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INTROD&CTION

An ideal material for the bore of cannon tubes is one which exhibits
high strength, moderate ductility, qigh hardness, good corrosion and
erosion resistance at low and high éemperatures. The lack of this "super"
matezrial in present-day ordnance inéroduces weapons with reduced
efficiency and effectiveness. As a Tesult, trade offs are made with
respect to rate of fire, projectile Pass and velocity, gun barrel life,
etc. To correct some of these defidiencies,the Benet Weapons Laboratory
has conducted limited studies in reglacing all or part of the steel in
the gun barrels with those made from refractory materials. These liners
were placed under compressive residual stresses by shrink fitting them

into metallic jackets and/or the high tensicen winding of high strength
- b - - .

filaments in suitable binders on thé liners. Similar work was proposed1
in the past.

Refractory-lined cannon barrels offer the potential of:

8. Increased corrosion and erosion rﬁsistance.

b. Increased rates of fire. Refractory liners with low thermal con-

ductivity and heat capacity per unit vclume will aliow a greater number of

rounds to be. fired before the barrel tempersture would become excessive.

1L..A. Behrman, et al., "Feasibility of Refractory-Lined Composite Gun
Bayrels,' Physics International Co. Report No. PIIR-11-72, Fel. 1972.
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c. Potential overall increased performance efficiency. In con-
ventional steel guns, approximately 20% of propellant energy is lost
in heat to the barrel and projectile; with a refractory liner this
will be minimized, and a significant amount of this “lost energy"
could be retained.

This report briefly analyzes the following system configurations
and draws conclusions on their merits and disadvantages:

i. 12.5 mm ceramic liner wound with high strength steel filaments.

2. 6.4 mm tungsten-carbon (CVD) alloy wound with high strength
steel filaments.

‘3. 60 mm ceramic liners:

(a) Wound with steel filaments.
(b) Shrink fitted into a metallic jacket and later wound.
{c) Shrink fitted into a gun steel jacket.

Configurations (1), (2), (3a), and (3b) have been theoretically
analyzed with computer progr#m TENZAUTUZ. vwhile configuration (3c)
has been analyzed with computer program SHFUTMP (shrink fit ﬁniform

temperature).

2G. D'Andrea and R. Cullinan, "Application of Filament Winding to Cannon

and Cannon Components. Part III: Summary Report," Watervliet Arsenal
Technical Report WVT-TR-76035, October 1976.




In all of the experimental work, the composite jackets were made of
6 mil N-S 355 (5.5.) wire with & minimum tensile strength of 450 Ksi, An
anhydride cured epoxy formulation was used as the binder. The volume
ratio of filament/binder was 70% and the cure cycle calls for a gelling

stage of 1 hour at 200°F with final cure being 2 houxs at 350°F.

TECHNICAL DISCUSSION

I. 12.5 mm Alumina Liner

A typical theoreti-.al analysis obtained from TENZAUTO is shown ’
in Figures 1, 2, and 3. Figures 1 and 2 show the expected resigual |
stress  (curve B-B) as introduced by the filament winding process. !
The service stress, A-A of Figure 1, produced by an internal pressure
of 27.5 Ksi, considers a 30,000 Psi rupture strength for the ceramic.

Figure 2 considers the ceramic liner to have no tensile strength hence

a reduction in the theoretical pressure capacity, i.e., 15.8 Ksi. This f' 1

assumption is considered to be a must for the proper design of such _f;

composites because it prevents micro-cracks from forming since the

ceramic is not under tension during the service cycle. This adds an

additional facter of safety to the component.

i Figure 3 represents the theoretical results of the diametrical
change of the liner as a function of the number of layers. This last
output is very important since it allows the filament winding
operator to monitor the theoretical results as the component is being

fabricated.




o -

S
0 C.
B T |
L(E -_‘u i 1t L 1 _J___J-_—J,..._}a____..L—J——-i..——l.-_J___L_ \— oL :
A 3 N
= E B X 10mmii—— "
R RADIUS (IN)
)= _
O_ t
L)
2
OJ
1
Al
|
t
:i :
(PRESSURE= 27480 PSIT] _ |
SERVICE = A-A, ! cS51DUAL = B-B. CLASTIC = L%
Figurc 1. Stresses developed in 12.5 mm alumina specimens (30 Ksi T.S.)
4
—_ s \', ".F‘-t:""; o - 1 g
‘1-"-0: PEA v"‘-"-'-.“l% “:' 50'7 . . ' !
'.,,'y:.;""'* A
3‘!‘1 lﬁ _‘hi_ﬁlv{g»- s f:.-\..,-




(PSTI

STRESS

HOO0P

X 10mwm i3]

SERVICE

[gY]

Figure 2.

(PRESSURE=
A-A, RESIDUAL =

B_[.al

15765 FPST)

ELASTIC

M

c-C

Stresses developed in 12.5 mm alumina specimens {0 Ksi T.5.)




HeTER WINDING
X 10ww ()
AR YYQWYh“‘qu'fFTT*ﬂ*ﬂ*ﬂ‘*ﬁ—*—r—v—'—!—rr rrryt"?’“lvrr'vr'r-s"1
CLINER THICANES5-0. 1170 ﬂ:
| WINDINC TENSION-4 .00 ,:
F 2 i .

AT

i1 |

(o d -

< 1

d ; i

_.I. b o / ; . )

v ! s~ St
’/' . . R

¥

A
e e
L

Taw .

-t bnd hb-‘n}J—J-L‘—‘—*—A‘.—I—L—'&-u—L4‘.‘L-J>-—LL_L.-1_—I._|.-L_L-1.L.J..L.-L-LI R O _‘
i 2 :
X 10w AL
NO. 3F LSYERS

Figure 3. Diametrical change vs layers for 12.5 mm alumina specimens




FABRICATION

First attempts at experimental work to verify the thecry involved j

the use of small diamet: r Alumina tubing as liners. These liners were ;

made of high grade Alumina (99.8%) with the dimensions and properties

PR T SR )

s shown in Figure 4.

Fixturing was made to allow for holding the liners during the

winding operation and is shown in Figure S5 along with some of the

specimens.
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Before the actual winding of the composite jackets, a brief dry
Tun tast was performed to correlate the theoretical ocutput of TENZAUTO.
A hoop strain gage was centrally mounted inside one of the Alumina
cylinders. This was done so that the compressive hoop strain (and

nding 4

spending deflaction) generated by each hoop layer could be measured.
1

Table 1 shows the strain data from winding 11 layers at 4 lb/end tension
and 15 layers at 6 1b/end tension. In both cases, strain was recorded
after every layer during winding. The cylinder was held under temsion

overnight and the following day the strain was recorded again.

Figures 6 and 7 show the theoretical curves for each winding
condition as.determined by TENZAUTC along with the actual data points
recorded during this test.

