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V-4t, Metal fatlip-e c~f a clItfcal crP = =C2 as a CM MIb.-

Cl-~Fiiz sL!_1c I55-M2I bcwftzer *=e to It-; 1.2tJe I!Ie fer a pr-h

of cr-e mdl1k4a dcl!as Is cc~s1idcre a Zesz==I= cl a

s=[ficIe=t~re ef ="-,es L-y UIf iri to ac~ iewe a szatszLcal1

51deratIon to nmeral Issces zd 7refessiotal etis. Iopicatfr=

t - f if I:; mdtbi atte~azt extremes I= tereraturcs, Fres-

sure, azd ezerq7 Iteimg develope& I inl:-Anal t!:r Is diffIcalt If

nor :poss1le. Therefore In order to SaIn a Itettr cmderstzndimg;

of lIfe testizcg, s-=11 size specim erfrIezrztn apeared as a

logical approach for gmeratIon of data I'v uich to look Into the

theoretical, statistical aad experimental =ethods now tein;. ex-

plored by =any investigators.

2, OBJECTIVES

The irediate goals of this study are:

a. To correlate a~unition firing pressure fatigue effects to

hydraulic pressuire cycling fatigue effects using thick Valled gun

barrels.

b. To determine fatigue life performance of cannon tube

material furnished by different contractors, produced to a co~on

specification but by proprietary processes,
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I=w =~s= 2= a ara&z!My ef =21 rlf!,e Bazre~s. Stf-m

t!r, fat4;=e lIfe cf a ztezlA rfLe Barel was e~fLmze! Ift

Im c4=-zrLT= WWIr tl: of a trr'!= ca=n, I= =5dzs mei mm

dr~m theC ,arreI J-st or=- th cr4I ef rifl-- =c a fccz t'o sa

1-mx douxM bai-r~a Im cr--Ie cc cciic~ arlier fmAizre. MmIcI

tests Ukerc X= UIdth tarrels =ekb~ t- a 1A4 :u-A rzxI~ (=xclo CfI

ccts!Ze 1mDze t cfr rhffrI- Vrcre dilameer). A te ef fire

of six (6) rc=n3s p=r rnlIntr ns slected as en rcau--aa~e. Even

at this Ilw rate, barrel heatL.6 scrIcusly d~e~r~zd! lI-fe (Eazrels

ttzrced blune) azd a decision 'as made t3 T-mer cool the remalin--Z

1.4, 1.6, and 1..8 vfl ratio sein d~fr fring (See AJ-ptdIx

A for infornation =d data prtain-g to this pillse of =rk).

Phlase 11 - "Crrelation of H-ydraulic 'ressure C-7c'Ied: Life to

Fired Life -

The follcu-ng decisions w-ere r-ade based on Phase 1 restilts:

a. Use a standard proof fired I-l4 barrel rodified to a 1.8v-afl

xai- o In the vit~inity of the origin of rifling.

b. Fire at 6 rmuds per mimilta.
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Ally.SM

TCsr PER TIM-

3 2VCCfl 7,416 78=,2 C, 1)' 5,5• "'

3.'a'D 2,973
3LCCO 7,C46 6,373

3, 0 2,939
5 4,C 2,174 20666

16cT-rD 2,537
5,63 0

6 6,20 0 Avg 6,144
6,4S7 0 EdS

are s=4 in AppenIx C and yields a relationsh p between hydraulic

pressure cy'ed specinen life to fired specimetn liWe of

Y(r'cIes) ' - 2.21 X(rcurds) +12,122

or 2.21 hydraulic ce are equal to one fired round.

It sh=uld be noted tbat. although large differences are e:Ident

among individual specifen lives at any ne level, the average life

at eaeb level, closely adheres to the straight line relationship.

The fired to destruction barrels (test level 6) c,nfirn the

validity of the resultant equations raver in predicting mean

fatigue or catastrophic failure.

An analysis of variance vas perforned on the six (6) levelr., I
three (3) replicates per level and there appears to be no

significant difference among the nean equivalent lives at each

Nr.
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level. See Appendix D for details.

