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‘r ans fo rmat ion  p l a s t i c i t y  was s tudied  in TRIP steel wire , AM— 355 CRT stain—
.css steel sheet and two grades of type 301 stainless steel sheet .  In the
lartially cold worked TRIP steel wire (y ield strength 2070 MPa , tensi le
trength 2325 MPa) transformation plasticity is manifested by a marterisite
.ncr ease from 27% to 95% at fracture (C
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transformation to nearly 100% martensite. The rotating beam fatigue
endurance limit (1350 MPa) is highe r than anticipated from the tensile
strength , probably due to a significant amount of martensite formation
in the failure zone. No martensite is formed for tension—tension
cycling for 10,000 cycles and maximum stresses up to 862 MPa.

For AM— 355 CRT the fracture ductility decreases with increasing
stress biaxiality from 0.6 for uniaxial tension to 0.2 for p lane st rain
tension and bulge tests. In the bulge test the martensite content
increases from 45 to 85% for a strain of 0.2. Increasing the strain rate
causes an increase in the bulge ductility to 0.5 for explosive tests

“.. l0~ sec~~ ). The plane stress fracture toughness for AN— 355 CRT was
measured as approxima tely 110 MNm 3/2 with the formation of approximately
20% martensite near the crack zone .

Type 301 stainless steel (half hard grade) also showed significan t
increase in bulge ductility with increasing strain rate fro~ 0.4 under
quasi static loading to 0.8 under exp 1osf~ie loading (~ “ 10 sec 4) with
a concomitant martensite transformation from approximately 20% to over 90%.
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FOREWORD

-4 This report contains the findings of a research program entitled ,
“The Relationships Between the Transformation Characteristics and the
Fracture and Fatigue Properties of TRIP Steels and Other Metastable
Austenitic Steels” under contract number DAAG—75—C—0065 with Dr. N.

• Azrin of Army Materials and Mechanics Research Center serving as
Contracting Officer. The study was conducted in Syracuse University ’s
Department of Chemical Engineering and Materials Science under the
direction of Dr. Volker Weiss , Professor of Materials Science .

I
u- . .

- 

~~~~~~~ 

- 
- -

I ~~~i~~~~T V  -i~ f I~
- - 

~~I. IIVflL ~~ ~~ S~E..,i

L - ~~~~~~~~~~~~~ ~~~~~~~~~~~~ — — -~~~~~~~~ —~~~~~ -
—

~~ -- -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~



~~~~uIuIuuPu1Puuu.uuuuu...uuuL r~~I.. ~~._ ._ . __ ~~~~~~~~~ — -.••-- —-- -- —- - -- -—~ - - -~~~~~~~ - -—~~ .
. --•-- —~ 

--.. -.-
~ 

-— -
~ 

—I’

THE RELATIONSHIPS BETWEEN THE TRANSFORMATION CHARACTERISTICS
AND THE FRACTURE AND FATIGUE PROPERTIES OF TRIP STEELS AND

OTHER METASTABLE AUSTENITIC STEELS

ABSTRACT

Transformation plasticity was studied in TRIP steel wire, AM—355 CRT
stainless steel sheet and two grades of type 301 stainless steel sheet.
In the partiall y cold worked TRIP steel wire (yield strength 2070 MPa,
tensile strength 2325 MPa) transformation plasticity is manifested by a
martensite increase from 27% to 95% at fracture (CF = 0.32, 0F = 4000 MPa)
at room temperature. The first stage of martensite formation occurs
during plastic straining to 0.04 — 0.1 when the martensite increases
from 27% to 70%. Further straining to fracture , within less than two
wire diame ters gage length, causes f urthe r transf ormation to nearly 100%
marterisite. The rotating beam fatigue endurance limit (1350 MPa) is
higher than ant icipated fro m the tens ile s trength, probably due to a
significant amount of martensite formation in the failure zone. No
martensite is formed for tension—tension cycling f or 10,000 cycles and
maximum stresses up to 862 MPa.

For AM-355 CRT the fracture ductility decrea ses with increasing
stress biaxiality from 0.6 for uniaxial tension to 0.2 for p lane strain
tension and bulge tests. In the bulge test the martensite content
increases from 45 to 85% for a strain of 0.2. Increasing the strain rate
causes an increase in the bulge ductility to 0.5 for explosive tests
(~ “° 10~ sec~~ ). The plane stress fracture toughness for AM—355 CRT was
measured as approxima tely 110 MNm —3/2 with the forma tion of approxima tely
20% martensite near the crack zone.

Type 301 stainless steel (half hard grade) also showed significant

, increase in bulge ductility with increasing strain rate from 0.4 under
quasi static loading to 0.8 under explosive loading (c ‘~o i03 sec 1) with
a concomitant martensite transformation from approximately 20% to over 90%.
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I .  INTRODUCTION

Hig h stress t r ans fo rma t ion  p l a s t i c i t y  o f f e r s  a means of increasing
the strength as well as the ductility and toughness of steeJs (1,2).
Prior s tudies at Syracuse University (3), AMMRC ( 4 ) ,  and at the Univers i ty
of California at Berkeley (1) have shown that an optimum combination of
strength and toughness or fatigue crack growth resistance requires careful
con trol of phase metastability with respect to the service conditions .
For examp le, a TRIP steel that exhibits high strength and toughness under
relatively low strain rates at room temperature may suffer a significant
loss of uniform ductility at very high strain rates (5). Also the same

~
_ TRIP steel may be inferior in fatigue crack propagation resistance to

an ultra high strength steel.

The present stud y was aimed at obtaining further information on the
in te r—re la t ionsh ips  between the m i c r o s t r u c t u r al , composi t ion , and the
mechanical variables. Of particular interest were the stress—strain—
martensite relations for various strain rates , the effect of stress state on
these relationships and the kinetics of martensite formation under fatigue
conditions.

Unfor tunately, TRIP steel was only available in wire form . Thus only
the uniaxial tensile tests and the rotating beam fati gue tests were conducted
on this material. The effects of strain rate on tensile strength and
elongation for TRIP steel wires were determined by the manufacturer and
are also reported here (Appendix) . To obtain the effect of stress state
on the s t r a in— ina r t ens i t e—duc t i l i t y  r e la t ionsh ips in metast ab l . e a u s t e n i t i c
alloys, tests were conducted on type 301 stainless steel and on AM— 355 CRT
steel. While these steels do not achieve the strength level of TRIP steels ,
it is believed that the results can be used as a guide to estim~~ the
stress state effects on TRIP steel.

II. MATERIALS

Three metastable steels were used in the present study. The TRIP
steel was available in 0.056, 0.054 and 0.041 inch (1.42, 1.37 and 1.04 mm)
diameter wire. The monotonic tension studies , the ef fec t of deforma tion
tempera ture and the fa tigue studies were conducted on this material. The
other two materials were commercially available Type 301 stainless steel
and AM—355 CRT. The chemical composition and other information are listed
in Table I.

The AM—355 CR1 samples were processed by solution annealing followed
by 30% cold roll ing and a tempering—ag ing trea tment at 800° F (427 ° C) for
three hours. The TRIP steel rod was austenized at 2000°F (1095°C) ,
quenched and then warm drawn to produce it in the wire form . The wire was
warm drawn (from a 0.150 inch diameter rod) at 800°F to 0.060—inch diameter

4
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for  the making of 0 .056—inch  d iamete r  wi re  and to 0.058 fo r  drawing to
• 0 .054—inches .  This d rawing  was done in e ight  equal  passes. The 0.056—

inch diameter wi re  was cold drawn f rom 0 .060—inch  d iamete r .  The 0 .054—
inch diameter  wire  was cold drawn f rom 0 .058—inch  d i amete r .  For the
final process of the 0.041—inch  d i ame te r  w i r e , the  wire  was warm drawn
from a 0. 115—inch diameter to 0.044—inch diameter. The 0.044—inch wire

• was then cold drawn ~~ 0.041—inches. The purpose of the final cold—
working step was to raise the yield strength above 300 ksi by the formation
of mar tens i te .  No heat t r e a t m e n t  h i s t o r y  was avai lable  fo r  the Type 301

• stainless steel sheet , except that one lot had been cold rol led to produce
• approximately 21 percent to 28 percent and the  o the r  to produce 83 to 84

percent martensite , probably corresponding to the half hard and the fully
hard condition , respective ly.

III . MARTENSI’I [ DETERMINATION

Depending on the specimen tv0. and t e s t  program the  m a r t e n s i t e  con ten t
was determined by a) destructive metaliograph y, h) X—ray diffraction ,
c) magne gage and d) a vibrating magnetometer. All except the last of
the techniques mentioned here are standard techni ques ; they are well
documented and have been described in an earlier report (3).

