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ABSTRACT

This effor t, part of an ongoing program examining the

microstructural and mechanical properties of extensively

warm-worked ultra high carbon (UHC) steels, was directed at

measurement of the fracture toughness of these steels. A

facility was constructed to test bend-type fracture toughness

spec imens in accordance with the American Society for Testing

and Materials (ASTM ) Standard E399 — 78;  several UHC steel

alloys were evaluated and the results correlated with micro—

structural and other mechanical test results . With one

exception , processing failed to eliminate coarse carbides

from the microstructures of these materials and fracture

toughness , 
~~~ 

, values were accordingly low. A coimnercial

alloy, AISI 52100, processed similarly to the o ther experi—

mental alloys, did not have the coarse carbides present to

as great an extent, and was significantly tougher , as mani-

fested by a strength ratio twice that of the other alloys .

.1

4



I

TABLE OF CONT ENTS

I .  INTRO DUCT ION 11

A. PURPOSE 11

B. BACKGROUND 12

C. PREVIOUS RESEARC H 13

I I .  REVIEW 16

A. FRACTUR E TOUGHNESS THEORY 16
‘I

B. MATERI AL HISTORY 19

C. EXPERIMENTAL P ROCEDURE S 2.2

1. Mechanical Testing Procedures 22

.2. Fracture Toughness Testing Procedures 24

3. Microscopy Procedures 30

III. RESULTS/DISCUSSION 31

A. MICROSTRUCTURAL ANALYSIS 31

1. Light Microscope 31

2. SEM 35

3. Macro Examination 39

4. TEM 39

B. MECHANICAL TESTING RESULTS 43

C. FRACTURE TOUGHNESS TESTING RESULTS 49

IV. CONCLUSIONS 69

APPENDIX A: Specimen Dimensions and Sample Calculations--— 1

List  of References 

Initial Distribution List 74

5

_ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~ 



LIST OF FIGURES

1. Test specimen specifications 23

2. Series 810 ~ateria1s test system 25

3. Top and bottom mounting assemblies for three point
bend fracture toughness specimen 26

4. Micrograph of 52150 UHC steel etched with a saturated
picral solution for one minute 32

5. Micrograph of 53150 UHC steel etched with a saturated
picral solutLon for 30 seconds 32

5. Micro~ raph of 43L50 UHC steel etched with a 2% nital
solution for 20 seconds 

Micrograph of 10150 IJHC steel etched with a 2% nital
solution for 20 seconds 33

8. Micrograph of 52100 UHC steel etched with a saturated
picra l  solu t ion  for  23 seconds 34

9. Micrograph of a 10150 UHC steel etched with a 2% ni t a l
solut ion fo r  20 seconds 36

10. Micrograph of 52100 ~HC steel etched wi th  a sa tura ted
picral  so lu t ion  for  2 5 second s 36

11. M i c rogr aph  of 52 150 UHC steel etched w i t h  a saturated
D~ cra1 solution fo r  25 second s 

12.  Micrograph of 52150 UHC steel etched wi th  a saturated
picral  so lu t ion  fo r  2 5 seconds 

13. Micrograph of 52 150 UHC steel f r a c t u r e  su r face  a f t e r  a
Charpy Impact Test at  room temperature 38

14. Micrograph of 52150 UHC steel fracture surface after a
Charpy Impact Test at 100°C 

15. Micrograph of 52~ 50 UHC steel fracture surface after a
Charpy Impact Test at 220°C 40

16. Micrograph of 52150 UHC ateel fracture surface after a
fracture toughness test 40

1 .  Micrograph of 10150 UHC steel as rolled taken with TEM
at .L0000X with a 6° tilt 41

b

L~. .~~~~~~~~~~~~ .~~~~~~~. ~. . , .. , .
~~~
. 