A reliability life determination is shown in Appendix E Slong

with photographs of failed 114 rifle specimens.

ti application of the life predicticn technique, used with the

2114, to standard cannon i3 shown in Appendix F. The concept 6f re-

tiring 1000 or more safe still usable tubes to prevent a single

accident as a result of metal fatigue has in recent years become

an acceptable practice. Additional safeguards are also provided

as a result of other rearons for condemnation sach as bore wear

(origin or =uzzle), rifling damage, rust or pitting, transportation

hazards, eneny action etc.

Phase III - "Comparison of 175M Tube. Forginp M.aterial Produced

by Three Contractors X, YZ Z."

Data generated from this experiment and a graphical portrayal of

this data is shown in Appendix 11.

Comparing 14 rifle material plot to 175M-1 gun material plot

shows more variation in IL14 rifle material llfe. This may be attri-

buted to the fact that all 1751M specimens were manufactured by one

machinist on common m chinery while the 1114 rifle barrels were drawn

from stock and involve a variety of manufactures.

In both the IL14 test and the 175M material test, hydraulic pres-

sure cycling was performed at about 3000 PSI less than the average

firing pressure. This might account for the 1114 2:1 hydraulic cycles

per firing cycle but then it does not account for the 1:1 relation-

ship shown with 175MM material with specimen fired beyond the 500

6
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round level. See Appendix N for ammunition calibration inforwation.

The 175IM! material appears to be very seriously affected by

firing damage as demonstrated on the graph with the pure (unfired)

hydraulically pressure cycled specimens versus those fired to

destruction. Also the combination fired/cycled 5 rd., 50 rd., and

100 rd. specimens show a sizable drop in life as compared with the

unfired specimens. The 1114 material did nt exhibit this effect

although proof of one round may promote sufficient firing damage

to account for this condition.

In order to perform a comparison of life data within a forging,

among forgings from a particular supplier, and among forgings from

different suppliers, data was transformed to a common base as shown

in Appendix 1. The difference among forging life data are considered

normal and acceptable fatigue behavior irrespective of forging

supplier. Material properties and quality are considered to be

effectively the same. Appendix J contains life/reliability infor-

mation. Appendix K shows life and material properties data and pots

while Appendix L contains photos of specimens fired to destruction.

Appendix M shows information on a field failure and specimen

test results. W1hile the results cover a wide range, from 1676

rounds through 7810 rounds, the three out of four low life values

indicate cause for concern about material behavior.

S. CONCLUSION

The multi-level testing technique and 7.62WM bore fatigue spec-

imens, as demonstrated by these studies, are each considered useful

tools and reasonable (cost/effective) methods for problem exploration.

7



Typical problems for possible application being:

Swage tule vs hydraulic autofrettage tube life

Rate of fire effects

Effects of pressure levels

Changes in chemistry

Changes in heat treat

Changes in forging practices

Chrome or other type plating effects

Refractory liners

Cooling effects

Aging and rest between firing effects

lydrogen _mbrittlement

Long term storage chemical effects

Straightening

* Thermal treatment effects

Dirt size and ccunt

6. RECOMIENDATYON J
Continued funding of projects using specimens of the type em-

ployed in this study in order to promote knowledge for production

of superior cannon tubes and safely exploiting maxinum life from

these tubes.

8



APPENDIX A

MrFABLIS!fI23E0 OF TEST TECHN7IUES

NO. PACE

1. Firing Fixture Used for Preliminary Investigations 10

2. 1.4 Wall Ratio Specimens - Air Cooled During Firing !
3. 1.4 Wall Ratio Specimens - Water Cooled During Firing 12

4. 1.6 Wall Ratio Specimens - Water Cooled During Firing 13
5. 1.8 Wall Ratio Specimens - Water Cooled During Firing 14

6. Graph - Wall Ratio vs Fired Life 15

7. Specimen #5 Heat Check Pattern 16
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7-62iM Ihdified M4l1 Ria-le Barrel~s
-'-4 Wall Ratio FP-tigue Specimens

Air Co-oled, Rate of Fix-e 6 Rdazzlin
PioJectile Travel jic*u Ammmiition LOt LO .13023

Projeot N!o. 4332-1., Negative No, 29-c4-.69

4pec~nen #
Life 87 rd

'NM I '1I

Li fe 389 rds

A-2i



7.621v2 I Mdified Nib Rifle Barre'l.s
1.4j 1,441 Ratio Fatigue Specimens

Water Cooled, Rate of Fire 6 Rds/Min
Project No. 0332-1. Negative No. '197-2--69

:pecimen #3
Life 829 rds
.,rnmiition Lot LC-13023
Projectile Travel 10O-2-

3pecimefl #710
Life U93 rds
Azmunition Lot tNRA-227l3
Projectile T1ravel. 19 "e

Znecirnen gi11

Lire-OL*1 rds

? rojecti~e Tra~vel 1914A'

A-3?



