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INTRODUCTION 

In the past, it has been difficult to obtain fracture toughness 
data directly from many armament items such as rocket motors or 
thinwalled shells.  The information sought has been obtained from 
rolled plate or forgings which may have different metallurgical pro- 
perties.  In addition, if the item was fabricated from ductile mater- 
ial, the problem was compounded by the strigent size requirements 
imposed by linear elastic fracture mechanics.  It is essential, there- 
fore, to be able to determine the fracture toughness using a method 
which can allow for some plasticity in the specimens during testing. 
Such a test method would permit machining test specimens directly 
from the item being investigated and using smaller specimens for 
tests of ductile materials. 

The J integral as proposed by Rice (ref. 1, 2) offers the pos- 
sibility of extending the concepts of fracture mechanics into the 
plastic flow area.  Here J is a path independent integral and can be 
defined as: 

J = \     dAi    DU 
/ , Pi dA     dA T 

Where      P^ is one of the applied loads 

Aiis the corresponding load displacement 

dA is an infinitesimal increment of new servered area 

ILp is the total strain energy of the body containing the 

crack. 

In the elastic region the expression for G and J are identical. 

Some preliminary experimental investigations directed toward 
developing experimental procedures have been reported by the 
Westinghouse Electric Corporation Research Laboratories, Del Research 
Inc., and the University of Illinois (ref. 3, 4, 5).  Before applying 
this new concept to Army problems, however, a suitable test method 
must be developed. The material used in this development should 
possess mechanical properties similar to the projectiles to be pro- 
jectiles to be investigated, and the fracture properties should be 
established using a standard test method 
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APPROACH 

To explore the use of the J integral, for determining the frac- 
ture toughness of projectile materials, small specimens suitable for 
the J integral investigation were machined from material having a 
known valid fracture toughness. These specimens were then tested to 
determine the J value, which was converted to K.  The fracture 
toughness values so determined were compared. 

EXPERIMENTAL PROCEDURE 

Materials 

The material selected for this phase of the investigation was 
1340 steel heat treated to approximately 1035 MPa (150,000 psi) 
yield strength. Two heat treatments were employed to attain this 
yield strength. One heat treatment was developed to produce a 
structure of tempered martensite, and the other was developed to pro- 
duce a structure of tempered martensite and bainite. 

This material was originally tested as 0.1016m (4 inch) thick 
Compact K Specimen (CKS). The plane strain fracture toughness 
values obtained were valid according to all criteria proposed by 
American Society for Testing and Materials (ASTM) committee E24. CKS 
specimens 0.0254m (1 in.) thick were machined from the broken halves 
of the large specimens for the J testing. 



Methods 

The tests were conducted using an Materials Testing System (MTS) 
servo-controlled, hydraulic, closed-loop mechanical test machine of 
44,480 N (10,000 lbs) capacity. A PDP-8-E computer and interface 
provided a means of recording and storing load and displacement data 
for subsequent playback.  A double cantilever clip-in displacement 
gage provided a linear, accurate and sensitive means of crack-opening- 
displacement measurement. 

The specimen selected for this investigation was a 0.0254m 
(1 in.) CKS specimen precracked to B. of approximately 0.75. 

The tests were conducted at a cross-head speed of 0.0015 m/min 
(0.06 in./min).  In order to distinguish small changes in specimen 
compliance (indicative of a change in crack length), an analog signal 
proportional to the applied load was subtracted from the load-line 
displacement signal such that the linear portion of the load displace- 
ment curve was vertical. When the specimen was partially unloaded 
(about 10% of Pmax)>  the elastic behavior of the specimen was 
restored and could thus be used for determining crack extension.  Up 
to 1500 data points of load and load-line displacement were stored 
for playback on the X-Y recorder. 

To compute J, the area under the load verses load-line displace- 
ment is used according to the relationship 

Where 

T _ Q/i2A      +   ry 22P 

P = Load 

0 = Icad-Line Displacement 

A = Area Under Corrected P- Q Curve 

B = Specimen Thickness 

b = Remaining Ligament 

O! 1 Qc 2 =  Merkle-Curtin Coefficients 

The values of J verses Z_\a was plotted for each unload slope. 
The change in crack length, A a, was computed using the following 
relationship: 



A Am 
i=ni ' 
f  ^Ai 
1=1 

ji-l 

Ci-1 
w 

C = Specimen Compliance 

f(5.)= -1.89878 + 12.6561(a) _ 20.9371(a)2 + 14.6380(a)3 - 
w w w « 

3.45833 (-5:) 4 

The remaining ligament length in addition to the finalZA a 
measurement is based on the average of nine equally spaced measure- 
ment points across the fracture surface. 