Bight test samples were fabricated for eventual burst testing,

: Table 2 shows the fabrication mske-up of each cylinder (SN-5 was inad- 5

vertently cracked during fabrication). The stesl wire that was used was

|
|

the aforementioned 6 mi) 5.S. wire. The winding tension of the wire was

4 1b/end and the hoop coverage per layer averaged 162 ends/inch.
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E ; TABLE 1. INTERNAL STRAIN DATA ON 12.5 MM ALUMINA SPECIMENS (DRY RUN]

_ Tonsion = 4 1lb/end Tension = 6 1b/end

s Coverage = 163 ends/in Coverage = 163 ends/in
S No. of Layers | €y (nin/in) AD (in) eg (uin/in) 4D (in)
0 0 .00004 0 .00009

1 - 75 -175

2 -175 -335

| 3 -295 -465

% 4 -385 -600

5 -475 -710
6 -545 .00028 -830 .00043

7 -610 -970

8 -685 -1080

9 -775. -1205

10 -830 -1320
11 -915 .00048 -1410 .00073

12 . -1500

13 ~1595

14 ’ -1690
s -] -1790 .00093

Overnight -900 -1770

10
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TABLE 2. -bESIGN AND TEST DATA CY 12,5 MM ALUMINA SPECIMENS

S/N

Layers

Burst
Press.

Theory (Ksi)
* L 23

-1

10 Heoops Wire (Gelled)
2 Hals Wive (Cured)
2 Hels Glass (Cured)

Dw>

°

7 Hoops Wira (Cured)

7 Hoops Wire (Gelled)
4 Hels Wire (Curad)
.2 Hels Glass (Cured)

2 Hels Glass (Gelled)
7 Hoops Wire (Gelled)
2 Hels Wire (Cured)
2 Heis Glass (Cured)

2 Hels Glass (Golled)
® Hoops Wirs {Cuzsd)

2 Hels Wire
2 Yels Glass (Cured)

2 Hels Giass {Cured)
9 Hoops Wire (Gel)

4 Hels Wire (Cured)
2 Hels Glass (Curad)

2 Hels Glsss (Gel)

9 Hoops Wire (Cured)
2 Hals Wire

. 4 Hels Glass (Cured)

. e

onNnwe>»> oOnOo» Upsﬂ? in? aw>» Ow>»>

Unwrapped

29.0 Ksi

21.0 Xei

>18.0 Ksi

12.0 Ksi

17.5 Ksi

19.0 Ksi

17.5 Ksi

10,0 Ksi

*Agsuned liner burst strength of 0 Ksi
**Aszumed liner burst stremngth of 30 Ksi

‘-“""—”_ :

Panaa
- - .,..‘U. - r-—_.-"'" .‘i,

N T s g
» -'"‘3-"-'-?7.'5@};?’3: S ge

22.8 34.9
15.8 27.5
15.8 27.5

15.8 27.5

20.5 32.4

20.5 2.4

20.5 32.4

0.0 9.3




In &11 but SN-2, the last layers were wound with 20 end E-glass
roving. These layers allow easier handling of the steel/epoxy jacket
and provide a machinable surface for future fittings in gun barrels.
For the samples SN-4, 6, 7, and 8, one helical pattern (2 layers)
of E-glass was helically wound as the initial layers. The rationale for
this was to provide an iuterface between the ceramic liner and the wire
wound jacket that would more uniformly distribute the point contact
load of this initial wire layer. It was thought that excessive stress
concentrations at these contacts would lead to premature failure in a
pressure tested cylinder.

TESTING

An unwrapped Aiumina liner was initially pressure tested to
(a) check out testing equipment and sealing devices and (b) verifi-
cation of the supplier's literature on the mechanical properties of the
cerumic. This specimen and the wrapped specimens were pressure tested
using a dead weight test machine. The specimens were pressurized
using a pump-intensifier system. Pressure and strain gage output
vere recorded at selected préssure levels until the specimen burst.
Sealing was accomplished with a series of rubber O-rings with.ieather
and aluminum backup seals.

A hoop.strain gage was mounted on the 0.D. of the unwrapped liner
50 that the pressure vs strain could be monitored. A plot of this
data is shown in Figure 8. The computed elastic modulus (E) from this

data was 54.5 x 106 versus the 57 x 105 stated in the literature.
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ALOMINA CYLINDER
2
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Figure 8. Pressure-strain data for typicai 12.5 mm alumina liners
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W et cmma s es B e Sam

The seven composite jacketed cylinders were tested in the same mamner
as the unwrapped sample. Table 2 shows the burst pressure for each of
the cylinders and the theoretical rupture pressure as computed by
TENZAUTO, -
NOTE: In the theoretical anslysis of the cylinders, the hoop strength . X
contribution of the helix layers (be they steel or glass) was not
considered.

As mentioned previously, the cylinders SN-4, 6, 7, and 8 each

contained an initial full helical pattern (2 layers) of fiberglass.

These cylinders burst at pressures less than their prodicted yield i
pressure. The other three cylinders without the initial layer of

fiberglass burst at pressures within their predicted rupture pressures.

T T

! Initially, it was felt that the fiherglass lavers would hatter
distribute the point contact load from the wire and result in a stronger
cylinder. In reality, the opposite occurred and weaker specimens were

i the result. i

The bsst explanation for fhe lower results is that the initial
helical fibergless layers provided a low modulus interface (~ 5 x 10° {

. Psi) between the ceramic and the steel composite jacket. The low

-modulus interface allowed the liner to dilate more than desired before

the higher modulus steel composite jacket provided the necessary

restraint. This effect probably induced failure of the liner by

prohibiting the jacket and liner from working as a unit in withstanding

the internal pressure,
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11. 6.4 mm Tungsten-Carbon Alloy (CM-500) Liners

6.4 mm cylinders, fabricated by Chemetal Corporation, were
provided for test and evaluation (7 material properties and strengths.
The cylinders are fabricated using a chernical vapor depositicn tech-
nique. The specific composition is proprietary, but the material is
essential.y a tungsten alloy.

This section will cover preliminary design, fabrication and test-
ing of a (M-500 liner filament wound with high strength steel filaments
embedded into an epoxy matrix. The CM-500 liner has an I.D. of 0.250
inches, an 0.D. of 0.330 inchus, and a length of 2.35 inches. In-house
pressure tests have shown that liners of similar geometry have ruptured
at pressures of 42 Ksi and S8 Ksi or at tensile stresses of 155 Ksi
and 217 Ksi respsctively.

Theoretical Tesuits, based on &n assumed 155 Xsi tensile strength,
show that an 86.9 Ksi max pressure capacity would be expected by
filament winding the same liner with S Loop layers of 6 mil NS-355 wire
with a 6 1b per end tension'as shown in Table 3. Figures 9, 10, and
11 dopict results obtained from TENZAUTO for such a construction,
while Table 4 shows experimental results from the internal pressure
test, the bﬁrst pressure was 80 Ksi (239 Ksi tangential stress) which

shows close agreement with the computed value of 86.9 Ksi.

