen dimensions.
Therefore, the process zone is sufficiently small, and plane strain conditions can be assumed when
discussing the fracture toughness approach. The small process zone is also beneficial to the welded
samples. Visual examination of the weld joint often showed bubbles in the joint. However, the bubbles
were remote from the starter crack and sufficiently removed from the small process zone. Therefore, there
is no interaction expected between the process zone and the bubbles. Thus, the bubbles are believed not to
influence the results.

The analysis of the test results makes use of the Brazilian disk specimen calibration factors reported
by Liu et al. (ref. 4) and adapted from Atkinson (ref. 5) for a crack length-to-disk diameter ratio of
(2a/2W) =0.5.

2

In pure mode I the angle between the load axis and the notch is 0° and results in a value for
11(0.5, 0°) = 1.069. For mode II the angle is 22.5° resulting in a value for f;; (0.5, 22.5°) = 1.7. Note that
f1(0.5,0°) =£;(0.5, 22.5°) = 0, and hence there is no contribution from shear in the 0° test or from normal
loading in the 22.5° test. Uncracked ligament lengths on each end of the notch were generally measured
on both sides of the specimen. They are reported in table III as L1, L2, L4, and L5, where L4 and L5 are
measured on the back side of the disk and account for any skewness at the crack tip. The overall diameter
of the each disk is reported as L3. Observe that the objective of achieving a/W ratios of exactly 0.5 was
difficult to achieve as values ranged from 6 to 9 percent greater. This will have particular ramifications
for the mode II configuration where zero mode I stress intensification is sensitive to crack length.
Average starter crack length values were computed from these measurements and used to resolve K. and
K. using equation (2). Table IV provides the maximum load and displacement at the point of load drop,
which corresponds to crack initiation. These values are converted to load per unit thickness (P) in the
appropriate formula. For reference, the load/notch angle is reported in tables IV and V to distinguish
between modes I and II type fracture tests.

Table V reports the computed critical stress intensity values K. and Kj;.; the mean values and
standard deviation are also included. The fracture toughness as given by the K. values for both the
welded and unwelded samples is similar. The mean values for K} are about 20 percent greater
(37.1 MPa-mm®’ (1.07 ksi-in.”?)) than the data reported in the literature, for example, 31.6 MPa-mm®?
(0.909 ksi-in."?) to 32.2 MPa-mm"” (0.927 ksi-in.’”) (refs. 7 and 8). This trend is in keeping with the
tensile-strength test data of this investigation, which were also greater than those reported in the literature.
An updated process zone size was also computed for these tests using the measured properties to
doublecheck the validity of the plane strain assumption. The process zone size for a 37 MPa-mm®’

(1.065 ksi-in."*) material having a yield stress of about 52 MPa (7.54 ksi) is 0.16 mm (0.630 in.)—same
as the initial estimate. Examination of the mode I fracture surface also indicates a brittle, glasslike fracture
indicating that a plane strain assumption is valid. Standard deviation values for the unwelded specimens
were only 2 to 4 percent of the mean values; this statistic increased to about 10 percent of the mean value
for the welded specimens. This might be indicative of the variability of notch shape, weld line position or
starter crack insertion. It should be reported that crack propagation in these specimens did not
demonstrate an affinity for the weld line in contrast to the tensile tests. In other words, the weld was
approximately as strong as the base material and other factors (such as stress state) determined the crack
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direction. Indeed, the mode I fracture toughness for the welded material was only 1.3 percent greater than
the unwelded material.

TABLE III.—PMMA BRAZILIAN DISKS GEOMETRY

Specimen no. Welded/ Angle, L1, L2, L3, L4, L5,
unwelded deg. mm mm mm mm mm

135 Unwelded 22.5 8.874 8.732 37.90 8.778 8.947
136 Unwelded 22.5 9.011 8.856 37.74 7.857 8.490
137 Unwelded 0 8.561 8.522 37.404 8.524 8.937
138 Unwelded 22.5 8.660 9.063 37.83 8.053 8.611
139 Unwelded 0 8.207 8.921 37.971
140 Unwelded 0 8.849 8.583 37.963 8.773 8.313
141 Welded 22.5 8.450 8.924 37.936
142 Welded 22.5 8.928 8.615 37.799
143 Welded 0 9.35 9.481 3791
144 Welded 0 9.037 8.694 38.009
152 Welded 0 8.291 8.160 37.95 8.212 8.238
153 Welded 0 8.752 9.206 37.938