RESULTS AND DISCUSSION 

A typical load verses load-line displacement curve is shown in 
figure 1.  The unloading points used in calculating the J verses/\ a 
curve readily discernable. 

The J verses —A a curves for 1340 steel in the tempered martensite 
condition are shown if figures 2 and 3.  In these figures, J is 
plotted as a function of^a. The curve marked/N^ <V20y is the 
blunting line. The intersection of the blunting line and the best 
fit straight line drawn through the remaining points is the opera- 
tional Jic as difines by ASTM Committee E24. Notice that the JQ 

(Jlc) determined for specimen Ml is much greater than the values 
determined for specimen M2.  This effect will be discussed later. 

The experimental data for the 50 percent tempered martensite-50 
percent bainite structure are shown in figures 4 and 5.  The same 
analysis was applied here as in the preceeding example. The agree- 
ment for the JQ  values in this case is quite good, and experimental 
data are summarized in table 1. 

One will observe that the experimental results for speciments Ml 
and M2 differ by approximately 21190 Nm (100 in. lbs/in.).  This 

discrepancy is greater than anticipated or desired, however, attention 
is directed to the length of the unbroken ligament. The length of the 
unbroken ligament in Ml is greater than the length of the unbroken 
ligament in M2. Apparently this results in a steeper slope for 
J versus/\ a curve ( figures 2 and 3), with a higher intersection 
point with the blunting line in determining J^. This behavior needs 
additional study to make sure one is measuring a material property. 



Figure 1. Load-line displacement curve of specimen Ml, 



Figure 2. JR (J vs^a) curve for specimen Ml (long unbroken ligament). 
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Figure 3. JR curve for specimen M2 (short unbroken ligament). 
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Figure  U.     JR c\irve  for  specimen M9. 
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Figure 5.  JR curve for specimen M10. 
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On the other hand, the unbroken ligaments in specimens M9 and 
M10 are essentially the same, and the J values agree reasonably well 
with each other. The specimen dimensions were adequate to obtain 
valid J values. 

Comparison of the J data (K= EJ) with the K data obtained using 
the 0.1016m(4 in.) thick specimens shows that the J value at instability 
corresponds very closely with the KIc data. The JG data show a some- 
what lower value of fracture toughness when compared with the 
0.1016m (4 in.) thick test. However, these results are conservative. 

11 



CONCLUSIONS 

Some conclusions are: 

1. The value of J at instability corresponds very closely with the 
value of fracture toughness determined using U-inch thick CKS 
specimens. 

2. The value of JG determines using the J versusAa curve is 
conservative, 

3. The shape of the J versusAa curve is influenced by the length 
of unbroken ligament - the longer unbroken ligament-resulting in a 
steeper slope and a greater value of Jr. 

12 
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APPENDIX.  TABLE OF METRIC EQUIVALEKTS 

1 in. 
2 in. 
4 in. 

0.0254m 
O.OSOSm 
0.1016m 

1000 lbs = 
2000 lbs = 
5000 lbs = 
10000 lbs = 

4.448X103N 
8.896X103N 
22.240X10% 
44.480X103N 

50 ksi V in. = 
100 ksi y in. = 
150 ksi y in. = 
200 ksi A/ in. = 

.05535 M Pa 

.1107 M Pa ■ 

.1660 M Pa • 

.2214 M Pa • 

100 in. 
200 in. 
400 in. 
800 in. 
1000 in 

lbs/in.2 = 
lbs/in.2 " 
lbs/in.2 " 
lbs/in.2 = 

, lbs/in.2 = 

21192 N • 
42385 N • 
84771 N • 
169542 N 
211929 N 

• m 1/2 
m 1/2 
m 1/2 
m 1/2 

m/m2 

m/m2 

m/m2 

• m/m2 

• m/m2 

14 



DISTRIBUTION LIST 

Director 
Defense Research and Engineering Office 
ATTN:  DDRE (R&AT) 
Washington, DC  20310 

Director 
Defense Advanced Research Projects Agency 
ATTN:  Dr. E. Van Redth 
1400 Wilson Boulevard 
Arlington, VA  22209 