The total magentization of small wire sections was determined in
a vibrating magentometer. This instrument was built following a design
by Foner (6). Essentially , a sdmple vibrates in a magnetic field. Its
oscillation induces a voltage in coils in the neighborhood of the sample.
This voltage is amplified in a lock—in—amplifier , which is connected
electricall y in such a way to the vibrator of the samp le that only signals
in a fixed phase and frequency in relation to the vibration of the sample
will be amp lified. Figure 1 gives a schematic di~~~r : Im  of the  exper imen ta l
system . The sample and a reference magnet are driven by the  o sc i l l a to ry
movement of a loudspeaker .  The amp l i t u d e  of v i b r a t i o n  is monitored and
kept constant  by keep ing the s i g n a l  f r o m  a second c o i l , inwiiich the reference
magnet  osc i l la tes, c o n s t a n t .  The o u t p u t  si gnal  f r o m  the  p i c k u p  coils is
the re fo re  p ropor t iona l to the magnetic moment of the samp le.

The magnetometer was calibrated with a small high purit y iron sample
with volume V in the field range above 8 k0e in which the M—H curve is
f l a t , i n d i c a t i n g  t h a t  saturation was reached. This calibration gives the
value of “ (dipole moment of the sample ~i = I~ . V)/(voltage output of
lock—in—amplifier)” . Then the magnetic moment I~ = 1J/V of TRIP steel  wire
sections was determined . The saturation magnetization I~ of the  m a r t e n s i t e
in TRIP steel is not known . One would expect that it should be lower than
that of a—iron due to the non—ferromagnetic alloying elements. This TRIP
steel has 15% of ch romium and 67 of other nonferromagnetic impurities.
Ferromagnetic impurities are 13.35% cobalt and l.5~ n i c k e l .  The s a t u r a t i o n
moment I s of the  TRIP  s t e e l  m a r t e n s i t e  can he calculated in the following
way. One determines first I~ of an a l l oy ~h ic h has onl y the  fe r romagnet ic
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components  in the same ratio as found in the TRIP steel (rn1’O mN .
mFe = 13.35 : 1.5 : 64). Irs saturation magnetization is about 

1

5% higher than that of t — 1 e .  15% chromium in iron leads to a reduction
of 1~ by 19%. About t h e same reduction should be found in the TRIP
steel. The reduction (It 1 5 can be described approximately by assuming
that the no n— fe rr oi’i ,iriit ti c impurit y rep laces a ferromagnetic Fe— or
Co—atom in the latti ce. Thio means that the 5.1 w/o Mo 3 at/0 Mo
reduces I~ by an add itioii.:I ‘ 

. Tb. r - ~inining non—magnetic impurities
(about 1%) shou ld  r, d ii . I~ by j O t  ~.! I . Therefore I (TR1P

steel martensite)/1 5 ( i — F e ’) = 0.81 within 1 to 27. thus the amount of
martensite in a given samp le is obtained from

(1 /0.81)
% Martensite = 

TS saiii~je -

~Fe reference

where the  m a g n e t i c  moment  r a t i o  (I . /1 - ) is obtained
IS samp le ~Fe releren ce

from the respective output volta ge ratios.

4 The magnetic field was 12 k()e . This insured that the saturation
magnetization was measured. The magnetization was normalized with respect
to t h e samp le wei ght. The concentration of martensite. which is proportional
to t o  magnetization per rca , can then be found.

IV . I Nl;NTAL RESULTS AND DISCUSSION

1. Tens ion Tests

A. TRIP St eel

The tru e stress—strain di:igr :im and martensite—strain diagram for 0.056—
inch (1.4 mm) diameter TRIP steel wire having a 1—inch (25.4 mm) gage
length is shown in Figure 2. As the w ire was already pre—strained at room
temperature 1 4 percent , which produced apple>: i n o t  el y 27 percent martensite ,
no y ield drop or Luders strain is observed. Th e tensile strength is 320 ksi
(2400 MPa), the 0.27 yield strength 280 ksi (1930 MPa). The elongation
was 13 percent. These results are in substantial agreement with the data
obtained by the Crucible Special M e t a l s  Divisim of Colt Industries and
given in the Appendix. Another tens ion test was performed on a specimen
hav ing  a 10—inch (254 mm) gage length . The results are presented in
Table II. The t e n s i l e  s t r e n g t h  was 3 ) 2  k s i  (2093  MOo), the elongation
in 10—inches (254 mm) was 7. 18 p vIce nt and the t r ue  f r a c t u r e  s t r a i n  was
0.32. These data are also in reasonable agreement with the data given in
the  A p p e n d i x .

A-I M .irt ensite Content vs. Percent True Strain

To produce a strain i n  the TRIP steel wire , a tensile load was app lied
until either 1) a section of the wire had undergone diameter reduction as
found by micromet er m easu r eme n ts , or 2) fracture occurred.

3 
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If the first case occurred the specimen was unloaded and removed from
its holders. A small length , about 0.25—inch (6mm), of the strained wire
which had a constant new diameter was then cut from the specimen. In the
second case the fractured specimen was examined with a micrometer for
length sections with a constant diameter. Such length sections were cut
from the specimens .

By these methods we obtained lengths corresponding to true strains
of 3.5 percent , 7.2 percent , 11.0 percent and 14.7 percent as well as an
original specimen of zero strain. The vibrating magnetometer was then
used to ob ta in  the m a r t e n s i t e  con ten t  of each section. The results of
these measurements are shown in Figure 3. The as—received wire had a
martensite content of approximatel y 25 percent. Straining to 5 percent
caused an increase in martensite content to approximatel y 75%. Further
straining seemed to cause little additional martensite formation , except
at the location closest to the fracture where the vibrating magnetometer
indicated 95% martensite.

A number of wire sections were strained to failure at elevated
t empera tures .  TRIP s teel  wires  of d iamete r  0 . 0 5 6 — i n c h e s  (and length
approximately 20—inches) were held in a Baldwin Testing machine. A section
of the wire approximately 1 cm long was polished to a diameter of 0.054—
inch wi th  g r i t  240 sand paper .  This  insured f a i l u r e  w i t h i n  t ha t  length
rather  than at the g r ip  edges. A Chrome l—Alumel  thermocoup le was then
spot  welded in t h a t  th inned  l e n g t h  and the  TRIP s tee l  wire was enclosed in
a 16—inch oven. Specimens which f a i l e d  at the  spot weld  were d i sregarded .
The Variac provided control for the oven current and shunts were used to
provide stability of temperature in the test length . The reduced length
where f r a c t u r e  occurred was kept  w i t h i n  + 10° F as determined by three
a t t ached  thermocouples .  When the tes t  t empera tu re  was reached (about 15
minutes) the load was applied until failure occurred .

The martensite was measured in the first 0.25 inch (6mm) of failure
location , thus representing near maximum martensite formation achievable in
this material as a function of test temperature. The results are given
in Figure 4. The martensite content decreases from 95 percent at room
t empera tu re  to 40 pe rcen t  at 700° F (370° C ) .  A rap id decrease in t r ans fo rmed
m a r t e n s it e  is found  to exist between the deformed TRIP steel at room
temperature and 300°F (150 °C).

A—2 Hardness S t u d i e s

Vickers micro—hardness tests (7) were conducted on TRIP steel wires
as a function of distance from the fracture location. The specimens
tested were mounted in a bakel i te  mold and polished to midthickness. The
i nden ta t i on  load was 60 grams ( 0 . 5 9 N )  and held for  10 seconds.  The
specimens were those tested at room temperature and 500°F (260° C). The
results are shown in Figure 5.

A f i r s t  o rde r  least  squares  f i t  y ields a Vickers  hardness  value of
646.4 at the fracture surface of the room temperature tested specimen and
a value of 602.5 at the fracture surface of the 500°F (260° C) tested specimen.
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B. AN—355 CRT

Uniaxia l  t ens ion  tes ts  in the longitudinal and transverse directions
with  respect to the ro l l i ng  di r e c t i on , were conducted on sheet specimens
of geometry as shown in Figure 6 on AM—355 stainless steel. The effective
s t ra in  is de f ined  as

L
F

C
1F

= l n
A

• where A0 is the initial cross section area and AF is the final cross
section area. Detailed results of four specimens tested are given in
Table III. Good agreement is found with the data supp lied by the
manufacturer , Allegheny Ludlum .