154 _ Welded 22.5 8.725 8.743 37.911

— L2, L4 —> L1, L5 —
- L3 >
TABLE IV.—BRAZILIAN DISK TEST RESULTS
Specimen Angle, Max. load, Max. displacement,

no. deg. N mm

135 22.5 1463 0.404

136 22.5 1514 0.444

137 0 1654 0.471

138 22.5 1486 0.454

139 0 1753 0.559

140 0 1776 0.467

141 225 1579 0.533

142 22.5 1789 0.602

143 0 2081 0.523

144 0 1693 0.566

152 0 1594 0.457

153 0 1714 0.458

154 22.5 1895 0.576
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TABLE V.—BRAZILIAN DISK FRACTURE TOUGHNESS

Specimen Angle, Ky, Ky
no. deg. MPa-mm®? MPa-mm®?
Unwelded
135 225 | e 49.5
136 225 | - 52.0
137 0 356 | —ee--
138 225 | - 50.9
139 0 378 | -
140 0 380 | ——ee-
Mean | @ - 37.1 50.8
STD | - 1.35 1.23
Welded
141 225 | - 53.8
142 225 | - 60.8
143 0 430 | -
144 0 360 | -
152 0 350 | e
153 0 362 | -
154 225 | - 64.5
Mean | @ - 37.6 59.7
STD | - 3.69 5.40

For the mode II tests, there is a larger disparity (approx. 17 percent) in the fracture toughness between
the unwelded and welded materials—the welded material has higher fracture toughness. This could be
explained if we examine the failure modes of the specimens. Unlike mode I cracks, which propagated
parallel to the initial crack, the mode II tests initiated a kink crack at some angle ranging from 47° to 68°
to the original notch plane. Figure 8 shows fractured samples for both types of cracks. Based on these
observations the reported Ky, fracture toughness values should not be considered as a true mode II
fracture toughness for reasons that are explained below.

This phenomenon of crack kinking is well-known in the fracture mechanics literature and is ascribed
to maximum energetic and maximum hoop stress effects on the direction of crack growth. In monolithic
materials having isotropic failure criteria the crack will seek to propagate along a path that releases the
maximum strain energy per unit crack growth. Analytically the strain energy release rate is

Glo) e k7 (cL,a/W )+ k3 (a.,a/W'), where the small k indicates the stress intensity factors for an
infinitesimal kinked crack at angle alpha. The differential

dG(at)
daL @

may be used to determine the extrema of the energy release rate as a function of kink angle. It has been
shown that the maximum energy release rate occurs at a kink angle of 70.5° for a pure mode II loaded
crack. This kink angle corresponds to crack growth along a plane where the crack is extending in pure
Mode 1. For the crack to become trapped in the weld, the mode II fracture toughness of the weld would
have to be significantly lower than the mode I fracture toughness, which is obviously not the case.

Still the measured kink angles do not agree with analysis. Also, if the kinked crack was failing at load
levels consistent with the mode I fracture toughness the ratio K/K}. as calculated from table V should be
about 0.86; looking at the mean values this ratio is 1.37 and 1.59 for the unwelded and weld materials,
respectively. This aberration cannot be attributed to crack friction for closure of the Mode II crack behind
the notch tip; the notch widths are too wide to close during loading. However, for a given included angle
the mode I stress intensity factor is found to be a monotonically decreasing function of the (a/W) ratio
(ref. 9). Our objective of achieving exactly 0.5 for the a/W ratio was difficult to achieve. Since the
resulting crack geometries had a/W ratios that were greater than 0.5, the stress state ahead of the crack
must be slightly compressive and will contribute to the distortional energy ahead of the shearing crack tip.

NASA/TM—2007-214835 12



Unwelded, mode | Welded, mode |

Unwelded, mode I Welded, mode Il
Figure 8.—Crack morphologies in the modes | and Il Brazilian disks.

It is also known from analysis of modes I and II cracks in elastic-plastic materials that the plastic zone
size in mode II “is up to five times larger than that in mode I”” (ref. 10). Deviation from mode I to mode
II-type growth is confronted with the need to do more plastic work to grow the crack. Note that Liu et al.
(ref. 4) also report similar behavior for the mode II fracture response of monolithic epoxy disks. They
suggest that it is the formation of shear bands at the tip of the crack, which explains the additional
expenditure of energy in mode II tests. Certainly the combination of shear stress and compressive normal
stresses would be expected to enhance the plastic work at the tip of the notch and delay the onset of the
kinked crack. Inspection of the mode II unwelded specimens shows clearly the growth of a shear band
ahead of the starter notch. The competing mechanism to release strain energy via the crack and the
distorted process zone from the shear band are expected to influence the kink angle of the final failure.
We did observe a shear band in tested specimens of unwelded, mode II samples, which ran from the
starter notch crack tip and parallel to the center crack. However, efforts to image the shear band were
fruitless.

Now if we return to the disparity between mode II fracture toughness values between the welded and
unwelded samples, we can explain this through the above-mentioned mechanism. Assuming that the weld
is slightly weaker than the surrounding material (this can indeed be observed by examining the tensile
strengths of the welded vs. unwelded samples in fig. 6), the shear bands in the weld will absorb more
energy than for the case of the shear bands in the unwelded material. Hence, a higher load will be needed
to initiate the kinked mode I cracks for the welded samples.

