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Test results are presented from pressunzmg thick walled graphite hoop 

wound composite rings to very high internal rad ial pressure. Hydrau lic 

pressures exceeding 40,000 psi were obtained. The testing was performed on 

rings wound whh two different resins, a cyanate ester and a Bismaleimide 

(BMI) resin. To prevent axial delaminations at these high pressu res, a thin bi

direct ional cloth G 11 lining was used inside the rings. The rings were 

monitored with strain gages and acoustic probes as the pressure was applied . 

Flaw-free cyanate ester rings survived the testing, indicating that the 

nominal transverse (radial) compress ive strength of hoop-wound rings is 

higher than 40,000 psi. 

Int r o d uction 

An investigation was performed on several thick-wall graphite rings to 

determine their suitability for use as a banding material on a high speed rotor. 

The design of the rotor incorporated radially thick sintered ceramic sections 

that bad to be maintained in compression onto the underlying rotor body at 

full speed. This required a thick-walled banding ring to be assembled over the 

ceramic sections with a heavy preload. Analysis of the ring showed that the 

hoop stresses were within allowable limits, but the ab ility of the ring to 

withstand high transverse radial loading was unknown. The ring material 's 

elastic modulus in th is direction is low, and therefore the ability of the ring to 

transmit hoop stresses evenly throughout the wall thickness is poor [1]. This 

paper presents a discussion on ring manufacture and their subsequent testing 

to an intern al pressure of up to 40,000 psi in a hydroburst fixture. During 

testing each ring was strain gaged and acoustically monitored. 



Finite element analysis (PEA) of the ring subjected to this internal 

pressure .showed hoop stress at the inner diameter (bore) of 255,000 psi and 

155,000 psi at the outer diameter which would result in a radial growth of 0.030 

in. Previous experience had shown a hoop strength of 400,000 psi for thin

walled rings, considerably higher than what they would be subjected to. 

Ring Manufacture 

The size of the rings was 5.75 in. at the inner diameter, 6.95 in. at the 

outer diameter. This gives a t/R ratio of 0.2, which would be considered a thick 

walled ring. The fiber selected was Hercules IM7 because of its moderately 

high modulus of 42 Msi and high tensile strength of approximately 800,000 psi. 

The ring was required to continuously operate in an environment of 175°C, 

making an epoxy resin unsuitable. Reference [2] and discussions with a 

manufacturer showed that a cyanate ester or some BMI resins could be used. 

The BMI resins due to the high temperature required to process them, are 

more difficult to wind with . In order to test the effects of each different type 

of resin, rings were wet filament wound using both the cyanate ester and the 

BMI. 

The cyanate ester is a room temperature winding resin. The BMI resin 

had to be wound at a temperature of approximately 115°C. This required that 

the resin bath and all associated hardware be enclosed in a heat box. The 

mandrel also had to be maintained at a temperature range of 93 to ll5°C. 

The rings were wound as a long tube and then parted off to appropriate 

lengths with a diamond saw. For the cyanate ester rings, the complete wall 

thickness was wound in one operation. The wet winding was gelled at 93°C 

before a 175" C cure. Prior to winding, a computer program that solves the 

analytical plane strain analysis for transversely isotropic rings was run to 

calcu late the residual radial tension that occurs due to the ring cooling from 

the gel temperature back to room temperature. For the cyanate ester rings, 

the rad ial tensile stresses were calculated to be in the range of 350 psi for this 

manufacturing approach which was acceptable. The BMI winding was wound 

in two steps, with a full cure occurring after each step. After curing, the 

rings were visually inspected to check for imperfections such as cracks, 

delaminations, and fiber wrinkling, which were not observed for the cyanate 

ester rings. For the BMJ rings, a thin crack was found running parallel to the 

fibers around the entire ri ng approximately halfway th rough the wall 



thickness. This was as a result of radial tension build up from the winding and 

curing steps. As the crack did not cross any fibers, it was thought that it 

should not affect the hoop properties of the ring, mak ing the BMI rings 

acceptable. 

Test Fixture 

The design of the test fixture was influenced by the type of seal to be 

used to contain the pressurizing fluid (glycerin). Bo th face seals and radial 

seals were considered. The test was designed to closely represent the actual 

loading that the bandings would eventually experience when install ed onto a 

rotor. For this reason, radial U-shaped seals were selected. A high-pressure 

test fixture was then designed and manufactured. The seals were 

manufactured from glass filled Teflon® with a PEEK backup ring. A schematic 

of the fixture with seals and a ring installed is shown in Figure 1. 

In the actual application, the ring would not be subjected to significant 

axial stress. However, depending on the axial length, the rings could be 

subjected to varying axial compression loads as the fixture is tightened down 

This is beneficial for effective sealing. Since the top and bottom plates of the 

fixture act as cantilevered members, 'the axial compression is not uniform 

across the wall section. This preloads the rings to a greater extent at the ring 

outer diameter than at the inner diameter. However, this preload was low 

enough to be reduced to zero as the internal pressure in the fixture was raised 

to failure load. 