II. Multiaxial Tests

Plane strain tension tests (Figure 7), plane strain bend tests
• (Figure 8), hydraulic bulge tests (Figure 9), miniature bulge tests

(Figure 10) and explosive bulge tests (Figure 11) have been conducted on
AN—355 CRT and Type ‘301. stainless steels. In the p lane strain tension
test a stress biaxiality 02/01 1/2 is obtained at the center section of
the groove (8). In this case the effective fracture strain is given by

= 
~ 

= 0

t f
“ I F  

= — t3F = — in —

where t. is the initial thickness and t the fina l thickness.
1 f

In the plane s t r a in  bend test , bend ing  of wide specimens over a
cy lindrical die was used to determine the plane strain ductility value
(02/01 = 1/2, cY- ~ = 0), Figure 8. it has been demonstrated (9) that plane

• strain conditions are obtained at the center section of the top and bottom
surfaces of a bend spe cimen for w id th to t h i cknes s  ra t ios  in excess of 8.
For the presen t tes t series , a specimen geometry having a width to
thickness ratio of 10 was chosen. This test was done on AM—355 CRT stainless
steel. The test is essentially a three point bend test with a side clearance
of approximatel y one shee t thickness once the specimen has achieved a “U”
bend over the cy lindr ical dowel. To minimize friction teflon t~spe was
inserted under the mandrel and between the edge supports and the specimen .
The fracture strain was designated as that strain at the onset of surface
cracking. The effective strain in this case is given by

since E 0 , £ €
F r I F  3F iF 2F
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If the sheet specimen is bent  over a cy l inder  of d iameter  D , £ lF ~s

= in (I. +

where t is the specimen thickness. In the c e n t e r  of the  ou te r  sur face  of
the bend specimen £ 3F 

= 0, £iF 
— 

2F~~

Hydraulic bulge tests were done on 301 s~ ainless steel with thickness
of .0256—inch (0 .65  mm) . The bas ic  components  of the bulge fixture are
shown in Figure 9. I t  essent ia l ly cons i s t s  of the pressure cylinder
with hydrauli c oil , a piston and the top sunport. The specimen , along
with the cylinder and the top support , is held  in posi t ion between two
flanges. In order to prevent leakage of oil during testing 0—rings are
provided between the specimen and the pressure cylinder. To pressurize
the cy linder the piston is connected with the moving plate of the Baldwin
Testing Machine .  The t e s t s  were done w i t h  d i f f e r e n t  crosshead speed
ranging from 0.001 in/m m to 0 .3  i n/ m m  (0 .03  mm/mm to 7.6 mm /mm ).

The test fixture for the miniature bulge test was modelled after a
design by Azrin and Backofen (10) and is shown in Figure 10. The test
consisted of pushing a spher ica l  ball against a 2—inch x 2—inch (50.8 mm x
50.8 mm) (Figure 12) sheet specimen by means of a dowel having the  capaci ty
to hold var iable  sizes of bai l s .  A t e f l o n  spacer is p laced between the

• ball and the specimen so that the central test section remains free of any
contact  wi th  the loading tooL. These tests were done on 1) AM—3 5 5 CRT
sheet as received , 2) A M — 3 55 CRT sheet w i t h  one side wet ground 0.019—inch
(0.48 mm) off , and 3) 301 stainless steel with different crosshead speed .
The stress state in the test section is t r u ly  b iax ia l  in nature .  The
effective fracture strain is given by

- - 
t f

— in

t3F
E

F 
C2 F 2

where t . is the initial thickness and t is the final thickness of the test
1 f

area.

Explosive bulge tests were conducted on AN—355 CRT and 301 stainless
steel by the system developed by Biegel (11). It is essentially a hydraulic