7.6221 Modified MAlJ Ri-fle Biarrels
1.6 Wall Ratio Fatigue .'-pecimens

W~ater Cooled, Rlate of Fire 6 Rds/fti?
Prcjectil' Travel 0" Atiminition Iot LC 13023

Project 1b. la332-l,. Negative No. 1L97-1-69

Znecimen l
Life 2756 rds

Dtt ienf

S',ecizen #6

13 A-4
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7.62i -bdified 1h Rifle Barrels
1.8 Wall Ratio Fatigue Specimens

Water Cooled, Rate of Fire 6 Rds/Kin
Projectile Travel 19 ', Project No. h332-1

Negative No. 197-3-69

-r

Spenimen #7
Life 547h rds
Arlnmnition Lot LC-13023

Sp,,cimen #8
Life 5093 rds
Ammunition Lot LC-13023

Specimen #9
Life 707 rds
Ammunition Lot WRA-22713

A-5 14
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7-62 MH M14 Rifle Barrel
Specimens,4achined to
1.4,1.6,1.8 Wall Ratio
Fired at 6 Rds I Min.
Water cooled
Air Cooleu'
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(PEASE II)

C(dIILATION OF HDRt=IC HMESSIRE- GC LIFE TO FIRM- LIFE

NO. PACE

1. Graph , -vydrPMulic. Cycles vs1Rounds Fired 2i

2. Graph - Avg HydrAulic Cycles vs Rounds Fired 21
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APPENDIX C

(PHASE II)

CORRELATION OF HMDRAULIG PRESSURE CYCLED LIFE TO FMRIMD LIFE

NO. PAGE

1. Graph - Hydraulic Cycles vs Rounds Fired 22

2. Graph - Avg Hydraulic Cycles vs Rnunds Fired 23
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APPNDIX D

(PHIASE UI)

CORRELAIION OF )IYDRAUJLIC PRESSURE CYCLED LIFE MM LIj
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1. Conversion to Equivalent Rotmds 25

2. Graphs - Average Equivalent Rounds vs Test Level 26
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3. Analysis of Variance 27-3C
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ANALYSIS OF VARIANCE (ANOVA)

In general, there are three AhOVA classifications:

(i) FIXED EFFECTS - Wihere particular levels of a factor are

studied and the result is a comparison of mean effects of THOSE

particular levels.

(ii) RAIOM EFFECTS - Where levels of each factor axe randomly

chosen from a large finite or infinite population of levels and the

resulting analysis estimates the component of variance contributed by

each factor to the total variance rather than the main effects and

interactions at particular levels of each factor.

(iii) MI

The combination of (i) and (ii) resulting in a more

complicated analyses.

The analysis of variance technique enables L- to partition

the variance of the measured variable into portions caused by the

factors, singly or in combination, and an experimental error component.

ONE FACTOR ANALYSIS

PURPOSE ...

To compare 1L" different levels of a single factor having

I'M" replicates (repeat experiments) per level.

ASSLd>TIONS ...

(i) The "1' replications for any level represent a sample

dravm at random from a normal population.

27 D-3



DI

° (ii) (a) FIXED MFES

The "L( levels are systematically chosen as the

important (or only) levels of the factor.

(b) RANDOM EFFECTS

The "L' levels are randomly chosen from a normal

population cf levels of the factor.

ANALYSIS ...

Let . Level of S!Eificance

L - Number of Levels

M Number of Replicates

N (L)(M)5. Sample Size

Xi-- Replication t of Level i
it7

Then, the partitioning of the total sum of squares

(S.S.) of deiiations from the mean into its components is as follows:

Source of Variation:

Among Levels I - 1 M )2,

S.S,(AMM)1) = L !0 (9J "ij Z

... associated degrees of freedom = (L-1)

Within Levels

S.S.(WITHIN) = SoS.(TOTAL) - S.S.(AMNG)

... associated degrees of freedom =(N-L)

Total Sum of Squares:

S.S.(TOTAL) At x N
... associated degrees of freedom = (N-i)

I

D-3 (Cont) 28
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The Mean Squares (variance estimates) are formed by

dividing the Sum of Squares by their associated degrees of freedom.