17

’ '; : - V.:f: ':. ° SJ‘T" qk.“\ ‘- "f.,‘ . ‘ '. 'y . T o

. g - -F\
b s .‘--wr,f-r‘“m

e -%~h1w5xﬁgﬂgg ;ﬁ“&

TR EC N N o "'"2.'_""':"’;; _‘3;a "ﬁ," »',, B "'k"’PL Fr: e pird *»- 4Nl e

“‘t’ ‘\J

'&, Se




_ TABLE 3. DETAILS OF THE TUNGSTEN-CARBON CYLINDER
‘ Liner-Chemetal's CM-500*
- Tungsten-Carbon (CVD) Alloy
- 1I.D. = ,250" 0.D. = 330"
- Wall Thickness: = .040"
- Length: ~ 2.35"
Winding:
5 Layers of 6 mil NS-355 wire/epoxy wound entire length.
Dog bone shaped in order to assure rupture in the center
section. Seven layers wound 9.5" from each end and nine
. 1#yers wound 0.4" from each end. .
Coverage = 164 ends/in/layer
Tension = 6 1b/end
Overall length of cylinder was 2.35" and the ends were built up from g
0.50" back then the resulting gage length is 1.35". i
]
i
*Chemetal
Pacoima, CA

.
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TABLE 4. CALIBRATION OF THE 100 KSI LOAD CELL USED IN THE TESTING
OF THE 6.4 MM (CM-500) COMPGSITE CYLINDERS

Pressure (Ksi) Strain (uin/in)
0 010
10 161
20 309
30 459
40 609
50 759
60 912
70 1064
80 1216

Burst of filament wound specimen occurred at 119C uin/in or 80,000
Psi pressure.

’
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I111. 60 mm Ceramic Liners

The original goal was to fabricate a 10 inch long 60 mm I.D.
composite cylinder capable of containirg a design pressure of 70,000
psi. This concept required # 0.140" thick alumina liner with 65 hoop
layers of winding. A series of events (or Phases) which lead to
reassessmont of the original goal is next presented.
PHASE I

The series of samples involved in this phase use a 60 mm (2.360 in)
I.D. Alumina liners with the stoel wire composite jackets., A dimen-
siongl sketch of the liner is shown in figure 12. ‘The physical properties

of the Alumina are the same as shom in Figure 4,

winding, two rosette type strain gages were internally mounted in the
ceramic liners. These gages were aligned to record the liner's
deflection, during winding, in the hoop, longitudinal and 45° direction.
All filament wound 60 mm samplos used the same 6 mil NS-355 wire
with epoxy/arhydride cured mairix as the composite jacket. The wind-
ing tension was fixed at 6 lb/end and the hoop coverage was maintained at
162 ewds/in.
Specimen 60-1
This specimen was initially wound with 9 hoop layers, with no
resin, to chack out both the overall winding parameters and the
continuity of the strain gages. Teble 5 shows the strains recorded

after the 5rd, 6th and 9th layers. This was done by stopping the wind-

ing and attaching the leads to & BLH Switch § Balancing Unit and the
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induced strain on each of the six channels was recorded from a BLH
Strain Gage Indicator. 1In addition, the specimen was held overnight in
the winder with the winding tension maintained, to see if there would
be any significant deflsction change. The results in Table 5 indicate
no significant change in deflection. Af%er this "dry run", the wire
was unwound and the cylinder wus prepared for the actual winding
operation. Table 5 also shows the strain data for the actual winding
of specimen #60-1. The liner itseif broke during the winding operationm.
About 1/3 of the way through layer #20, the specimen sepsrated about 1 inch
from the end. It was a definite failure due to longitudinal loads
because as showr in Figure 13 the fracture was a transverse
sepsration of the liner at this location.

A closer look at the data in Table 5 and the mechanical properties
of Alumina can explain the feilure of the specimen. After layer #18,
the average longitudinal strain recorded from gages #6L and #9L was
+483 pin/in. In addition, the computed elastic moduli's (E) for this
alumina material was S5 x 10° Psi while the tensile strength (0) is
30,000 Psi.

If £ = o/B then €max = gggzgggr = ~ 550 uin/in. This indicates

. x 10

thet the max tensile strain that Alumina can take is ~ 550 pin, and
after layer #18 a strain of +485 uin/in already was generated. Thero-

fore the additional longitudinal strain caused by layers #19 and #20

nust have excesded the upper strain limit of the ceramic and caused

its transverse failure.
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TABLE S.

Channel 4
Gage Type ef
Start 0
1+3 - 335
4+6 - 725
7+9 -1090
Held

Overnight -1080
Start Y
1+3 - 378
4+ 6 - 735
7+9 -1080
10 - 12 -1410
*7+ 15 ~1720
16 + 18

-2010

e ey per W i VoS

INTERNAL STRAIN DATA OF SPE:IMEN 60-1

DRY RUN
GAGE #1 GAGE #2
5 6 7 8 g
€45° 3 eH €45° el
0 0 0 0
-110  +180  -335 +170
-250  +270  -670 @ +240
-410  +360  -1035 g +310
g
-410 +360 -1025 2 +310
#60-1
o G o - 5
-160 + 80 - 365 + 75
-330  +145 - 720 +160
~-470  +225  -1045 +235
-590  +300  -1375 +325°
-745  +410  -1695 +395
-860  +450  -1980 +475
26




It now becomes apparent that although Alumina's high compressive
strength a2llows for exceedingly high compressive hoop loads, some way

must be found to prevent its axial displacement or premature failure

will result.
E It is alsoc important to note that during firing, the moving pres-
l sure front introduces bending stresses that result in longitudinal ten-
sile stresses. Thus it is not sufficient to insure that the longitu-

dinal tensional strain induced during fabrication is less than the crit-

ical value. It must be sufficiently below to permit a sufficient mar- |
gin to accomm&date the longitudinal firing stress.
Specimen 60-2

Two possible selutions to limitirng the elongation of the liner

were attempted with this specimen. The first called for excessive

tightening of the retaining nuts periodically throughout the winding,
and the second was to provide helical windings in the specimen in an
attempt to hold back the elongation.

Both solutions required slight changes in the fixturing which would
allow for (a) excessive wrench tightening of the nuts, and (b) fhe use

of an aluminum ring which would be helically wound into the specimen.

Table 6 is a summary of the strain data recorded during the wind-
. ing and gelling of specimen 60-2. Actual readings were taken every
third hoop layer.
The primary aim during the winding of this specimen was to limit
| . the longitudinal strain to < 500 pin/in. This was initially done by
3 tightening the retaining nuts to a torque which would induce a slight

nogative strain (compressive before winding). During the winding
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TABLE 6.