j bulge test activated by the explosive pressure of gun powder with a
150,000 psi maximum. The s t r a i n  rate is estimated to be 5 x io3 — 6 x
~~~ sec 1. This strain rate is estimated by consideration of the duration

j of the explosive test (approximately 0.1 to 1 microsecond) and the effective
strain measured after the test. The results for AM—355 CRT, Table s IV , V

• 
and VI, show the decrease in fracture ductility with increasing stress

6
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biaxiality, Figure 13. VarIations are largely due to the fact that the
martensite content of AM—355 CRT varied from the surface of the sheet
towards the center , Figure 14. Specimens that required considerable surface
removal generally showed higher fracture ductilities. While the center of

• the sheet had an average martensite content of 40 percent the surface was
prac tically 100 percen t martens ite , decreas ing linearly to the center value
within approximately 0.020—inch (0.5 mm). For the plane strain tension
test and the miniature bulge test the amount of transformation during the
straining to frac ture (

~ F 
= 0.2) is between 30 and 50 percent , when

measured in the center of the test specimen. The martensite data shown
in Table IV , were obtained on the surface and are thus not representative
of the bulk.  The martensi te  format ion in AN—35 5 CRT during the plane
strain bend tests was negligible since the measurements wer e made at the
surface where the inartensi te  content  was nearl y 100 percent .

The effect of strain rate on the bulge ductility of AM—355 CRT is
shown in Figure 15. The bulge ductility increases significantly with
strain rate from 0.1.7 for the static test to approximately .50 for the
explosive bulge test having a strain rate of approximately 1O 3 . sec~~- .

• The amount of martensite formation also increases with increasing strain
rate from around 40 percent for the slow hydraulic bulge test to over 50
percent for the explosive bulge test. The results are also presented in
Tables V and VI.

Fracture toughness tests were conducted on AM—355 CRT compact tension
specimens (Figure 16) with 0.1—inch (2.54 mm) thickness as received and
0.06—inch (1.52 mm) wet ground . The material thickness was not adequate
to qualify the tests as valid KIc tests. The apparen t toughness values
were calculated acc ording to (12)

K = ~~~~~ F(s)

where PQ represents the load for 5 percent secant offset; t = thickness;
w = wid th ;  and a is the crack l eng th  of the  specimen. The va lue  of the
funct ion  F(a/w) was obtained from the listed Table (12) for the ratio a/w.

The results are given in Table VII. The apparent fracture toughness
was approximately 100 ksi/fi~(ll0 ~~m 3/2). The amount of martensite
forma tion, measured near the crack path again depends on the specimen
preparation , i.e., on the amount of surface removal during specimen
preparation. From the results of specimen number 3 (Table VII), it can
be es timated that approxima tely 20 percent mar tensite is formed during
deformation in the near—crack zone.

Weiss and co—workers have recently shown (13) correlations between
the fracture toughness and the bulge ductility. According to these findings
the plane strain frac ture toughness is rela ted to the bulge duc tili ty by :

K l 4 7 ’ t  ksi V~~~Ic F Bulge

7
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K = 162 . £ ~~ m
_ 3 /2

Ic F Bulge

The plane stress fracture toughness is approximately 3.6 times the plane
strain fracture tou~hness given by the above relations , i.e., Kc
580 TF Bulge MNm 3/L. The bulge ductility value for AM—355 CRT obtained

• under quasi static conditions , 0.17, y ields an e s t i m a t e  fo r  the  plane
• stress fracture toughness of approximatel y 90 ksi/Tii which is in fair

agreement with the exper imental value o f K
1
.

The bulge test results for type 301 stainless steel are given in
Tables VI, VIII and IX and in Figure 17. The test program on this material
was principally aimed at stud ying the effect of strain rate on the bulge
ductility and the concurrent martensite formation. Figure 17 shows the
increase in bulge ductility, i.e., the effective true fracture stain under
an equ i—biax ia l  s tress s t a t e , from approximatel y 0.3 under quasi static
conditions to above 0.7 under explosive conditions , i.e., i~ lo3 sec~~~.
The amount of martensite formation is around 10 — 15 percent from
approx imately 84 percent martensite in the as—received condition for the
f ull y hardened type 301 stainless steel.

• III. Fatigue Tests

Fatigue tests were conducted on TRIP steel wire using a R. R. Moore
High Speed Fatigue Testing Machine which was modified to accommodate
0.056—inch (1.42 mm) diameter wire .

The R. R. Moore Fat igue  Tes t ing  Machine is of the rotating beam type ,
and consists essentially of two housings , ea ch of wh ich suppor ts a rotating
spindle. When rotated one half revolution the stress in the fiber
or iginal ly above the neutral ax is of the spec imen are reversed from
compression to tension of equal intensity. Upon comp leting the revolution ,
the stresses are again reversed , so tha t during one complete revolution the
test specimen passes through a comp lete cycle of flexural stress.

The housings are supported on trunnions which permit deflections of
the housings in a vertical plane when the load is applied. Knife edge
seats mounted on opposite sides of each housing receive the knife edges
mounted on the ends of the hanger yoke which carries the load weight.
The load consists of accurately adjusted weights stacked on the weight hanger.

It was necessary to counter balance the weight of the bear ing hous ings
with a lead weight , as shown in Figure 18, since the housing weight will
cause a fiber stress on the wire .

Pin vises were modified to fit in the bearing housings as shown in
Figure 19. To insure failure in the gage length , the wire was sanded while
running in the machine at zero load . This provided a contoured specimen with
a minimum diameter in the gage length. It was usuall y necessary to reduce
the wire diameter from 0.056—inch (1.42 mm) to 0.042—inch (1.07 mm).

8
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The extreme fiber stress was determined by the relation

S = i~~~• liD
3

where S = extreme fiber stress (PSI)

W = total load on specimen (Pounds)

L = moment arm (distance from end support to load point) (fixed
at 4 inches)

D = minimum diameter of specimen (inches)

Using this equation , the alternating stress on the wire specimens
was determined and the S—N curve for the TRIP steel wire was determined ,
Figure 20. A fatigue limit of approximatel y 200 ks i (1380 MPa) was
determined.

In a separate test program TRIP steel wire sections were subjected to
tension—tension cycling (R ‘1~ 0.1) at various stress ranges. These tests
were not run to fa i lu re  but  stopped a f t e r  10 , 000 cycles where the specimen
was removed for martensite measurement. The results are shown in Figure 21.
It can be concluded that no apparent increase in martensite occurs during
fatigue for maximum cyclic stress up to 860 MPa after 10,000 cycles. The
fact that the initial concentration of martensite for the TRIP steel in
the as—received state in Figure 21 differs significantly from the wire in
the as—received state in Figure 2 inclines us to suspect that the martensite
formation in the cold drawing of the TRIP steel wire is not uniform .

V . SUMMARY

Trans format ion  p l a s t i c i t y  was s tudied in TRIP steel , AM—355 CRT
stainless steel and type 301 stainless steel.

In the TRIP steel wire , which was par tially cold roll ed and contained
approx imately 20 percen t martensite , the martensite content rose rapidly
to about 70 percent when strained at room temperature to about 5 percent.
Straining from 5 to 15 percent caused little additional tnartensite
formation. However , further straining to the fracture strain , 0.32, y ielded
an almost completely martensitic structure. The martensite content at the
frac ture s tra in is a f unct ion of the tes t tempera ture and decreases from
95 percent at room temperature 20°C, to approx ima tel y 42 percent at 380° C.
For the room temperature tests , the microhardness distribution near the

• fracture surface indicates that the martensite content increases from “ 60
percent at the strains between 0.04 and 0.1 to 100 percent at the fracture
surface within less than 1 wire diameter (1.4 mm). Rotating beam fa ti~ ue
studies show an endurance limit of approximately 1380 MPa a t around 10e to
i0~ cycles. Martensite formation in fatigue , even in homogeneous tension

9 
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tension cycl ing ,  is appa ren tl . y a completely local phenomenon. No change
in martensite content was observed for maximum cycle stresses up to
862 MPa af ter 10,000 cycles.

AN—355 CRT was studied to determine the role of stress state and
strain rate on high stress transformation plasticity. The stress state
effect on fracture strain is similar to that of high strength microstructure
stable materials and follows the critical mean stress criterion proposed
by Weiss (14). The ductility decreases from 0.6 in tension to 0.2 in
plane strain bending and in the plane strain tens ion  test and under
eq iibiaxial stresses in the bul ge test. In the bulge test specimens the
tartensite increase in the center section of the sheet is from approximately
‘.0 percent to approximatel y 85 percent. Under equibiaxial conditions the

~cure strain increases with increasing strain rate from 0.2 for quasi
s ta t ic  condi t ions  to 0 .5 for  explosive bu lg ing ,  ~ = l0~ sec~~~. The apparent
(p lane s t ress)  f r a c t u r e  toughness fo r  AM—355 CRT is approximately 110 MNm 3/2~
This is in agreement with the plane stress correlation between bulge
ductility and fracture toughness developed by Weiss and co—workers (13),
name ly K = 580 • ‘

~~ 
. MNm 3/

~~.c F B u lg e

Type 301 stainless steel was also included to study the effect of
strain rate on the bulge ductility. Again a significant increase is observed
with increasing strain rate p rom 0.4 under quasi static conditions to 0.8
under exp losive conditions (t l0~ sec~~’). For th is almost fully hard 301
stainless steel the concomitant martensite formation is approximately 15
percen t.

10
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TABLE I

CHEMICAL C01~fP0SITI 0N OF TEST MATERIALS (WE IGHT PERCENT)

TRIP Steel AM—355 CRT~
’5
~ Typ e 301 SS~~~~

Mm Max Mm Max

Carbon 0 .20  0.10 0.15 — — — 0. 15

C h r o m i u m  15.0 15 .00 16.00 16.00 18.00

Coba l t  i 3 .3 5

Manganese 0 .50  0 .50 1.25 —— — 2 .00

Mol ybdenum 5.10

N i c k e l  1.50 4 .00 5.00 6.00 8.00

N i t r o g e n  0.03 0 .07 0.13

Phosphorus  0.018 0 .04  —— — 0 .045

S i l i c o n  0. 13 0 .50 — — — 1.00

S u l f u r  0 .028  0.030 ——— 0.030

Vanad ium 0 .17

Iron  Balance

AM—355 CRT MEd I A N t E A L  PROPERTIES FN )M ALL I ’d I I : ’NY I.

Y i e l d  S t r e n g t h  U l t i m a t e  S t r e n g t h  F x I~
Hardness . . . P er r . n t . El on g a t i o n

.02/,,psi .2/.,psi ps~ P.
~

c (MPa) (MPa) (MPa) in 2 jnch ‘~4 l ’

4 7 . 0  95 , 600 171 , 600 217 , 000 19 .5
(658) (1186) (1496)  (0 .2 ~~

101 ,100 176,700 218 ,200 19.5 30. S
(696)  ( 1120) (1504)  ( 0 . 2 1 )

. 4



TABLE II

TRIP STEEL TENSION TEST RESULTS

O r i g ina l  d i a m e t e r  0.056 inch 1.42 mm

Orig inal gage l e ng t h  10.00 inch 254 mm

F i n a l  d i ame ter  0 .0405 inch 1.03 mm

Final  gage l en g t h  10.718 inch 2 7 2 . 2  mm

Percent  e l o n g at i o n  7.18 ~/

Percen t  r e d u c t i o n  in ~irea 4 7 . 7  %

Maximum load 745 lb 3310 N

Tensi le  st r e n g t h  302 ksi 208 Nmm 2

= ln A / A f 
0 .32

Test was conducted i t  room t e m p e r a t u r e  w i t h  crosshead

a p p r o x im a t e l y 0.1 i n c h/ m i n u te  ( 2 . 5  m m / m i n u t e )



TABLE III

• TENSILE TEST RESULTS OF AM — 355 CRT STEEL SHEET

Transverse  Transverse Longi tude  Longi tude
Direction Direction Direction Direction

#1 112 1/1 112

Or ig inal
cross—sect ion
area (A)  (in 2 ) (0 .0294)  (0.0306) (0.0305) (0.0308)

[mm 2 ] [19.00] [19. 7] [ 19 .7]  [19 .9]

Fracture
cross—sec t  ion
area(A ) (in 2 ) (0 .0 142)  (0.0160) (0 .0 177)  (0.0189)

F [mm 2] [9.54] [10.31 [11.6] [12 .2)

Total elongation in
1.5 in: (in) (0.295) (0.270) (0.350) (0.340)
38 mm: [mm ] [ 7 . 4 9 ]  [6 .86 1 [8 .89]  [8 .64 ]

Maximum
load ( ib) (6 ,520) (6 .760) (6 ,800) (6 ,740)

[N]  [29 , 000] [30 , 100 ] [30 , 200] [30 ,000 ]

Fracture
load ( lb )  (5 , 700) (6 , 000) (5 , 940) (5 ,960)

[N ]  [25 , 300] [26 , 700] [26 , 400] [26 , 500]

Yield strength
0 . 2 %  (ks i)  (171 .8) (171.6)  ( 180.3) (179 .9)

fr1Pa j [1180] [1180) [1240] [1240]

Tensile strength
(ks i) ( 2 2 1 .4) (220.9) (194.4) (218.8)
[MPa ] [1530] [1520] [13401 [1510]

Elas tic modulus
(x io6 ps i) (28.0) (27.4) (27.9) (27.4)

[GPa ] [193] [189] [192]  [1891

Fracture strain

j C
F 

= in (A/A F
) 0.69 0.65 0.54 0. 49 

~~~~~.-- — -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —.-~~~~~~~ - , . --.



(‘I
Co
0)

0 1-4
C O .  Co
C C C  1-4 4-i

4-i .
~ 4 cn

C
0) ~~~~~ 0) 1-4

0) 0 )-i
E E c u
o o~~i i-i co n.

ca 0 CC .~~ cC

t4.~ .~~
4J 4.)

C
a’ .—~ C’

0

H 10

-~ C) ‘:.C
4-I

H ~ - 4 4 ~
(/) ~C 4.) ~~ H. ‘C N.