Hydroburst Testing 

Preliminary testing was performed to check the seals and the fixture. 

An existing pressure supply rig was used that had an air-over-oil pump to 

develop the high pressures, using glyce rin as the pressurizing fluid. There 

were some initial problems encountered with the seals because the elasticity 

modulus of the selected material was too high. T he high modulus did not let the 

seal track the expansion of the ring without cracking the seal material and 

allowing it to leak. But once this had been overcome three other cyanate ester 

rings were tested before starting the planned test procedure. These tests were 

performed because prior experience had shown the possibility of axial 

delaminations when a hoop-wound ring is exposed to a high internal fluid 

® Teflon is a registered trademark of E.J. DuPont de Nemours and Co. 



pressure. The first of these rings was preloaded with an average axial 

compression of 5,700 psi. At a pressure of 21,500 psi, the ring axially 

delaminated and fluid could be seen flowing out through these hoop direction 

cracks at the outer diameter. The second ring was tested but with no axial 

compression. At a pressure of 12,500 psi the same type of failure occurred. 

After these two failu res the bore of the third ring was ground out by 0.080 in. 

diametrically and a 0.040 in. thick fibe rglass/epoxy Gll liner was inserted. 

The G 11 was a bi-directional hoop-wound material with significantly higher 

strength in the axial direction than the all hoop wound ring. This lining 

would keep the high pressure liquid away from the lower transverse strength 

all hoop wound material thereby preventing the liquid forcing its way in 

between the hoop fibers and causing axial delaminations. When tested, this 

ring withstood 27,000 psi, at which point a seal leaked. When repeated with a 

new seal, the full 40,000 psi internal pressure was reached The calculated 

hoop stress in this ring at 40,000 psi was 267,000 psi. The calculated radial bore 

growth was 0.033 in. Figure 2 shows a plot of the hoop strain versus pressure 

for these first three tests along with the theoretical calculations using the 

analytical analysis program mentioned previously for the first test. The th ird 

test shows a lower modulus because some of the stiff JM7 fiber had been 

ground out and replaced with the low modulus 011 material. 

Three cyanate ester rings and three BMI resin rings were then tested. 

The test procedure was to raise the pressure in 2,500 ps i increments, hold for 2 

minutes, continuing until 40,000 psi was reached. The pressure was then 

relieved back to zero and the process repeated. Hoop and axial strains on the 

outer diameter were recorded. Acoustic monitoring of the ring by 4 

transducers equally spaced around the ring outer diameter was also 

performed. 

The acoustic emission equipment used to monitor the composites during 

the testing had the capability to monitor 4 channels. Sensors with a resonant 

frequency of 175 kHz were used. Amplification consisted of 40 dB at the 

preamplifier and 40 dB at the processor, for a total of 80 dB. Acoustic emission 

equipment was used to characterize the composites during this test to build a 

data base for fu ture nondestructive testing. Important considerations include 

the amplitude and energy release of the materials, as well as acoustic pulse 

duration and the number of acoustic emissions during various phases of the 

test. One very important consideration is the recording of the Felicity ratio. 



When a specimen is loaded a second time, the Felicity ratio is the load at which 

s ignificant emissions occur, divided by the maximum load it was subjected to 

during the first test. The reasoning is that a sound specimen will have 

absorbed the load during the fi rst test and the matrix will have strained the 

appropriate amount. Therefore, when the load is reapplied, there should be no 

emissions until the initial load is exceeded. A Felicity ratio of >0.95 is desirable. 

Anyth ing below 0.9 may indicate continuing damage to the specimen. 

Table 1 lists the pressures that each of the rings was subjected to during 

testing. 

Ring Number Initial Pressure Second Pressure Comments 

1 cyanate ester 40 ksi - No Failure. Ring 

had previously 

been tested 

without 

inst rumen tation 

2 cyanate ester 40 ksi 40 ksi No fai lu re 

3 cyanate ester 30.5 ksi 25.5 ksi Seal Leak 

4 BMT 33.1 ksi 35.3 ksi Ring Burst 

5 BMI 37.5 ksi - R ing Burst 

6 BMI 35 ksi - Ring Burst 

Table 1 Pressure Testing Levels of the Rings 

The first cyanate ester ring in Table 1 had previously been subjected to the 

full pressure so no new acoustic information was expected during subsequent 

testing. Hence it was not repressurized the second time. All three of the BMI 

rings catastrophically failed before reaching 40,000 psi. The acoustic probes 

picked up multiple events occurring in the 33,000 psi to final burst pressure 

level. Examination of the rings after failure showed a similar pattern. The 

hoop direction crack described above seemed to have been an important factor 

in the fai lure. The ring behaved as though it was not one but two concentric 

rings. The method of failure was a single fracture through the inner section, 

turning the ring into a C-shaped piece. The outer section had either one or 

two failures through the wall at approximately 180° apart. There was no 



glycerin in between the inner and outer section to indicate the inner section 

failing first and then the outer section failing afterwards. Rather it appeared 

that the ring sections bad both failed at the same time. Figure 3 is a 

photograph of a ring fai lure in the hydroburst test fixture. The crack 

between the inner and outer sections of the ring can be seen. A fracture in 

the outer section can be seen at the lower right and through the inner section 

at the top near center. 