Defense Documentation Center (12) 
Cameron Station 
Alexandria, VA  22314 

Commander 
US Army Armament Research and Development Command 
ATTN:  DRDAR-TDR 

DRDAR-SC 
DRDAR-SCP 
DRDAR-SCM (10) 
DRDAR-SCM-P 
DRDAR-SCM-M 
DRDAR-LC 
DRDAR-LCU 
DRDAR-TSS 
DRDAR-QA 
DRCPM-CAWS 
DRCPM-SA 
DRCPM-ADG 
DRCPM-NUC 
DRCPM-AAH  30 mm 
DRCPM-TMA 

Dover, NJ  07801 

Assistant Secretary of the Army (R&D) 
ATTN:  Deputy for Science and Technology 
Washington, DC  20310 

Deputy Chief of Staff for Research, 
Development and Acquisition 

Department of the Army 
ATTN:  DAMA-ARZ-D 
Washington, DC  20310 

15 



Conunander 
US Army Materiel Development and Readiness Command 
ATTN:  DRCMT 

DRCDM-D 
DRCDM-R 
DRCDE-E 
DRCDE-I 
DRCDE-W 

5001 Eisenhower Avenue 
Alexandria, VA  22333 

Commander 
US Army Materials and Mechanics Research Center 
ATTN:  DRXMR, Dr. E. Wright 

DRXMR-PT 
Watertown, MA  02172 

Commander 
US Army Tank-Automotive Materiel Readiness Command 
ATTN:  DRSTA-E 
Warren, MI  48090 

Commander 
US Army Electronics Research and Development Command 
ATTN:  DRSEL (Tech Lib) 
Fort Monmouth, NJ  07703 

Commander 
US Army Missile Research and Development Command 
ATTN:  Technical Library 
Huntsville, AL  35809 

Commander 
US Army Troop Support and Aviation 

Materiel Readiness Command 
ATTN:  DRSTS 
4300 Goodfellow Boulevard 
St. Louis, MO  63120 

Commander 
US Army Aviation Research and Development Command 
ATTN:  DRDAV-EXT (Tech Lib) 
P.O. Box 209 
St. Louis, MO  63166 

Director 
US Army Mobility Equipment Research and 

Development Command 
ATTN:  DRDME-MMM 
Fort Belvoir, VA  22060 

16 



Director 
US Army Advanced Materials Concept Agency 
ATTN:  Technical Library 
2471 Eisenhower Avenue 
Alexandria, VA  22314 

Director 
US Army Industrial Base Engineering Activity  (2) 
ATTN:  DRXIB-MT 
Rock Island, IL  61201 

Commander 
US Army Research and Standardization Group (Europe) 
ATTN:  DRXSN-E-RM 
P.O. Box 65 
FPO, New York  04 510 

* 

Commander ^ 
US Army Foreign Science and Technology Center 
ATTN:  Mr. W. F. Marley 
220 Seventh Street, N.E. 
Charlottesville, VA  22901 

Commander 
US Army Research Office 
ATTN:  Metallurgy & Materials Science Division, 

Dr. G. Mayer, Director 
P.O. Box 12211 
Research Triangle Park, NC  27709 

Director 
Ballistic Research Laboratory 
ATTN:  DRDAR-BLT 
Aberdeen Proving Ground, MD  21010 

Director 
Harry Diamond Laboratories 
ATTN:  DRXDO-TIA 
2 800 Powder Mill Road 
Adelphi, MD  20783 

Director 
National Bureau of Standards 
ATTN:  Technical Library 
Washington, DC  20025 

Metals and Ceramic Information Center 
Battelle Memorial Institute 
505 King Avenue 
Columbus, OH  43201 

17 



Weapon System Concept Team/CSL 
ATTN:  DRDAR-ACW 
Aberdeen Proving Ground, MD  21010 

Technical Library 
ATTN:  DRDAR-CLJ-L 
Aberdeen Proving Ground, MD  21010 

Technical Library 
ATTN:  DRDAR-TSB-S 
Aberdeen Proving Ground, MD  21005 

Benet Weapons Laboratory 
Technical Library 
ATTN:  DRDAR-LCB-TL 
Watervliet, NY  12189 

Commander 
U.S. Army Armament Materiel Readiness Command 
ATTN:  DRSAR-LEP-L 
Rock Island, IL  61299 

U.S. Army Materiel Systems Analysis Activity 
ATTN:  DRXSY-MP * 
Aberdeen Proving Ground, MD  21005 

Director 

A?T^myT^HiCk ?eT
se^rch and Development Command 

AITN:  Technical Library 
Kansas Street 
Natick, MA  07160 

18 