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



18. Micrograph of 10150 UHC steel as rolled taken with TEN
at 20000X 42

19. Micrograph of a selected area defraction pattern of
10150 UHC steel with one second exposure on TEN 44

20. Micrograph of 10150 UHC steel annealed at 650°C taken
with TEN at 20000X 45

21. Graphs of 53150 UHC steel fracture toughness tests one
and two 53

22. Graphs of 53150 U~C steel frac ture toughness tests
three and four 54

2 3 .  Graphs of 43150 UHC steel fracture toughness tests one
and two 

24. Graphs of 43150 UHC steel fracture toughness tests
three and four 5~

25. Graph of 52100 UHC steel fracture toughness test one———6 1

26. Graph of 52100 UHC steel frac ture toughness test two-——62

t . 27 . Graph of 52130 UHC steel fracture toughness test three—63

2B . Graph of 52100 UHC steel fracture toughness test four-—64

_ _ _

_ _ _ _ _  LlJ ~~~~~~~



LIST OF TABLES

I. Alloy Compositions 20

II. Properties of Tested Ultra High Carbon Steel Alloys--— 48

I I I .  Resul ts  of Fracture  Toughness Tests for  53150 UHC
Steel Al loy as Rolled 52

IV. Results of Fracture Toughness Tests for 43150 UHC
Steel i iioy  as Rolled 56

V. Results of Fracture Toughness Tests for 52100 L’HC
Steel A l l oy  as Rolled 

Vt. Dirnens~ o:~s of Fracture Toughness Specii~ens for 53130 ,
43150 and 52100 UHC Steel A l l oy s  l

8

~

- . .~~~~ . - 
—

~~~~~~~~~-



LIST OF SYMBOLS

a crack length (cm)

B specimen thickness (cm)

cm cent imeter
l/~K f fatigue stress intensity factor (MP a~ m ’ )

K ~1ane—stra .n fracture touchness (MPa .m ~)I~ 
-

cond~ tiona1 ~3pparent) fracture toughness ~M P a .m U 2 )

KSI kilo-cound s per square inch

meter

MPa megapascals

load determined from secant method ~KN)

~max 
maximum Load during fracture toughness test ~~~~

Rsb specimen strength ratio

S wecimen soan between roller notches ~cm)

specimen widt h  ~cm) 
. 

-

0 . .2~ offset yield strength 

9 

_________ 
_ _ _  .-,,---—-- --.-.—..—-.—--—- . .~~~.... -. ~~. ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ _. ~~~~~~~~~~~~



ACKNOWLEDGMENT

I wish to express my deep appreciatio:’~ to Professor

Terry R. McNelley for the many hours of guidance and assis-

tance hC gave me , Professor G. H. Lindsey and Professor

T. Yainashita for their assistance , Mr. Tom Kellogg and

Mr.  Ken Graham for their sup~~ rt , and Chris , Susan , Richard

and Heid i for thc~~r pa t ience .

10 

~~~~~~~~~~~~~~~~~~~ 
_________



r .-.-

~~

_ . .

I. INTRODUCTION

A. PURPOSE

The purpose of  this research was to determine the  fracture

toughness of extensively warm—worked ultra hLih carbon ~UHC)

steels. This effort was part of ofl~1Oino research a: the Naval

Postgradua te Sc:icc . ~NPS) into the mechanic al and balListic

~roperties of these steels. This work follows tha t of Goeslir~
r Re f 1~~, Hami tor. m d  Scwe IRef. 2 1 and M.art~ n and Ph~~ll~~~s

[Ref. 3~~, who emph a sized the ba .L.Lstic characteristics of these

mater:als. One ma :cr  goal of this work .~as to deve1o~ the

a t  NPS to oonduct facture to~~ohness test~ n.~

accordance wtth American Socletv tar Test~ no and Mater~ a1s (ASTM )

Standard E399—~ S , :cnta~ ned ~n Ref. 4. Var:ous thermomechan~ ca1 v

~rocessed LHC steel alloys were examined to evaluate ai lcy inc

and ~rocess:n~ effects on these na ter~ als ’ res :stance to un—

stable crack propagat:cn.

The ul timate goal of the NPS research effort is to under-

stand the microstructural , mechanical , processin~i and compo-

sitional variables which govern the toughness of these UNC steels.

It ~s believed that this understanding w~~l1 assist ~n the

eventual use of LHC steel in important applications such as

armor in military vehicles arid as improved bearing material.

11



fl~~ ‘1
B. BACKGROUND

UHC steels are normally c l ass i f i ed  a~.. those steels whose

carbon content ranges between one and two wei ght percent.