MR banibial, flen &)

Channel
Gage Type

Start
Tighten Nuts
1 - 12 Hoops
13 - 21 Hoops
After Gel

1 § 2 Helical
After Gel

22 - 33 Hoops
After Gel

3 § 4 Helical
After Gel

Retighten Nuts

A . AS Hnance
=4 e 200PS

After Gel

5 § 6 Helical
: Glass Helical
¢ After Gel

Release Nuts

INTERNAL STRAIN DATA

11
eH

0
-1245
-2075
-2030

~2155
-2160

-3070
-3040

-3140
-3130

-3080
-1820
-3785
-3875
-3900

~-3645

GAGE *1

12
€45°

0

0
- 585
~ 945
- 950

-1025
-1055

~1425
-1465

-1520
-1520

1550
-1010
-1830
-1875
-1910

-1445

13
el

0
- 35
+195
+415
+235

+158
+105

+360
+330

+325
+325

+225
+480
+435
+465
+410

+925

OF SPECIMEN 60-2

GAGE #2
14 15
€H €45°
0 0
0 0
~1205 - 540
-2065 ~1010
-2055 -1080
-2195% -1160
-2225 -1205
~-3115 -

16
el -

0
- 40 .
+165
+355
+160

+150
+ 95

+350
+320

+320
+305

+210
+360
4335
+330
+300

+860
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operation, these nuts were also retightened before the 4th, 7th, and

10th hoop layers and agein before the 34th hoop layer.

This continual tightening of the nuts, aloung with the application
of 6 helical patterns (12 layers) aided ir keeping the strain < 500
uin/in. The first gel cycle, after the initial 21 hoops, reduced the
longitudinal strain by ~ 190 uin/ir while the second gel cycle, after
the initial 2 helical patterns, reduced longitudinagl strain by ~ 50
uin/in.

The combination of continual tightening of the nuts; the utilization
of 6 helical ﬁatterns; and thae 6 ‘''gel" cycles enables the winding of
45 hoop layers and still maintained the longitudinal strain to < 500
uin/in. A final fiberglass helical layer was introduced for ease of
handling.

After the final "gel'" cycle, the retaining nuts were slowly
released and the strain was monitored. As soon as the torque was
released, a "crack" was heard within the specimen. Inspection of the
sample, after removal from the'fixture, showed a 360° transverse frac-
ture at a location of 3 1/2 inches from one end of the liner.

Figures 13 through 19 summarize the results on this phase of the
60 mm ceramic liner study from which it can be concluded that other
techn’ques must be utilized to reduce the longitudinal te:sile stresses
induced during fsbrication.

Figure 13 shows (a) a ceramic liner, (b) the first filament wound
cylinder (60-1) which resulted in tensile failure after 19 hoop layers,

and (c) the second filament wound cylinder (60-2) comprising 45 hoop

layers and 6 helical layers (12 thickresses). The composite jacket




consisted of a six-mil steel filament embedded in an epoxy matrix.
Note the lead wires from the 45° rosettes.

Figure 14 shows correlation between experimental results and
theoretical output of computer program TENZAUTO. These results pertain
to the first filament wound cylinder (60-1).

Figure 15 shows correlation between theory and experiment for
60-2.

Figures 16 and 17 show the theoretical residual stresses (curve
B-B) as introduced by the filament winding process for 45 layers wound
with ¢ 1b/end tension. The service stress (curve A-A) of Figure 16
produced by an internal pressure of 48,902 Psi considers a 30,000 Psi
tensile strength for the ceramic. Figure 17 considers the ceramic
liner to have zero tensile strength hence a reduction in the thsoretical
component, and prevents, hopefully, micro-cracks from forming since
the ceramic is nut under tension during the service cycle.

Figure 18 shows hoop strain gage data as a function of the layers.
The hoop strain when translsted into displacement data correlates with-
in 10% of the theoretical data, see Figure 15. Also note thaf after
45 hoop layers and the 6 helical layers the recorded hoop strain of
3830 pin/in when multiplied by the moduius of Elasticity of Alumina
(55 x 10° Psi) gives a residual hoo) stress of approximately 200 Ksi
which is 10% less than the predicted one.

Figure 19 shows the longitudinal strain &5 a function of (1) hoop

and helical layers, (2) load induced by mandrel fixture, and (3) tem-

perature developed during the gelling process.
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PHASE 11
From Phase I it was concluded that other techniques were required
to preveat failure of the ceramic liner.

Specimen 60-3

This specimen was prepared in another attempt to induce a high
compressive longitudinal load on the ends of the liner. Table 7
shows the corresponding strain data with the fabrication steps.

The retaining nuts were initially tightened witl wrenches to
induce ~ -130 uin/in compressive strain. After the gel cycle of the
first 20 hoop layers the specimen wes agsin compressively torqued on a
Universal Torque Machine.

The specimen was slowiy torqued to » fimai ioad of 15,000 in-ib.
Table 8 shows the longitudinal strain date that was continually
monitored on channel #1 as the torque was applied.

Table 8 indicates that the 10,000 in-1b torque induced a total
compressive longitudiral strain on the linex of -545 uin/in.

The specimen was returneé to the winding machine and 20 gddition~
al hoop layers were applied. In this casa, the following gel cycle
resulted in an increased longitudinal strain. The sample was then
cured for 2 ﬁours at -350°F to deterwine what effects the high temper-
ature cure would have on the strain. ‘

The data from Table 8 indicates only & small increase in longi-
tudinal strain bacause of the cure cycle. For this reason, the

decision was made to wind to the desired 65 hoop layers.

Ry
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TABLE 7.

Channel
Gage Type

Start
Tighten Nuts
1 - 5 Hoops

6 - 10 Hoops
11 - 15 Hoops
16 - 20 Hoops
Aftoer Gel

Torque Mach.
10,000 in-1b
(Compression)

21
26
31

TL _ AN
ww =

25 Hoops
30 Hoops
35 Hoops

Unane
IV s

After Gel

After Cure

41
46
51
§6

45 Hoops
50 Hoops
55 Hoops
60 Hoops

61 - 65 Hoops
After Gel

100 in-1b
160 in-ib
205 in-1b.
260 in-1b
300 in-1b

Relesse Toxrque
on Retaining
Nuts

Recheck before
tosting (1 week
later)

INTERNAL STRAIN

eH

+ 25
- 665
-1080
-1575
-1975
-1520

-1445

-1790
-2325
-2715

2080

-

-2590
-2609

-2970
~-3130
-3670
-4000
-4290
-3850

-3735

-3705

GAGE #1

2
€45°

0
75
365
420
570
660
610

- 910

~1055
-1170
1260
-1360

-1170
-1125

-1225
-1310
-1370
-~1435
-1490
-1440

-1420

~1255

DATA OF SPECIMEN -60-3

1
eL

0
-150
~-150
+ 15
+ 80
+238
+160

-385

~-345
-240
~130
- 1
+ 30
+125

+230
+340
+450
+520
+680
+520

+485
+480
+470
+430
+425

+955

+255

6
eH

¢
+ 50
- 620
-1020
-1160
-1420
-1040

- 775

-1440
-1930
-2015
-2370
-1760

-1€75

-2030
-2380
~-2590
-2910
-3180
~2565

-2625

-2640

GAGE #2

S
€45°

0

20
350
- 450
- 500
560
490

- 720

- 930
-1085
~1140
-1269
~ 970

- 885

-1025
-1150
-1250
-1365
-1450
-1305

~-1260

-1310

4
el

0
-110
-120
+ 50
+260
+420
+210

-375

-235
-160
+ 25
+110
+200

+240

+310
+385
+450
+550
+625
+410

+345
+290
+263
+230
+200

+660

- +625




TABLE 8. LONGITUDINAL STRAIN VS TORQUE APPLIED TO SPECIMEN 60-3

Torque (in~1b)  Strain (uin/in) Torque {in-1b)  Strain (uin/in)
0 +160 6500 ~310 !