C C  ‘— a’ a’ a’
H 4~I 4 ~
U 1 - C 4 - ) cC~ c

clD
> 0) 5

bO
C) -
4.)
~~~~ ~~~~~.—... •0

= 5 4.) ?>2 -a~ ‘C
H C C C .) ’— 0’ a’

4.J 4 - 1 Q 4

C0 0 0) 0)
Z o ~~~~~~H

I-
H C,,

H 44~4
.c

— i_I
s_.-. 10 40 10

—~ C) 1C C ‘C C ‘C ‘. C’ .—. C
i~ C) C c’c cO ro s~~
0 C ‘— C C’ C’ N. C 0’. C’ N.

0 0 0 C 0 C C 0)
C ~~~ ‘— 4—. ..— ‘—. 4—. ‘— C

H ~~~~~~~~ CC

—
7 C O
4-1 I S

c O W
*

40
s C ~~ 

..i ~f C’ .— . a’ .—. 4.’
—4 0) C CO a’ (0 10 N- (0 0 5

C ‘.— C’ C’ C ‘—4 0 (‘4 0 0 0) 0
4-I

0 ‘ C 0 0 ~~~ 0 .—l 0 ‘-~ C a)
~~ ~~ C ‘—

j  
~~~ ‘— — ‘ ‘  ~ - C ~~0 .-I

5 H ’—
i-i 4-’
-4 C

.4 (“ 0)
C C c , ,
0) 0 ) 0 )
C 4_i l-i

‘-4 ~~ ..~
.

C) ‘~C~ ‘~b (0 0 )
0)
0.
U’

~~~~~~~~~~~ .4..~~. . . —



4_I
1 C C
0)0)
4_l u
.4_I 1-i
S C )

(0 CO 40 (0
0) -.~~ CO -.0~ -.1~ ~-44-J O)
0(0

0

4.) 4_i

C
N.

N. 40 ‘C (‘4 ‘-~
I .-l ~~ (‘4 (0

ii

H

Cl)

H — ‘
C Z C C C 0 C C C 0 C 0

U 5 0 0  0 0  C C  C C  C C
C ,-_I OZ) tO ‘C ‘C -.~~ (N 0 0 0

10 U’ ,~4 ‘C~ 8
10 C’ 5 .0 (N CO (N 10 10 a’ ‘C ~~ C
CO 0~ ~C 0 ~-4 ~—4 10 , _ I  10 ~~4 ‘C N- ,—~ ()~

I Z .~J ‘- ‘- ‘- ‘- ‘—
Z ol.
< U ’

0 <  ‘0
0) CC

0) 10
~~ H Cf) .0 0’ 10 CC

CI) ’0 C C
0) ~~ C 5 0) ~ -.. 0 C C ‘C ‘-I C
-, U’~~~ 0 0 )  C . . . . . C

04 U 0 0. -‘~ C 0 0 C 0 0)
0

H Cl)
0)

U ’ 0  0
0) 4-4 (0
H~~~~ 0 0
0)> 0)0) C) C
(C U 1_I 4-I 1~~ Cl) -a’ ‘— I ‘—4 N. S

0 ~4 ‘I-i 0~ C’ C’ C’ C’
• C ) C  C ) (~ < ‘I-’

mo - . ~~~~ 0
0)

04 Q) 4.J C) 0
C O  0 4 _ i  C
C CC Q •.-4 10 (N ‘C ‘C ‘~~ C

H — ‘~-~ 0) -a’ tO 10 -a’ -a’ 0
0 0 ) H  C

-1 ~~
. co CO

z
-I C
Z 0

S CI)
C --‘ —~ —‘ -~~ ‘ ‘0

0 0) C —. ‘C ‘— ‘C —‘ CO 
~~~‘ C

O C ~-i -~ -a’ CO CO (0 CO C’ C’ C’ 0)
4_i ~~ 0 CO ‘C (0 1 0  (0 10 ( ‘4 (0  (N .-4 0.
0 C) -~~ 0 CC 0 CC 0 CC C N. 0 N. 0)
CO - _ I  C . . . . . . . . . . ‘0
0 .0 -.-I C C C 0 C 0 0 C 0 0
0-. H ‘ ‘-‘ ‘-4 ‘- ‘-‘ ‘_ 4.)

C
4-I
C

CI, ‘—4 0
C — P—. ~~~ C)

,-4 0) C ~~~~~~~~ CO ‘C -a’ -~~CO C ~-4 —~ 0 -a’ C’ CC) CO C’ C ‘C CO c-s
~~ 4_i -.1’ (N (0 a’ -a’ 0 -~ (N -a’ C’ 4-4

4.) C_i ~~
. C C C C’ C r_I C 0 0 C

.,~4 .,_I C . . . . . . . . . . C,)
C . 0  -.-4 C~~-~ C C ’  C~~ —4 C~~ —4 C~~~-4 C
4-I H ‘— ~— ‘-‘ ‘— ‘ 0)

I.i
• CO

Z
(N CO -a’ 0

-— . . . — .  ~~~ . . . . . .. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



TABLE VI

EXPLOSIVE BULGE TEST RESULTS FOR AM-355 CRT AND 301 SS

I n i t i a l  F r a c t u r e  Volume Percen t
Thickness Thickness Mart ens it e * A M a r t e n s i t e  

Comment
(in) [mm) (in) [mm] Percent F

Before After **
Test Test

AM— 355

#1 (0.0402)  Did not 44 —— —— —— 4 tries
[1.021] break

#2 (0.0347) (0.021) 32 83 50 0.51 2 tries
[0.88] [0 .53]

301 SS

//1 (0.0256) Did not 21 — — — — —— 2 tries
[0.65] break

//2 (0.0256) (0.0118) 22 88 66 0.77 1 try
[ 0 . 6 5 ]  [0.30]

113 (0 .0257)  (0.0117) 28 92 64 0 .79  2 tries
[0.65] [0.30]

#4 (0.0256) (0.0120) 33 96 63 0.76 3 tries
[0.651 [0.30]

* Mar tens i te  con ten t  depends on amount of su r face  removal

**The exp losive bulge test was conducted with a powder charge. If the amount of
powder was insufficient to cause fracture , the test was repeated on the same
specimen; e.g. 1 try means that the specimen broke on the first attempt , etc.

41
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TABLE V I I I

HYDRAULIC BULGE TEST RESULTS FOR HALF HARD 301 SS

Initial Fracture Volume Percent Crocoshead Maximum
Thickness Thickness Martensite Speed Load 

—
t tj  f Befor e Af ter F

-‘ (in) [mm ) (in) [mm) Test Test (in/mm ) (lb) [N]

#1 (0.0253) (0.0170) 27 99 0.001 (22,000) 0.40
[0.643) [0.432] [97 ,900}

#2 (0.0256) (0.0165) — —  99 0.01 (20,700) 0.43
[0.656) [0.419] [92 ,1003

#3 (0.0256) (0.014) —— 99 0.08 — —— 0.61
[0.650] [0.355]

1/4 (0 .0257)  (0.0139) —— 99 0 . 3  (22 ,500) 0.61
[0.653] [0.353] [100,100)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —. - -—-.—~~~~~ .-~~. —-— -. . -- --~~~~~
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TABLE IX

MINIATURE BULGE TEST RESULTS FOR FULLY HA RDENED 301 SS

Initial Final Volume Percent Crosshead Maximum ~ Martensite
Thickness Thickness Martensite Speed Load C

F 
Volume

- • • Percen t
(in) [mm) (in) [mm] Before After (in/mm ) (lb) [N]

_________ _________ 
Test Test 

_________ _________ _____________

1/1 (0.058) (0.043) 84 97 0.027 (22,800) 0.33 13
[1.48] [1.07] [101,000)

//2 (0.0601) (0.0411) 84 99 0.06 (25,800) 0.38 14
[1.5261 [1.04] [115 ,000]

#3 (0.0612) (0.0406) 83 98 0.5 (25,000) 0.41 15
[1.544] [1.031] [111 , 000]

1/4 (0.0619) (0.0413) 84 95 1.5 (24 , 300) 0.40 11
[1.57] [1.05] [108 ,100]

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _
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APPEND iX

Processing of TRIP Steel

One 3000—lb induction heat was melted for supplying t h i s  m a t e r i a l .  The
chemical  composi t ion  of the heat  is as fo l lows :