If the null hypothesis (H) of no difference among

levels (equal means) is true, then the mean squares (M.S.), among and

within, are independent estimates of the same quantity and should be

approximately equal (except for iampling error) with a ratio (among

M.S. to rithin M.S.) near unity. A ratio greater than or equal to the

tabled value for (L-1, N-L) degrees of freedom would occur in rrndom

sampling with probability 0c if H were true. Therefore, we would

reject the null hypothesis and say there is a difference among levels

(ioe., averages).

if an F - ratio loss than unity is calculated, considera-

tion should be given to its reciprocal being statistically significant

rather than accepting Ho imediately. If the reciprocal is significant,

possibly the postulated model is inadequate (Reference 2).

ANDVA, FIXED EFFETS, LEVELS 6, REPLICATES 3

LEVEL 1 2 3 4 5 6
EQUIVALMIE 5603 4649 6731 434j4 5329 5683
ROUND 7o46 5o64 535h 6186 5119 6263
REPLICATES 3867 6135 4508 7115 5170 6487

SOURCE OF SUM OF DBGREES OF MEAN
VARIATION SQUARES FREEDOM SQUARE

Among 1,934,A9 5 386,890
Within 13 106 290 12 1,092,190
Total 17

29 D-3 (Cont)
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Resulting F ratio is .354 which is less than the table

value 3.11 and therefore there is no significant difference amozig the

mean lives of the six (6) levels considered.

Similarly the reciprocal of the F ratio, 1/F is 2.82,

which is less than the table value of 4.68, and the model can be

considered adequate. (Reference 3, tables).

References:

1. STATISTICS MANUAL by E. Crow, F. Davis, M. Maxfield, Dover Publications

2. STATISTICS IN RESEARCH by B. Ostle, Iowa State University Press

3. EIiRIN3 STATISTES by A. H. Bowker and G. J. Lieberman
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APPenDIX E

(PHASE 11)

CaREIATION OF HDRAULIC PRESSURE CYCLED LZ TO FIRED LIFE

NO. PAGE

1. Graph - Reliability vs Equivalent Rounds to Failure 32

2. Photos of Failed M14 Rifle Specimens 33-36
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APPENDIX F

APPLICATION OF MU;LTI-LEVEL TE-TRIi.J TO STANDARD CANNON

NO. Pl.GE

1. Cannon 155"24 Howitzer HIAI Graph -
Hydraulic Cycles vs Rounds Fired 38

2. Cgnnon 15511 owitzer MIAl Graph -
Ieliability Predictions 39

3. Cannon 175'P1 Guns M113 & 11113AI Graph -
Hydraulic Cycles vs Rounds Fired 40

4. Cannon 175MM Ouns M113 & Ml13Al Graph -
Reliability Predictions 41
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APPENDIX G

(PHASE III)

COHPARISON OF 1751.0 TUBE ZORGING MATERIAL PRODUCED

- BY THREE CONTRACTORS X, Y, Z.

NO. PAGE

1. Specimen Selection 175f HI3A1 Forging [aterial 43

2. Phase III Test Plan 44
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PHASE III

TEST PLAN

FOR 7.62MM SPECIMENS, 175MM TUBE MATERIAL

CATEGORY QTY TYPE TEST

PbTRE 9 HYDRAULIC PRESSURE CYCLED

SPECIAL 1 3 RDS/CYCLED
4 COMBINATION 1 50 RDS/CYCLED

2 100 RDS/CYCLED

3 500 RDS/CYCLED
3 2000 RDS/CYCLED

15 COMBINATION 3 3000 RDS/CYCLED
3 4000 RDS/CYCLED
3 5000 RDS/CYCLED

REAL 9 FIRED
TOTAL 37

r2
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APPEN"DIX H

(PHASE III)

V COMPARISON OF 175M11 TUBE FORCING MATERIAL PRODUCED

BY THREE CONTRAC'rORS X, Y, Z.