2500 + 80 7000 ~345 - g
: 3000 + 20 7500 -
i 3500 - 35 8000 ~380
4000 -105 8500 ~400 ] o

| 4500 -150 9000 -415 3
3 5000 -200 9500 - 5
5500 - 10000 -425 -
5000 -285 Dump Load -385 1 __.-'.‘.
T g




After the gel cycle, the longitudinal strain gage indicated the
resultant strain was +520 uin/in. Theoretically this places the liner
at its elastic limit. It was felt that if the reteining nuts wers
loosened, the liner would elongate further and crack. Therefore, two
retaining collars with the assistance of 4 each 3/8" threaded rods (as
shown in Figure 20) were applied tv prevent further axial elongation.
The nuts on the four rods were torqued to 300 in-lb. Table 7 also
shows the recorded compressive strain from the longitudinal gages at
various recorded torque levels.

The specimen and fixturing were raturned to the Torque Machine and
the large retaining nuts were slowly loosened. Upon removal, the
longitudinal strain increased ancther 500 ypin, to a cumulative total
of over 1000 uin., This strain is almost doubla the elastic strain
limit of the ceramic.

The ceramic was immediately checked for cracks but none were
apparent even with the liquid dye penetrant technique. A week later
utilizing the same liquid dye.penetrant. indications of circumferential
cracks was apparent. |

Figures 21, 22 and 23 summarize the theoreticzl rosults of Phase
11, assuming' a filament winding of 65 hoop layers. The service
stress, (A-A) of Figure 21, produced by an internal pressure of
70.5 Ksi considers a tensile strength of 30 Ksi for the ¢ aic,

Figure 22 considers zero tensile strength and, thevefore, a reduction in

the theoretical pressure capacity (64.5 Ksi).

B




v

V" T O T

Figure 23 plots diametrical change vs number of layers. The
dotted curve is a plot of the experimental curve if we neglect the
intermittent stages (A-D) which decrease strain. This curve agrees

nicely with the theory.
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PHASE IIX

Since the mechanical locking arrangement did not seem feasible
for inducing compressive longitudinal stresses a new concept was intro-
duced. This called for the application of a shrunk-fit metullic sleeve
betweon the liner and compesite jacket. The first attempt used a G.190"
wall aluminum sleeve wachined for a 0.002" radial interference fit at
R.T. (Room Temperature). This 0.002" interference should have provided
e -35,000 Psi longitudinal stress or a compressive strain reading of
~700 win/in. If successful, this sleeve would have allowed the winding
of 65 layers without relying on mechanical means for restraining the
ends.

Tho formula which predicts the axial holding force of a shrunk fit
cylinder relies on an accurate value of the coefficient of friction.
Initial computations assumed a value of 0.3,

An aluminum alloy (6061) was machined to provide a 0,190" wall and
an internal radius of 1.3160". This radius would provide the desired
.0C2" rgdial interference wheﬂ shrunk-fit on the 1,3181 outside radius
of the Alumina iiner.

The sluminum jacket's inside radius expands at a rate of C.0017"/
100°F and tﬁotefore a AT of ~ 125°% is all that is necessary for a size
for size fit. The machining tolerances of both cylinders over the
10 in. length require a much larger AT to provide for easy insertion of
liner into jacket. The shrink fitting was done at an oven temperature
of 475°F (400 AT) and no problems ware experienced during the shrinking

process on this specimen {60-5).




-

The ceramic liner was gaged internully with 2 each rosette type strain
gages (0°, 45°, 90°). The data from the longitudinal gages shown in
Teble 9 indicated a compressive strain of -270 pin/in which corresponds
to an induced stress of -15,000 Psi. This stress is less than 1/2 of
that expected. Reasnns for this drop could be due to erroneocus gage
readings and/or an incorrectly assumed friction coefficient,

A second test cylinder (60-6) of Aluminum jacket/ceramic liner was
prepared in the exact manner as the above. The shrink-fit strain data
(Table S) appears to vindicate the gages and pinpoint our lower
longitudinal stress values on the friction coefficient.

This second cylinder was hoop wound with 20 layers of the 6 mil
NS 355 wire. The winding tension was 6 1b/end with an average coverage
of 162 ends/in/laver, Table 10 shows the rasunltant strain data recorded
during the winding operation.

" This cylinder, slthough indicating that the longitudinal strain
was within the elastic limit of the ceramic, developed circumferential
cracks approximately 30 minutés aftexr the retgining nuts were remcved,
These cracks appeared at both ends ~ 1 to 2 inches from each énd.

The data shown in Table 10 are the strains induced only by the
winding. If‘the worst longitudinal strain (gage #4) is analyzed, one
finds a tensile strain of +450 pin/in. This is near the alumina's
elastic s:rain limit, However, the induced residual lorgitudinal stress
that was recorded from the shrink-fit process was -255 pin/in., Adding
the two velues will result 1. a net tensile strain of +195 win/in which

is well within the elastic limit of the ceramic. Yet a few minutes
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TABLE 9. SHRINK-FITTING STRAINS INDUCED IN 60 MM ALUMINA SPLCIMENS
GAGE #1 GAGE #2 e
SN #l,  #2,c0 4 #a,  #5,00  #8 |
L as 3 L 45 H ;
' . 60-5 |
After Cool  -280  -27¢ =220  -260  -300  -250
24 Hrs Later -290  -290  -240  -280  -320 -270
: 60-6
| After Cool ~ -215  -250  -250  -250  -250 270
] 24 Hrs Later -220 -250  -250  -260  -240  -275

ATy o g

TABLE 10. INTERNAL STRAIN DATA DURING FABRICATICN OF SPECIMEN 60-6

oo

GAGE #1 GAGE #2

1 No. of Layers 2% #2,c0 3, #4L ¥5,5° *GL

; = 0 0 o 0 0 0 0
| f Tighten Muts -430  -280 - 40 -420 =275 - 40
% 1 5 -350  -430 - 500 -310 -395 - 500
o 6 30 -240 555 - 930 -190 -S15 - 30
j ! 11 20 -115  -770  -1575 +20  -700  -147S
| After Gel - 35 <615 -1270 +90  -355 - 960
After Cure -135  -715 -1400 - 5 500  -1035
‘ Lousen Muts +315  -450  -1395 +450  -230  -1110
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after removal of the retaining nuts, the liner cracksd at the ends.