C Mn P S Si Ni Cr V

0.20 0 .50 0.018 0.028 0 .13  1.50 15.0 0 .17

5.10 13.35 0 .03

The heat  was cast  in 1 4 — i n c h  i n g o ts .

~~~~~~~~~~ Ingots

The 14—inch square indots were heated to 2100°F and forged to 13—inch
square billet s . Theso i ) i l l e t s  were  then  ground  to  remove a l l  s u r f a c e  d e f e c t s .

Rt ’ 1 1 i n ~ of Bill ets

The 13— inch  b i l l e ts  w vr e  he a t e d  t o  2 100 ” F an d  r ’ l  l t d  to 3—1 ~ inch
square  b i l l e t s .  These b i l l e t s  w e r e  g round  t o  r t ~~~ v , t h e  d e c a r h u r i z e d
Liver and surface defects.

Rollin g and An nea1 in~ o Ro ds

The 3 — 1 / 4  i n c h  s q u a r e  hi  1 1 et s  W I - F t  r ’  I I  ~H t 0 . 2~ ( I— inch d c’i~~ t r rods
us i ng  the  h€a t ing  p r o c e s s  us ed t or making h i  I i t t  s . The . 2 M— inch rods
were s o l u t i o n  t r e a t e d  a t  2100° F and wat  or  qui n ht d . ) ,i s  U , ! ,  t h t n
pickled to remove st .-; I I e and grap h i t t  0,1 1 t ed ‘ r ho t  d r aw  i C1~ -

Proc-essin~ , t  O. )
~ ( —  and 0 _ D Y 4 — inch Diameter 1-. i re

The 0.250—inch rod was s . i r p  d rawn to  0 . 1 5 0 — i n c h  d i a m et e r  in S equal
r e d u c t i o n s  an t i  t h~ :~~~ao - .t  s i zed I t  200 ° F and water quenched. The a t i s t  en i t i z e d
wi  r t -  was p i l -k led an d  , o i  ted w i t  ii cr ;i i’ li I te . The w i r e  was t h e n  warm drawn
at 800° F t ’  H.060—i,i h di .inwter t~ ’r ~he m a k i n g  of 0. P’~~— i n c h  d i a m e t e r  wi re
and to  0 .058 or  d r . H n .  t o  0 .0 ’ 1 - i nches . T h i s  d r aw i n g  was done in 8 equal

rh~ 0. (Y,t ,— i neli d i  ,n ~~ t or W i r e  was c o l d  drawn f r o m  0. Oh f l— inch diameter.
The 0.OYt—i nch diam eter wir e w i s  , o l d  d r a w n  f r o m  0 . 0 5 8 — i n c h  d i a m e t e r .

The t e n s i  I sr ’p r t  i~ - .s t o  O.(Hh—in ch and the 0.054—inch diameter
wir e ire g i v e n  as f o l l o w s :

—,————--—-—---- -..— . ,-
.
-—~ 

,,. . ---



Wire Diameter  Y i e l d  Str e n ~~th  Tensi l e  Strength Elonga t ion

0.056—inches 300,000 psi 337,000 psi 17%

0 . 0 5 4 — i n c h e s  301 , 000 psi  333 , 000 psi  18%

Processj n ~~~o f 0 ~ O4 l - t nch_D i a m et e r  Wire

The 0.250—inch diameter rod was warm drawn 0 . 1 15 — i n c h e s  in  7 equal
reductions and then austenitized at 2000°F and water ctuenched. The
austenitized wire was pickled and coated with graphite. T h i s  wire was
then  warm drawn at 800° F to 0 . 0 4 4 — i n c h  d i a m e t e r .  The 0 .0~~ — i n c h  w i r e  was
then cold drawn to 0 .0 4 1 — i n c h e s .  The t e n s i l e  p r o p e r t i c  of the 0.041—inch
wire are given below :

Wire I) tame tor  Y ield St r c n gth  Tens I l o  S tren ~~ h EI~~~~~~~on

0 .041—inches  304 , 000 ps i  334 , 000 ps i  167

EFFECT OF S T R A I N  RA t E ON t i lE  PROPERTIES OF T R I P  S T E E l .

lest Speed Tensile ~t rongth Elongation
( i n / m t n )  ( p s i )  in 10 i n ch  gage Percent

.05 308 , 400 19.4

.1 .0 104 , 700 11.9

o .56 28 2 ,000 12.5

1.00 2 9 2 , 200 5 .0

-
~~ .05 329 ,500 19.1

.10 325 ,400 16.9

.56 296 ,800 13.8

1.00 310 ,000 1 0 . 7

• .05 310 , 700 18.5

.10 291 ,800 ]5.h

. S h  29 3 ,900 11.3

--~~

“~~j~ .-c imen b r o k ~- in grips

H 
:~~~~~~~~~~~~~~~~.



-4-- - .
~~~~

— — ‘  r ~ S
r-’-~~ r

’ p 7 h ~~~ --

- . 4  
~~

- -
~~~~~

- t~-

‘~~

I ‘ 
~~

‘ ‘
~~~ : 1 I

I , I I I

1 
1 

F II 1 j ‘ I

I F I

I 
I I

F 
I 

F

I 1 i i t ~~ 1 I
I 

~~~~~~~~~~~~I !

I 
I i

i 

I

1 
— è

- :-~~~~ ~~~~~~~~ i. -
~~~~~ 

.... : ~~~~~~~~~

~~° ‘ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ -
~~~

- ~ - 

F I IL

I C j
C I 1~

I I I I I
I I I

I I I i 4
I 1 I

~~~~ _~~
__ J_ ~~~~~~

I 
I V I

I I 1

I V F FI I I

I P 1 ( I F

F I I
I I I
I I I

F I F

I 
F I 

I I

~~~~~~~~~~~~~~~~~~~~~ i
I 1 1 I
I q — I

F I F
- ~~~~~~~~~~~~~~~~~ i . , .  . .

~~ 
-
~~~~~~~_ _ •• _  , 1~~~~• I ~~~~~~~~ I . . , ; - i 

.
- I : 1 .  ~~~~~~ ‘ - — .

I I I

I I 
~
‘ 

I 
I

— — 
• -  

- 
~ c

L - -- - - . .- - ~~..•- * — -  —- • —
-,- -

—-~~~~
—

~~~~~~~~



DISTRIBUTION LIST

No . of
Copies To

1 O f f i c e  of the Director , Defense Research and Eng ineer ing , The Pentagon ,
Washington , D . C. 20301

12 Commander , Defense Documentation Center , Cameron f tat ion , Building 5 ,
5010 Duke Street , Alexandria , V i r g i n i a  22314

1 Metals  and Ceramics Information Center , Battelle Columbus Laboratories ,
505 King Avenue , Columbus , Ohio 4320 1

Chief  of Research ad Development , Depar tment  of the  Army ,
Washington , D. C. 20310

2 ATTN : Phys ica l  and Eng ineer ing Sciences D i v i s i o n

Commander , Army Research O f f i c e , P . 0. Box 122 11 , Research
Triangle Park , North Carolina 27709

1 ATTN: Information Processing Office

Commander , U. S. Army Materiel Developmen t and Readiness Command ,
5001 Eisenhower Avenue , Alexandria , Virg i n i a  22333

1 ATTN: DRCLDC , Mr. R.  Zentner
1 DRCSA-S , Dr . R. B.  D i l l a w a v , Chief  S c i e n t i s t

Commander , U .  S. Ai-mv Electronics Command , Fort Monmouth , New Jers ey 0~~ O3
1 ATTN : DRSEL-GG-DD
1 DRSEL -GG-D M
1 DRSEL-GG-E
1 DRSEL-GG-EA
1 DRSEL-GG-ES
1 DRSEL-GG-EG

Commander , Ii. S. Army Mi ssile Command , Redstone Arsenal , Ala bama 35809
1 ATTN : Technical Library
1 DR SM I _ RS Tt I , Mr. E . J .  Whee lahan

Commander , U.  S . Army Armament Comm an d , Rock I s l a n d , I l l i n o is  6 1201
2 iVl FN : Technica l  L ibra ry
1 DRSAR -SC , Dr.  C.  M . Hudson
1 DRSAR -PPW-PB , Mr. Francis X. Wal ter

Commander , U. S. Army Nat ick  Research and Development Command .
N a t i c k , Massachuset t s  01760

1 ATTN: Technical Library
1 Dr. E. W . Ross

4 
1 DRXNM- \AP , Mr. J . Falcone

Commander , U. S. Army S a t e l l i t e  C o m m u n i c a t i o n s  A gency ,
Fort Monmouth , N ew Jersey 0770 3

1 ATTN : Technical  Document Ce n t e r

1

-- ~~~~~~~~~ . - . •  ~~~~~~~~~~~~~~~~~~~~~~



No. of
Cop ies To

Commander , U.  S. Army Tank-Autom ct ive  Research and Development Command ,
Warren , Michigan 48090

1 A T I N :  DRDTA -R
2 DRDTA , Research Library Branch

Commander , Whi te  Sands Missile Range , New Mexico 88002
1 ATTN - STIOVS -k S-VT

Commander , Aberdeen Proving Ground , Maryland 21005
1 ATTN : STEAP—TL , Bldg. 305