Failure Prediction Using Fracture Mechanics

The data generated in this study show that the mode I fracture toughness is much less than that of the
mode II. This suggests that a conservative lower bound for fracture toughness would be obtained by using
the lowest limit for the mode I fracture toughness. All mixed mode loaded cracks are expected to have a
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higher threshold for failure. Using 31.6 MPa-mm®’ (1.773 ksi-in.””) as the lowest mode I fracture
toughness, the maximum ambient failure stress in the structure corresponds to 16 MPa (2.3 ksi) for a

1.0 mm (0.039 in.) edge crack. This stress will decrease as a function of the inverse square root of the
initial flaw length, that is, the shorter the crack the higher the failure stress. This value may be used as a
reference point when examining the critical mode I stress levels in the structure. Using realistic values for
the dimensions and proof pressure, an analysis of the actual structure is given in the appendix. This
analysis shows that there is a factor of three margin of safety for the worst-case conditions.

Conclusions

Using fundamental material and fracture mechanics, a pragmatic program of testing was designed to
elicit the performance penalty in welded PMMA joints. The approach yielded valuable engineering design
data in a timely and economical fashion. A number of interesting results were obtained that suggest routes
for more rigorous fundamental studies in the future. Meanwhile, the primary engineering results are
summarized below.

(1) Tensile values for the unwelded samples agree with literature values for PMMA.

(2)  Soaking up to 8 weeks in either air or oil has no effect on tensile properties.

(3) Weld defects (bubbles) have a significant and deleterious effect on both strength and strain to
failure. The reduction in the properties scales with the size and distribution of the bubbles.

(4) Notched samples significantly lowered strength and failure strain in a controlled fashion
(predictable from fracture mechanics). However, the notched samples are not a worst-case scenario. Some
bubble morphologies are more severe.

(5) Any inherent weakness of the welded specimens was overshadowed by the deleterious effect of
the notch on the strength of the specimen.

(6) While for a noncracked sample the welded specimens were weaker, fracture tests did not show
any inherent weakness of the welded specimens. The deleterious effect of the notch overwhelmed the
lower strength of the weld.

(7) The mode I fracture toughness K. is 20 percent greater than values reported in the literature;
values in the literature may be used as a lower bound for failure prediction in a first appraisal of the
vessel.

(8) Mode II fracture toughness is likely influenced by a slightly compressive stress ahead of the
crack tip and the formation of shear bands from kinking mode I dominant cracks; mode II loading
exhibits plastic zones parallel to the crack that are up to 5 times larger than in mode I cracks. As expected
their values are much higher than would be predicted by energy theory and also higher than the mode I
values.

(9) A procedure for an upper-bound fracture mechanics analysis of the existing structure is
presented. The analysis shows that the structure has a factor of three margin of safety.

(10) Note that since this work was performed, the vessels have been launched upon various space
shuttle missions and are now aboard the International Space Station. To date there have been no reports of
leaking or cracked vessels and the experiments have run successfully.
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Appendix

The structure in question is approximately a rectangular pressure vessel of PMMA that is solvent-
bonded. The presence of notches at the bond joints suggests the need for an appraisal of the safety margin
for crack-like flaws in these bonded joints. In a comparison of beam/plate theory, two- and three-
dimensional finite element analyses, Thesken et al. (ref. 9) have shown that conservative upper bound
estimates for the internal stresses in rectangular pressure vessels may be found by using a simply
supported beam theory. According to the ASME Pressure Vessel Code Appendix 13 Vessels of
Noncircular Cross Section, corner bending moments for rectangular vessels do not exceed the end
moments for a rigidly fixed end beam. The span-to-depth ratio (L/A) in the structure controls the stress—
internal pressure amplification factors. Choosing the largest (L/h) ratio for all pressure vessel walls sets an
upper bound for the ambient wall stresses. The maximum normal stress on any flaw would be the
superposition of the maximum bending stress and the maximum possible membrane stress as shown
below. The maximum shear and membrane stress are equivalent in this upper bound estimate:

-3 4%

“)
= p i L
P
The values that correspond to the maximum stress location in this component are
L) 35mm
== 5)
h 8mm

which represent the largest span with the thinnest cross section at a glue reservoir. Equation (4) gives
pressure multiplier factors for normal and shear stresses of 11.8 and 2.19, respectively. Assuming a 3-mm
(0.118-in.) edge crack at the corner of the structure (this is based on a worst-case crack forming from the
glue reservoir), these values should be inserted into the fracture mechanics equations to determine K; and
K, for example:

K; =1.120vna

(6)
K =1.12tvna
The predicted kink angle for the ratio of normal to shear stress on a 3-mm (0.118-in.) crack is 19.8°.
The mode I stress intensity at this angle for a 0.241-MPa (35-psi) proof pressure is 10.3 MPa-mm®”
(0.296 ksi-in."). The proof pressure of 0.241 MPa (35 psi) is 1.5 times the maximum design pressure as
determined in ZIN Document CFE-DOC—-025. This stress intensity is about 1/3 of the lowest value found

in the literature. These simple fracture mechanics calculations suggest there is sufficient margin against
failure for a 3.0-mm (0.118-in.) notch.
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