This led to analysis and reevaluation of the stresses and strains

developed during the sirink-fitting procuss. It was deduced that the

compressive hoop stresses developed are uniform ‘throughout the length

of the liner. The compressive longitudinal stresses, however, must be

non-uniform because of the manner in which they are induced. During

cocling, the jacket grabs the liner and drags it slong as it attempts

to return to its original room tempersture dimensions. The success of

the jacket depends not only on the shrink pressure but also on the

coefficient of friction and the length of the lirnsr that this coefficieat

must act upon. Therefore in regsrds to the longitudinal stresses, one

would expect a stress pattern which would look like a normal distribution

curve., Maximum stress would be At the center of the liner, while

minimm stresses would result at the ends, thus the benefit that is

received from shrink fitting is not &s adequate as expected. Regarding

specimen #60-6 the strain gages were mounted at the center of the liner.

The compressive strain recorded in gage #4 (-255 uin/in) would be the

maximum. At the ends, however, the strain csuld bs negligible.énd

thercfore the tensile strain from winding (+450 uin/in) might represent

the true stresses developed in the liner and this is the reason it

cracked at the ends. .

A third cylindar (60-7) was fabricated with the .002" radial inter-

ference. This cylinder was composed of a .200" wall gun steel (wod. 4337)

jucket, shrunk over an alumina liner.
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The gun steel jacket has a radially expansion of only ~ .0008"/
100°F and therefore a AT of ~ 250°F is necessary for a size for size

fit. Because ¢f the aforementioned machining tolerances, the shrink

fitting was done at an oven temperature of 675°F (600 AT).

Because of the higher shrink-fitting temperature, strain gages

were not used to measure the induced strain. Instead a dimensional
profile of the liner's I.D. was done before and after shrinking. This
data is shown in Table 11.

The steel jacket was selected for fabrication because of its greater

elastic modulus over the aluminum material. This, in turn, would induce
; a larger hoop stress for the same radial interference of .002"., 1In

addition there is numerous data in the handbooks on the friction

coeificient of steel on alumina. The valus of .3 for thisz combination
is much more reliable. Table 11 also shows the calculations which
correlates the recorded hoop deflections at the center of ths liner i
; with strain and stress. These values are then converted into a shrink
; fitting pressure which is used to find the induced longitudinal stress
! and strain at the base of the liner, »
This specimen was stress enalyzed using the X-Ray residusl stress
analysis. Through a technique developed by G. P. Capsimalis, et al,

. the state of stress of isotropic materials can be determined quite ac-

curately through x-ray measurements of the lattice strains.

36; P. Capsimalis, R. ¥. Haggerty, K. Loomis, “'Computer Controlled X-Ray i
Stress Analysis for Inspection of Manufactured Components," Watervliet
Arsenal Technical Repcrt WVT-TR-77001, January 1977,




TABLE 11. INSIDE DIAMETER PROFILE OF SPECIMEN 60-7 BEFORE AND

AFTER SHRINK-FITTING (0 = 2.380")

12 O'CLOCK 3 0'CLOCK

Before  After ADpiis Before  After  ADp;;. '
IR -.0020 -.0050 -3.0 -.0020 -.0053 -3.3 -
2" -.0017 -.0046 -2.9 -.0020 -.0053 -3.3
3" -.0014 -.0038 -2.4 -.0013 -.0047 -2.9
4" -.0011 -.0033 -2.2 -.0018 -.0047 -2.9
51 -.0010 -.0035 -2.5 -.0018 -.0053 -3.5
6" -.0010 -.0037 -2.7 ~,0020 -.0053 ~3.3
™ -.0014 -.0038 -2.4 -.0022 -.0055 -3.3
8"- -.0016 -.0043 -2.8 -.0023 -.0056 3.3
g" -.0010 -.0042 -3.2 -.0020 -.0060 ~4.0

In 4, 5, § 6 inch region, ave. AD = -3.9 mils
Comparabls Strain: D ey

€y = -.0029/2.360 = -1228 uin/in

Oy = eH‘E » (-1229)(55) = -67,585 Psi

Pe = Eey(w?-1) ﬁ{-67,585)(.248) = 6715

- 237 ~2(1.248)
1f Pg = 6715 Psi, Axial force = 2m°b*1:Pg-f = 27(1.318)(5)(6715) (.3)

= 83,415 Psi

op, = F/A = 85,415/1.083 = -77,023 B
6

€, = 0y /E = -77,023/55x10° = 140C pin/in
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The present limitation of the x-ray equipment allows for resid-
ual stress measurements cnly on outside surfaces. This limited the
investigation to the residual stresses in the steel jacket. However,

the data developed below is indicative of the end effects mentioned

above.
Location

Residual

Stresses iaft End Middle Right End
Longitudinal
Stress (Psi) 6,005 32,323 8,179
Hoop
Stress (Psi) 24,319 33,572 25,0607

The messurements were made in two axial planes 90° apart. The
readings at the left and right ends of the specimen were made 1 in.
from each end while center readings were at the 5 in. location. These
locations are shown as the polished arcas of #60-7 shown in Figure 24.
The stress data are averages of the longitudinal stresses which were
induced into the jacket by th? shrink-fitting process.

From the above, it is evident that residual longitudinal sfresses
exist on the 0.D. of the jacket which decrease from & maximum in the
center to a minimum at both ends. Although the magnitude will vary,
one would expect the same type of normal distribution of longitu-
dinal stresses to occur in the ceramic liner. The longitudinal tensile
residual stresses messured in the jacket are related to longitudinal
compressive rosidual stressas which have been set up in the liner by

the shrink fitting process. One would therefore conclude that the
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-7, and -& from Phasec III

Specimens 60-6,

Figure 24.
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: liner's stresses are maximum at the center and at a minimum at both

ends.

A fourth cylinder (#60-8) was fabricated of steel jacket/alumina

¥

i

t

E . liner using the same dimensions and procedures as in #60-7. Table 12
H shows the I.D. profile of the liner before and after shrinking. This :
specimen was prepared while specimen #50-7 was in the process of being

analyzed. Although the presence of this normal distribution of stresses

was anticipated, the large strains induced by the steel jacket might

enable a successful overwrap even though they were at & minimum at the

P

ends,

(LT ey

Fifty five hoop layers were wound at a tension of 6 lb/end and a i
coverage of 162 ends/in/layer. As with all previcus win
6 mil NS-355 wire with anhydride cured epoxy binder was used to fabri-

cate the composite overwrap.

Before winding, three strain gages (0°, 90°) were mounted inside

MRRaLr el

the liner to monitor the hoop and longitudinal strain. Two gages were

b ' mounted in the center (180° apart) and the third gage was mounted 1" f
3 ] .

from one of the snds. Table 13 shows the strain data recorded during
‘ fabrication. This data records the strains induced by the winding
operation only. As shown in Table 12, there already were induced %

3 ' compressive residual s¢rains in the liner es a result of the shrink-

. fitting.
Although the longitudinal tensile strain, from winding, is near the

elastic limit for the ceramics, the residual compressive strains before

winding reduce the actual longitudinal strains experienced by the liner.