NO. PAGE

1. Original Data - 1751 91U3E Cannon Tube aterial 46

2. Graph - Hydraulic Cycles vs Rounds Fired
175MM MU3E1 Cannon Tube Material 47
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ADJbSTED LIFE DATA

SUPPII __z

b-4R :,..I a

E-E-

ALL 1 X1  6208 13 Yl 6956 25 Z1  7433

Fl-ED 5 2 6124 17 Y2  7233 30 Z. 6869
9 X3  7696 21 Y3 7274 33 Z 6918

2 X1  7855 14 Y_ 5210 26 Z1  6866
ALL 6 X2  6948 19 Y2  6366 31 z2  686M4
CYCLED 10O A3  8199 22 Yj 7040 34 Z 3  7365

ADJUSTED
COfIATION 3 X1  6583 15 YI 6673 27 ZI  7352

FIRED h x 6937 16 Y, 7215 28 Z, 7243

7 x2  6240 20 Y2  6281 32 z 2  6450
11 X i  7314 23 y- 7507 35 Z3  6964

CYCLED 12 x, 6828 24 2 7146 36 Z3  7795

ANAYSIS OF VARIANCE

F-RATIO

ALL ADJUSTED X 2.11
ALL ADJUSTED v 1.81
ALL ADJUSTED .009

ALL FRED xYZ .65
ALL PDJ CYCLED XYZ 3.56
ALL ADJ COMBO XYZ .84

TABLE VALUE 5.14

In order to simlify, adjusted combination fired and
cycled X1 Is, X Is, Y s, Y Is etc. were averaged to
provide three eplicates par c-i.

1-2 50
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APPENDIX J

(PHASE III)

COMPARISON OF 1751M TUBE FORGING MATERIAL PRODUCED

BY THREE CONTRACTORS X, Y, Z.

NO. PAGEC--
1. Life Characteristic Comparison by Material Supplier 52

(Using Adjusted Data)

2. Life Characteristics Comparison by Test Method 53
(Using Adjusted Lives)

3. Graph - Rel.'ability Prediction 54
(Using All Adjusted Data)
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APPENDIX L

(PHASE III)

COMPARISON OF 175151 TUBE FORGING MATERIAL PRODUCED

BY THREE CONTRACTORS X0 Y, Z.

NO. PAGE

1. Photos of Specimens Fired to Destruction Material 60
Supplier X

2. Photos of Specimens Fired to Destruction Material 61
Supplier Y

3. Photos of Specimens Fired to Destruction Material 62
Supplier Z
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APPENDIX 14I 7.62Mq AIMITION CALIBRATION

NO. PAGE

1z 1. Ammunition Calibration 69

N 6
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ANIMONLi~Q CALIB.7ATION

60
'% 504Eu

~3o

~20

•.5 .C 1.5 0.c

TnzM(,EC- x io-3)

TYPICAL P-7 CbU'VE

7.62121 (1114 ifle M.t'l) Test !zrno Lot 1.-'-731

Calibration Date Mean Pressure Std Dev. Mean Velocity Std Dev.
Original 8/67 h4,300 1000 Uot Avail. Not Avail.
1st Check 11/70 47,800 1300 2701 16
2nd Check 2/71 47,900 1100 2740 28

7.621I (In13El Cannon 1t'l) Test A-o Lot "Rbl 22896

Calibration Date Mean Pressure Std Dev. Mean Velocity Std Dev.
Original 10/68 45,3C0 1000 2751 19.7
1st Check 11/70 47,500 1600 2687 28
2nd Check 2/71 h3,300 1200 2731 19

NOTE: Check tests were performed by Frankford Arsenal.
Hydraulic cycling pressure was established on original ammunition
contractor calibrations.
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MISCELLANEOUS REFERENCES

NO. PAGE

1. Miscellaneous References 71

0 70
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MIISCELLANEOUS REFERENCES

1. "Establishment of Cannon Life Criteria" -R. E. Weigle 1967
Watervliet Arsenal (Plus additional R&E laboratory test data).

2. "Fatigue Characteristics of Open-End Thick-.Walled Cylinder
Under Cyclic Internal Pressure"; T. E. Davidson, R. Eisenstadt,
A. N. Reiner - 1962 Watervliet Arsenal IYVT-R1-6216.

3. "175124 MIIA Gun Tube Special Test for Service Life";
B. B. Brown, T. E. Davidson, D. G. Forkas, M. E. Kraut,
T. Moraczewski, A. N. Reiner, P.K. Rummel, R. Soanes Jr. -

1971 Watervliet Arsenal.
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