Commander , Edgewood \r~ ena 1 .  Aberdeen Proving Ground , Maryland 21010
1 ATTN : \ lr .  F .  F .  Thompson , D i r ,  of E n g .  ~ m d .  Serv .,  Chem-Mun Br

Commander , F rank fo rd  Ar sena l , P h i l a d e l p h i a , Pennsy lvan ia  19137
1 ATTN : Library , 111300 , B i .  5 1-2
1 SARFA— L301 1 , ~lr . .1 . Corrie

Commander , U .  S. Army Ballis tic Research Laboratory, Aberdeen Proving
Ground , M ary land 21005

1 ATTN : Dr. J. Frasier
1 Pr. R. Vi tali
1 Dr . C. F . F i l h e y
1 Dr . R . Karpp
1 Dr . 1% . Gillich

Commander , I larrv Diamond Laboratories , 2800 Powder Mill Road ,
Adelphi , Maryland 20783

1 ATTN : Techn ica l  I n f o r m a t i o n  O f f i ce

Command er , Li cat  inny • \ i - sen a l , Dover , New Jersey 07801
1 ATTN : ~i\Rl’ .\-ET-S
1 ;AI tl ).\_ 1:R~ M _ I t , [V-1 I i  1 , A . M . A n r a l o n e
1 Mr. .\. Ilevinc

Commander , Red stone  S c i e n t i f i c  I n f o r m a t i o n  Center , U.  S. Army Missile
• Co mmand , Reds tone Arsenal , •\ I ah ama 35509

4 ATTN : li1C~MT~~RBLD , Documen t Sec t ion

Commander , l V at e r v l i c t  Ars enal , Watervliet , New York 12189
1 AflN : SARWV-RDT , Technical Information Services Office
I Dr .  T. Davidson
1 Mr . I). P. Kendall
1 Mr. J .  F. Throop
1 SAIthV-RDR , Dr. F. IV. Schmiedeshof f

Commander , U.  S. Army Forei gn Science and Technology Center ,
220 7 th St ree t , N . F., Charlottesville , Virginia 22901

1 AFI N : iRX~T—SI )2

— 

2 

- ____  __________



-- .-~~~~~~~ --- 
—“ I’

N~Tof
Copies To

Commander , U . S. Army Aeromedical  Research Unit , p . 0. Box 577 ,
Fort Rucker , Alabama 36460

1 ATTN : Technical Library

Director , Eustis Directorate , U. S. Army Air Mobility Research and
Developmen t Laboratory , Fort Eustis , Virg inia 23604

1 ATTN : Mr. J. Robinson , SAVDL-EU-SS
1 Mr. R. Berresford

Librarian , Ii. S . Army Aviat ion School Library , Fort Rucker , Alabama 36360
1 ATTN : Bui ld ing  5907

Commander , U.  S. Army A gency for Av ia t i on  Safety ,
Fort Rucker , Alabama 36362

• 1 ATTN : Librarian , Bui ld ing  4905

Commander , USACDC Air Defense A gency , Fort Bliss , Texas 79916
1 ATTN: Technical Library

• Commander , U. S . Army Eng ineer School , Fort Belvoir , Virg in ia  22060
1 ATTN : Library

• Commander , U. S. Army Engineer Waterways Experiment Station ,
Vicksburg, Mississi ppi 39180

1 ATTN : Research Center Library

Aeronau t i c  Structures Laboratories , Naval Air  Eng ineering Center ,
Philadelphia , Pennsylvania 19112

1 A1TN : Library

Naval Air Development Center , Aero Materials Department ,
Warminster , Pennsylvania lSDT4

1 AT’T’N : J . Vig l ion e

Naval Ship Research ari d Development Laboratory , Annapolis , Maryland 21402
1 ATTN : Dr. H. P. Chu

Nava l Underwater Systems Center , New London , Connecticut 06320
1 ATTN : R . Kasper

Naval Research Laboratory, Washington , D. C. 20375
1 ATTN : Dr . .1. M. Krafft - Code 8430
2 Dr .  C. R. Yoder - Code 6382
1 C. D. Beachem

Chief  of Naval Research , A r l i n g t o n , V i r g i n i a  22217
1 ATI’N: Code 471 

— - -- . --. --— —~~~ •~~ -- ----. - -- . - - .  .- - - - —--- -- . . ~~~~~~~~~ -~~~~~
--— ‘—

~~~



r~~ w

No. of
Copies To

Naval Weapons Laboratory , Washington , U. C. 20390
1 ATI’N: H. IV . Romine

Director , Structural Mechanics Research , Office of Naval Research ,
800 North Quincy Street , Arling ton , Virg inia 22203

1 ATrN : Dr. N.  Perrone

1 Ship Structure Committee , Maritime Transportation Research Board ,
National Research Council , 2101 Constitution Avenue , N . W . ,
Washing ton , D. C. 204 18

Air Force Materials Laboratory, IVright-Patterson Air Force Base , Ohio 45433
2 ATTN : AFML / MXE / E . Morrissey
1 AFML/LC
I AFML/LLP/I). M . Forney , Jr.
1 AFML/MBC/Mr . Stanley Schulman

AFML/ LNC / T . J.  Reinhart
1 AFFDL (FB) , Dr. J. C. Ha l pin

• 1 Dr. S. Tsai
1 Dr. N . Pagano

Air Force Fli ght Dynamics Laboratory , Wri ght-Patterson Air Force Base ,
Ohio 45433

1 ATTN : AFFDL (FBC), C. Ic al lace
1 AFFDL (FBCB ) , G . U. Sendeckyj

National Aeronautics and Space Administration , Washing ton , D . C . 20546
1 ATTN : Mr. B . C . Achhammer
1 Mr. C. C . Deutsch - Code RR-1

National  Aeronautics  and Space A d m i n i s t r a t i o n , Marshal l  Space F l igh t
Center, Huntsville , Al abama 35812

1 ATTN : R-P~VE-M , R . J. Schwing hamer
1 SE~E-MIi-M~-1 , Mr. IV . A. Wilson , Bui ld ing  4 7 20

- 
. National Aeronautics and Space Administration , Lan g ley Research Center,

• 
. Hampton , Virginia 23365

1 ATTN : Mr. H. F . Ilardra th , Mail Stop 129
1 Mr. R.  Foye , Mail Stop 188A

National Aeronautics and Space Administration , Lewis Research Center,
- - 21000 Brook Park Road , Cleve land , Ohio 44135

1 ATTN : Mr. S. S.
1 Dr . J . E. Srawley,  Mail Stop 105-1
1 Mr. W. F. Brown , Jr.

Pananetrics , 221 Crescent Street , Waltham , Massachusetts 02154
1 A11’N: Mr. K. A. Fowler

• 4 

-.  - - -  - - - -  
. .

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. - .



--- ------- -----—-..
~~

No. of
Copies To

Wyman-Gordon Compan y , Worcester , Massachuset ts  01601
1 ATTN : Technical Library

Lockheed-Georg ia Company , Mariet ta , Georgia 30063
1 ATTN : Advanced Composites Information Center , Dept. 72-34 - Zone 26

National Bureau of Standards , U . S. Depar tmen t of Commerce ,
Washington , D . C. 20234

1 ATTN : Mr. J .  A . Bennett

1 Mr. IV . F. Anderson , Atomics  International , Canoga Park , California 91303

Midwest Research I n s t i t u t e , 425 Coker Boulevard , Kansas Ci ty , Missouri 64110
• 1 ATTN: Mr. C. Q. Bowl es

1 Mr. J . C . Grosskreutz

1 Mr. A . Hur l ich , General Dynamics Convair , Mai l Zone 572-00 ,
P. o. Box 1128, San Diego , California  92112

Virg inia Polytechnic Institute and State University, Dept . of Engineering
Mechanics , 230 N o r r i s  h a l l , Blackshurg , Virg inia 24061

• 1 ATTN: Prof. R. M . Barker
1 Assoc. Prof . C. IV . Swift

Southwest Research Institute , 8500 Culebra Road , San Antonio , Texas 78284
1 ATTN : Mr. C. C. Grimes

lIT Research Institute , Chicago , Illinois 60616
1 ATTN : Dr. I . H . Daniel

I Dr . R.  E.  Johnson , Mgr., Mechanics of Materials-AEG , Mail Drop M88,
General Electric Company , C inc inna t i , Ohio 45215

1 Mr. J. G. Kaufman , Alcoa Research Laboratories , New Kensing ton ,
Pennsylvania 15068

1 Mr . C . M. Orrier , MANLABS , 21 Erie Street , Cambridge , Massachusetts 02139

I Mr. P. N. Randall , TRW Systems Group - 0-1/2210 , One Space Park ,
Redondo Beach , California 90278

TRW Equi pment , TRW m c . ,  23555 Euclid Avenue , Cleveland , Ohio 441 17
1 ATTN : Dr. E. A. Stei gerwald , T/M-3296

1 Dr . I .  S. Tuba , Basic Technology , Inc. , 7125 Saltsburg Road ,
Pittsburgh , Pennsylvania 15235

1 Mr. B. M. Wundt , 23-U Shin Lane , Schenectady, New York 12309

5

.— — —— - - ~~~~~~~~~~~~~~~~~~ -—--i



_ _  - -  ~~~~~~~~~~~~~~

No. of 
- -  — —