TABLE 12. INSIDE DYAMETER PROFILE OF SPECIMEN 6C-8 BEFORE
AND AFTER SHRINK-FITTING

12 0'CLOCK 3 0'CLOCK

Before Aftex 8Dpiys Refore After AD :i1s b
ov «.0020 -.000S -2.5 -.0011 -.0010 -2.1 .
" +.0014 -.0013 -2,7 +,0007 -.0015 -2.2
2" +.0010 -.0018 -2.5 +.0006 ~.0015 -2.1
kil +.06008 -.0020 -2.8 +,0005 .-.0018 -2.3
4" +.000S -.0019 ~2.4 +.0002 -.0018 -2.0
s" +.0002 -.0020 -2,2 .0000 -.0025 -2.5
6! .0900 -.0026 -2.6 ~.0002 ~.0024 -2.2
™ -.0004 -.0028 -2.4 -.0003 -.0025 ~2.2
8" -.0010 -.0034 -2.4 -.0005 ~.0028 -2.3
9" -.0014 -.0039 -2.5 -.0007 -.0032 -2.5
10" -.0015 -.0028 -1.8 -.0005 -.0019 -1.4

In the 4, 5, & 6 inch region, ave. AD = -2.% mils
Comparsble strain = -.0023/2.360 = -974 uin/in
Oy = ¢yB = (-574)(50) = -53,570 Psi
P, = Bey(w®-1) . (-53,570)(.248) . 323

~wt ~2(1.248)

£

If Pg = 5323, Axial force = 2r-b-1-Bg-f = 2n(1.318) (5) (5323) (.)
= 66,117 ' .

gy = F/A = 66,117/1.083 = 61,050

€ = oy/B = 61,050/55x10° = -1110 uin/in
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TABLE 13. INTERNAL STRAIN DATA FROM THE WINDING OF SPECIMEN €0-8

CENTER END
. GAGE #1 GAGE #2 GAGE #3 i
No. of Layers el eL eH el eH eL i
0 0 0 0 0 0 0
Tighten Nuts 0 - 70 0 - 70 0 - 70
1 - 10 Hoops - 600 + 85 - 590 + 70 - 600 + 80

11 - 20 Hoops -1140 +240 -1120 +220 -1125 +230

21 - 25 Hoopé -1355 +305 -1365 +285 -1370 +290

After Gel -1050 +255 -1000 +180 -1200 + 50 '

| 26 - 35 Hoops -1495 +425 -1480 +340 -1630 +255

36 - 45 Hoops -1950 +580 -1925 ~505 -2060 +345
46 - 55 Hoops -2350 +755 -2340 +675 -2470 +620
After Gel -2015 +670 -2060 +575 -2235 +415
1 & 2 Helical -1975 +580 -2150 +460 ~2230 +440

After Cure -2080 +555 ~2140 +475 -2355 +300

Loosen Nuts -2115 +680 -2195 +590 -2385 " +460




This is true at the ends of the cylinder which were the areas of
most concern. No liner cracks were found when inspected with tha
liquid dye ponetrant. Reinspection one week later however, did show

evidence of circumferential cracks in the cefamic liner.

PHASE 1V

Phases I through Ii{I show that for the ceramic liner to be useful
in gun tube applications, it must be preloaded axially under all
operating conditions.

Phase IV investigates the feasibility of inducing longitudinal

compressive stresses in the 60 mm ceramic liner by shrink fitting

alone. These compressive stresses, as shown in Figure 25, are orig-

insted by friction during the cooling process and they increase iin-

ecarly toward the center of the liner as stated in Phase IIl. Their

magnitude is a function of the component's geometry, the coefficient

of friction, and the normal pressure induced by the mechanical inter-

ference employed.
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In an equation form, the axial force that a shrink-fit assembly

can stand without separation of the components is:

F = 2mbL Pg £
where F is the force; L is half the length of the assembly, Pf is the
shrink-fit pressure, and £ is the coefficient of friction.

Figures 26 and 27 which are outputs from computer program SIFUTMP
show the radial and tangential residual stress distributions caused
by a radial mechanical interference of 0.002 inches. Note that P, from
Figure 26 is approximately - 4.2 x 10® Psi while Figure 27 shows the
ceramic liner with a compressive stress of 3.5 x 0" Psi at the bore, and
the steel jacket with a tensile stress of 2.6 x 10" Psi at the interface.
Flgures 28 and 29 show the stress distributions, in the same geomeiry
of Figures 26 and 27, produced by an internal pressure of 12,000 Psi.
At this pressure the ceramic liner is near its tensile strength
capacity of spproximately 35,00C Psi.

The design of any one gun section depends on the conditions
imposed on it, and must be treated accordingly. Assuming that yielding
shall occur simultaneously in all of the component tubes, what will be
the necessary shrinkages, considering the component strengths, elastic
constants, eéc.?

Table 14, showing a computer printout for this case, suggests that
for the same aforementioned gun tube geometry the 12,000 Psi pressure
can be boosted to 24,881 Psi if a mechanical radial interference of

0.0061" were imposed.
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Figure 26. Radial stress distribution caused by .0G02" interference fit
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Although this concept seems to give a possible solution, it cannot
be optimized since, at the cylinder's ends, the axial holding force is
negligible; recall that this force increases linearly toward the center
of the liner.

An atteupt was made to verify the theory presented above. The
outcome was Goubtful at the start because of the thermal shock
limitation.of the ceramic material. The vendor's literature, and
subsequent telecons with their engineering personnel, indicated that
the maximum AT shock that the Alumina would withstand was 10CO°F.

In order to induce a .006" radial interference fit with a gun
steel jacket, it was necessary to heat the jacket above 830°F. This
temperature provides the proper AT for & size for size fit of jacket
over liiner.