Plots of the pressure and hoop strain are shown in Figure 4 for the 

initial pressurization in Table 1. 

Results of the acoustic emissions vs. the appl ied pressure are shown in 

Figures 5 through 7. Figure 5 shows high amplitude emissions (>70 dB) for the 

first pressurization of rings 2 and 3. High amplitude emissions are usually 

in terpreted as fiber breakage, while lower amplitude emissions often 

characteri ze resin crazing and cracking. Figure 6, on the other hand, displays 

the total emission data for the second pressurization of rings 1, 2 and 3, made 

from the cyanate ester resin. Previous experience with tests such as these 

have shown acoustic emission data which number in the thousands of counts, 

while these data never exceed 100 counts at any point. It may be that the 

thickness of the rings constrains movement and emissions. The structures 

clearly store energy during the pressurization. During the second 

pressurization, a settling-in process occurs, resulting in a low level of 

emissions at the 10,000-15,000 psi region. These are not believed to be emitting 

from the composite, but from the test fixture, seals, etc. The Felicity ratio 

calculated from rings 2 and 3 would be the 35/40 or about 0.875. Once the 

structure is settled in, very few emissions occur until the 35,000 psi range, 

both in total or high-amplitude emissions. Among the BMI rings, only ring 

number 4 was taken to pressure twice, as shown in Figure 7. Its Felicity ratio 

is 27,000/33,000 for about 0.82. Again, in the BMI ring testing, total emissions 

were very low. 

D iscuss ion 

The above resu lts have shown that for hoop wound rings without any 

noticeable flaws, the nominal radial compressive strength of the hoop-wound 

rings is higher than 40,000 psi. The pressure was applied in some cases with 

no axial preload to axially preload the fibers together. ln the cases in which 

the high pressure fluid was applied directly to the hoop wound material, a 
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lower pressure premature failure would occur as a result of the low transverse 

strength of the composite. This would a llow the fluid to force its way in 

between the fibers and eventually work its way to the outer diameter. Using a 

composite lining made of hoop wound bi-directional glass cloth at the bore 

prevents this premature failure. This lining is only necessary for hydroburst 

testing that uses high pressure fl uid. 

Rings that had a hoop direction crack in them at the start showed a 

significantly lower strength. Even though virtually no fibers were damaged 

in this initial crack, the failure mechanism for these rings was hoop failure. 

Examination of figure 4 shows that the pressure at the failure strain for the 

BMI rings with the hoop direction slit was very close to the pressure at the 

same strain fo r the cyanate ester rings. This shows that the two rings even 

though they were indeed separate rings behaved elastically as though they 

were one ring. However these rings appeared to fail as two independent rings. 

Two factors could have attributed to this lower pressure fa ilure. T he fi rst is 

that because of the difficulty in winding the BMI material as compared to the 

cyanate ester it is possible that the BMI winding had lower strength to start 

with. Second the low radi al modulus results in poor transmission of hoop 

stress so that the hoop stress at the bore was 40% higher than the stress at the 

outer diameter. (For an isotropic materi al with a modulus equal to the hoop 

modulus of the rings tested, there would only be a 19% difference in inner to 

outer diameter hoop stress.) This low radial modulus caused the inner fibers to 

become high stressed to the point where they failed . The load was transferred 

to the remaining outer fibers which then became over stressed and eventually 

led to a sudden catastrophic failure. The failure occurred fast enough to 

completely fail the inner and outer halves of the ring before the pressurized 

fluid could flow along the interface between the rings. 

The acoustic emiss ions results proved to be a reliab le comparative 

method to test the rings. The higher Felicity ratio of the cyanate ester rin gs 

supports the higher strength of the cyanate ester winding over the BMI 

winding. The imminen t onset of failure was also readily observable. 

Conclusions 

Based on the results of this testing, for the materials used, the radial 

compressive strength of hoop-wound, thick-walled composite rings is higher 



than 40,000 psi. When using a fluid to apply the pressure, the hoop wound 

structure has to be protected from the fluid otherwise the fluid will cause axial 

cracks. The presence of a hoop direction crack has a significant effect on the 

ring failure mechanism. This was associated with winding quality and low 

transverse modulus in the radial direction. Monitoring the pressurization 

process with acoustic probes was a valid method to determine the onset of a 

failure. 

failure. 

The number of emissions was a clear indicator of the approaching 
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