~~~~~~

-

~~~~

-

~~~~~~~~~~~~~~~

—_____ _______--

Cop ies To

1 Mr. W . A . Van der Sluys , Research Center , Babcock and Wilcox ,
All iance , Ohio 44601

B a t t e l l e  Columbus Laboratories , 505 King Avenue , Columbus , Ohio 43201
1 AYI’N: Dr. E. Rybicki

1 Dr . K. R . Merckx , Battelle Northwest Institute , Richland , Washing ton 99352

• General Electric Company , Schenec tady , New York 12010
1 ATTN : Mr. A.  J . Bro thers , Materials and Processes Laboratory

General E l e c t r i c  Company , K n o l l s  Atomic  Power Laboratory , P. 0. Box 1072,
Schenectady , New York 12301

1 ATTN : Mr. F . J. Mehringer

1 Mr . L.  F . Coff in , General Electric Research Laboratory , P. 0. Box 1088,
Schenectady,  New York 12301

United States Steel Corporation , Mon]-oeville , Pennsylvania 15146
1 ATTN : Dr. A. K . Shoemaker , Applied Research Laboratory

Westinghouse Elec tric Company, Pi tt sburgh , Pennsylvania 15235
1 ATTN : Mr . II. E . Peterson , Research Laboratories
1 Mr. E . 1. Wessel , Research and Development Center

I Mr . B. F . Langer , Wes t inghouse Nuclear Energy Systems , P. 0. Box 355 ,
• Pittsburgh , Pennsylvania 152 30

1 Mr . M. J. Manjoine , Wes t ing house Research Laboratory , Churchil l  Boro ,
P i t t s b u r gh , P e n n s y l v a n i a  15235

Brown U n i v e r s i ty , P rov idence , Rhode Is land 02912
1 ATTN : Prof. J . R . Rice
1 Prof.  1V . N. Findle v , Division of Engineering , Box D

Carneg ie-Mellon Universi ty, Depar tment of Mechanical Engineering ,
Schenley Park , P i t t sbu rgh , Pennsy lvan ia  15213

1 ATTN : Dr. J. L. Swedlow

- • 1 Prof . J. Dvorak , Chemical  Engineering Department , Duke Universi ty ,
Durham , North Carol ina  27706

Westinghouse Electric Company, Bettis Atomic Power Laboratory ,
P. 0. Box 109 , West M i f f l i n , Pennsylvania  15122

1 ATTN : Mr. M. L. Parrish

George Washington Universi ty, School of Engineering and Applied Sciences ,
Washington , D. C. 20006

1 ATTN : Dr . H . Liehowitz

6

- -  
~~~~~~~~~~~~~~~~~~~~~~~~ ~~—-  — __14



• T—

No. of
Copies To

Lehigh University , Bethlehem , Pennsylvania 18015
• 1 ATTN : Prof. George R. I r w i n

• 1 Prof. G. C . Sih
1 Prof. F. Erod gan

Massachusetts Institute of Technology , Cambridge , Massachusetts 02139
1 ATTN : Prof. T . H. H. Pian , Department of Aeronautics and Astronautics
1 Prof . F. J . McGarry
1 Prof. A. S. Argon , Room 1-312 

— .

1 Mr. Wil l i am J. Walker , Air Force Office of Scientifi c Research ,
1400 Wilson Boulevard , Arl ington , Virginia 22209

1 Prof.  R . Greif , Dept. of Mech . Eng., Tuf ts University ,
Medford , Massachuset ts 02155

1 Dr. D. E. Johnson , AVCO Systems Divis ion , Wilmington , Massachusetts 01887

1 Prof. B. Pipes , iJept. of Mech . Eng., Drexel University, Phi ladelp hia ,
Pennsylvania 19104

• 1 Prof. A . Tetelman , Dept. of Materials Science , Universi ty of California,
Los Angeles , California 90024

1 Prof . IV . Goldsmi th , Dep t. of Mech . Fng ., Universi ty of Cal i fornia ,
Berkeley , California 94700

1 Prof.  A . J. M c E v i l l y ,  Un ive r s i t y  of Connect icut , Storrs , Connecticut 06268

1 Prof.  D . Drucker , Dean of School of Eng ineer ing ,  Univers i ty  of I l l i n o i s ,
Champai gn , Illinois 61820

Univers i ty  of I l l i n o i s , Urbana , I l l i n o i s  6 1820
I AYFN : Prof .  11 . T. Cor ten , Dept. of Theoretical and App lied Mechanics ,

212 Taihot Laboratory

1 Dr. M . L. W i l l i ams , Dean of Eng ineering,  2 40 Ben edum fl a i l ,
University of Pittsburgh , Pi ttsburgh , Pennsylvania 15261

• 1 Prof. A. Kobayashi , Dept . of Mechanical Eng i nee r ing ,  Universi ty of
Washing ton , Seattle , Washington 98105

1 Mr. W. A. Wood , Baillieu Laboratory , Uni versity of Melbourne ,
Melbourn e , Australia

1 Mr. E lmer Wheeler , Airesearch Manufac tu r ing  Company , 402 S. 36th Street ,
Phoenix , Arizona 85034 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— . . -
. --- . .



FT’ ~~~~~

No. of
Copies 

- 
To 

_______ 
_________________ -

1 Mr. Charles D. Roach , U. S. Army Scientific and Technical Information Team ,
6000 Frankfurt/Main , I . G. I iochhaus , Room 750 , West Germany (APO 09710, NY)

1 Prof. R.  Jones , Dept. of Civil Eng ., Ohio State University,
206 W 18th Avenue, Columbus , Ohio 43210

State University of New York at Stony Brook , Stony Brook , New York 11790
1 ATTN: Prof. Fu-Pen Chiang , Dept. of Mechanics

E, I. Du Pont de Nemours and Company , Wilmington . Delaware 19898
1 ATTN : Dr. Carl Zweren , Indus tr ial  Fibers Division , Textile Fibers Dept.

Washington University , St. Louis , Missouri 63130
1 ATTN : Prof. E . M. Wu

General Dynamics , Convair Aerospace Div i s ion , P . 0 . Box 748 ,
Fort Worth , Texas 76101

1 ATTN: Mfg . Eng ineering Technical  Library

Director, Army Materials and Mechanics Research Cen ter ,
Watertown , Massachusetts 02172

2 ATTN : DRX MR -PL
1 DRXMR-PR
1 DRXMR-X
I DRXMR-CT
1 DRXMR-AP

8

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _  - _ _ _ _ _

~1 . ~ L : . ? COPY
~~~~; —  -i ~~~~~ II , a I aI II,  I a~~l ~~I-~~~ 

• ‘ :~~~~~~ ~~~~~~
I 

I ~ I t  .. 

~~~ 1I a

I I 
I
I

a ~~~~ ~ ~~~~ ~~ i

I I
I I I

! ~~~I 1 a ~~~I II ~~~ a a
I - ~~~~~~~~~~~~~ - 

~~
- - _

~~I a a

I a~~~~~~~ I

I a 
aa t 

~ a
I F 

~~~~~~~~ 
~~~~~~~~~~~~~~~~~~ I ~~ ‘ ~~~~~~~~~~~~~~~~~~ 

. - .
~~ . — ; .• ;~~ 

a a 
—~~~~ a

I fr II 
* 1 — I

a a 
~~~;: - . _ ~~~:- : ~~~~~ I — - .

—
~~

a 
—

-~ ~~~~~~~ ~~~~~~~~~~ ~~~~ I • - - - -  . •

F-——— — - — —-
~
- — —- $ - —-  

I 
~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~ 
I

I - - ~~~~~~~~~~ I -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~
I ’ I a a

I a I
I a I a a a

I a a a a I
I I a I iI 

a I I
I I I
I I I
I I a 

I

I a ! I I I
I , I

I ~ a
I ~~~~~~~~ 

I~~~~
.-
~~ _.-1~~~; I •

I I a I

I :~~~~ 

I — a~

a ~, I a~~I I I 
, 

a

I 
a I a II 

• 1 a

I a a a

L~~~~~~~~~~~~~~;_j ._ ~~ _ L J !~~~~_ j

- - -.
~~~~~~~~~~~~~~~ ---- -~~~~~~~~~~~---- --~~~~~~~~~--~~~~~~