Recognizing the aforementioned dimensionzl machining tolerances
of both the liner and jacket it was necessary to heat the jacket above
this 830°F temperature. Since the inside radius of the jacket
increases at a rate of .0008"/i00°F(AT). it was necessary to heat the
jacket to at least 1100°F to allow for the proper insertion of'ihe
ceramic liner into the jacket. This jacket temperature results in a
}hermal shock of ~ 1000°F experienced by the ceramic liner, which
approaches the maximum AT that the material is "claimed" to be able to

withstand.

xR
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TABLE 14. COMPUTER PRINTCUT DATA ON SIMULTANEOUS LINER/JACKET

YIELDING (SHFUTMP)

No. of Cylinders = 2

* Cylinder (Ceramic) 1

R(Inner) = 1,1800 R(Outer) = 1,3180
Young's Modulus = 55000000

Poisson’s Ratio = 0.200

Yield Strength = 30000

* Cylinder 2

R(Inner) = 1.3180 R{Quter) = 1.5000
Young's Moduluz = 30000000

Poissons Ratio = 0.300

Yield Strength = 166000

* Simultanesous Yielding of All Cylinders
Relative Position of Yield = 0.0
Stresses at Yield Point, SIGR = -0,1923236E 05 SIGTH = 0,1495139E 06
Von Mises' Criterion = 0,1599994E 06 )
Inner Pressure » 0.1923248E 05

Inner Stéesses, R = 1.3180

SIGR = -0,1923236E 05

SIGTH = 0.1495139E 06

Quter Stresses, R = 1.5000

SIGR = 0.9139627E-01

SIGTH = 0.1302815E 06




TABLE 14. COMPUTER PRINTOUT DATA ON SIMULTANEOUS LINER/JACKET

YIELDING (SHFUTMP) (CONT)

Cylinder 1

Relative Position of Yisld = €.0

Stresses at Yield Point, SIGR = -0.2465557E 05 SIGTH = 0,Z999980E 05
Ceramic Material

Relative Position of Yield = 0.0

Stresses at Yield Point, SIGR = -0.2488310E 05 SIGTH = 0.2999979E 05
Ceramic Material

Relative Position of Yield = 0.0

Stresses at Yield Point, SIGR = -0.2488158E 05 SIGTH 0.2999979E 05
Ceramic Material
* Inner Pressura = 0.2488160E 05
Inner Stresses, R = 1,1800

SIGR = -0,2488158E 05
SIGTH = 0,2999979E 05

Outer Stresses, R = 1.3241

SIGR = -0,1923246E 05
SIGTH = 0.2435067E 05

* Cylinder 1
R(Inner) = 1.1500 R(Quter) = 1.3241
Intsrference = 0.0061
Cylinder 2

R{Inner) = 1.3180 R(Quter} = 1.5000
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TABLE 14. COMPUTER PRINTOUT DATA CN SIMULTANEOUS LINER’JACKET
YTELDING (SKEFUTMP) (CONT)

* Residual Stresses
Cylinder 1
Inner Stresses, R = 1,1860

SIGR = -0,2164384E-01
SIGTH = -0.1066333% 06

Outer Stresses, R = 1,.3241

SiGR = -0,1097613E 05
SIGTH = -0.9565713E 05

Cylindef 2
Inner Stresses, R = 1,3180

SIGR = -0.1097609E 05

SiGTH = 0.8532875% €S

Cuter Stresses, R = 1.50G0

SIGR = 0.22849507E-01
SIGTH = 0.7435269E 95
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Two attempts were made to shrink fit at this temperature and, on
both occasions the liners, although successfully inserted into the
liners, cracked within a minute of insertion. A final attempt was made
at a jacket temperature of 900°F, however, this temperature did not
allow for the completc insertion of the liner. It '"hung up'* about 1/3
of the way through the jacket.

No further attempts were made to shrink fit the steel jacket/alumina
liner to the .006" radial interference. This phase was discontinued

because of the limitations imposed by the physical and mechanical

" propertles of the two materials.

SUMMARY
A theoretical analysis predicting the state of stress in refractory-
lined composite gun barrels has been developed and tested. The prom-

inent problem in fabricating such barrels has been to restrict the

. ceramic liner from going into tension in the axial direction during the

application of residual hoop stress, and simultaneously to have suffi-
cient residual longitudinal tensile strength to accoumodate the longi-
tudinal firing stresses. Recalling that the ceramic used has a tensile
yielding strength of approximately 30 Ksi and a modulus of elasticity
of 55 and 106 Psi. oﬁe can determine the maximum longitudinal strain,
€,y that the ceramic can withstand is ~ 550 win/in. The e, is relsted

to the outside pressure, P , exerted on tne liper by

2
6 Pg W

€ v
o opwé) |




and the hoop stress generated, at the bore, by the same P, is given by

2
"ZPQW

w2-1

oy &)

From (1) and (2), one can conclude that the Oy at the bore must be less
than -100 Ksi even though the ceramic can take up to 350 Ksi in
compression.

From this intrcduction, and (2), it can be ssen (Figure 30) that
if oy is fixed at -300 Ksi & limiting value for P, can be obtained
for a specific liner wall ratio, w.

Figure 30 shows that for the 60 mm ceramic liner the outside
pressure exerted on the liner by the filament winding, shrink fitting
Process, or comvinaiion of the two, should not sxceed 12 Xsi, On the
other hand, in order to make use of the high compressive strength of
the ceramic (-350 Ksi), the P, needed is approximately 35 Ksi for a w
of 1.117 (from Eq. 2). To anply this P,, one must either:

a. Restrain the cylinder's ends - this was accomplished by
rechanical straining devices, ﬁelical wrapping of the liner, aq@
compressive stresses induced during the ccoling of a metallic sleeve
shrink fitted over the ceramic liner. Although the latter one seems
to give a pos;ible solution it cannot be optimized at the cylinder's
ends since the axial holding force increases iinearly toward the center

of the liner. Perhaps a combination of the three concepts would give a

possible solution.
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b. Increase the wall thickness »f the liner - this idea,
although interesting, was disregarded since (1) for large bore diameters,
as explained by the ceramic manufacturers, the wall thickness cannot
exceed ~ .15" for a homogeneous, isotropic structure, and (2) the curve
of Figure 30 does not offer any reasonable wall ratio for 4 35 Ksi out-
side pressure,

Table § of this report shows strain gage datu obtained from
specimen 60-1. This specimen was not restricted longitudinally and it
failed upon the application of the 15th laysr. Note that after the
18th layer, the 45° Rosette reported an average hoop strain, € of
-2000 pin/in, and an average longitudinal strain of +482 pin/in. From
Hooke's Law (0 »~ Ee), Oy becomes -110 Ksi or from Eq. (2) P, is
calculated to be ~ 12 Ksi: the same value predicted by the theory
in Figure 30.

CONCLUSIONS

This investigation has revealed serious technological problems as-
sociated with the use of largé ceramic liners in canpon barrels. Among
these problems are the great difficulty in controlling longitddinal Te-
sidual stresses, the controlling of dimensional tolerances over reason-
able liner length, the thermal gradients at the instant of contact of
the components, the effects of shrinkage temperature over S00°F on
sleeve material and, finally, other possible problems associated with

the riflings of ceramic.




Although the design methodology has been developed and shows good
correlation with the experimental results on the larger diameter rvatio

12.5 mn specimens, larger diameter specimens with smaller diameter

ratio configurations are limited by the low tensile fracture strength

of the material.

The limited work on the 6.4 mm tungsten-carbon alloy liners did
not present any of the aforementioned Problems encountered with the
ceramic liners (this of course, is attributed to their high compressive
and tensile Strength values), however, because the current commercial

requirements include only the manufacturing of tubing up to 12" long

and €.125" diameter, further work has been discontinued.
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