Hi gher car bon contents improve both the har denabil ity and the

maximum attainable hardness of steels , but at the price of

in ’reased brittleness . Such brittleness may result from the

formation of iron carbide at the grain boundaries when the

steel is slow—cooled from the austeni te  range . These carbides

are br i t t le  and provide a preferred path for crack propagation

through the material . The nature of UHC steels has resulted

in their limited use in industry, primarily in applications

requiring high hardness and wear resistance. UHC steels may

be hardened by quenching from austenite , resulting in the

forma tion of mar tensite , a body cen tered t~~ragona1 crystal

structure which is very hard due to the high carbon content ,

but, again , is relatively brittle. Subsequent tempering is

normally required to enhance toughness and relieve residual

stresses in this material . Several commercial tool steels

have carbon contents in the ultra high carbon range . These

materials are frequently alloyed in such a way that it is

of ten d i f f icu lt to adequa tely dissolve all of the car bon

during the austenitizing of the steel . Subsequent quenching

then re tains some rela tively coarse , undissolved carbides ,

leading , again , to reduced ductility and toughness.

The NPS research effort is an outgrowth of a discovery

by Professor Oleg D. Sherby , of Stanford University ’s Department

of Ma terial Scienc e and Engineering , that , by extensively

12
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rol l in g UHC steels as they are cooled throu gh the austenite

p lus car bide region of the phase diagram , it is possible to

break up the grain boundary carbide network [Refs. 2 and 3].

Iso thermal warm-working of these UHC steels at  temperatures

just below the eutectoid temperature can result in a fine,

particulate and spheroidal carbide distribution in a fine—

grained ferrite matrix [Refs. l and 7 1 .  This rnicrostruc ture

results in a steel with both high strength and improved ductil-

ity . These steels also exhibit superplasticity at temperatures

slightly below the eutectoid , which means they can be readily

formed into comp lex shapes at these temperatures. When these

steels are subsequently austenitized at a temperature slightly

above the eutectoid and then quenched , a fine grained martensite

and fine spheroidal carbide two-phased microstructure results

[Ref. 5]. This microstructure suggests a material which has

a high resistance to unstable crack propagation which , combined

with its high strength , makes it an attractive material for

numerous applications requiring these attributes.

C. PREVIOUS RESEARCH

The NPS research effort into UHC steels was started by

Lieutenant Commander William Goesling under the guidance of

Professor Terry R. McNelley. The interest in these steels was

centered on their potential use as an armor material , where

hardness and toughness are the prime requirements . This initial

effort resulted in the fabrication of the NPS Ballistic Test

Facil ity and the establishment of procedures for data collection.

13
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The i n i t i a l  test resul ts  indicated tha t  52100 steel (a one

percent carbon steel commonly used as a bearing m a t e r i a l) ,

processed following the Sherby method , compared favorably with

existing armors [Ref. 1].

Ballistic examination of the 52100 steel was continued by

Lieu tenan t Commander Don ald Rowe and Captain Douglas Hamil ton

who examined the effects of heat treatment on this material ’s

ballistic performance. They determined that austenitizing,

quenching and tempering this steel significantl y reduced its

ballistic performance. Microstructural examination determined

that there was considerable grain growth during austenitizing

and that the subsequent quench produced a relatively coarse

martensite which was less resistant to penetration by relatively

soft f ragment  simulating projectiles than the same steel in the

rolled condition [Ref. 2 ] .

The scope of the research e f f o r t  was broadened by L ieu tenan t

Ronald Martin and Lieutenant James Phillips who commenced

studies on a l.67~ carbon steel while continuing the study of

52100 steel . Special attention was civen to the metallographic

character i~ a t ior i  of these steels a f t e r  they were penetrated by

. 2 2  caliber , 17—grain f ragment  s imula t ing  p r o j e c t i l e s .  Bo th

materials were subjected to various rolling conditions and the

52100 steel was g iven several subsequent annea l ing  t rea tments

• to determine the effects of these processes on resistance to

penetration. It was determined that “~~ rm—worked UHC steels

have a lesser tendency to form adiabatic shear bands than

several convent iona l  steel armors. ” These adiabatic shear

band s are associated wi th  reduced ba l l i s t i c  penetra t ion res is tance .

14 
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H

Warm—worked 52100 steel ’s ballistic performance was found

superior to conventional armors [Ref. 3).

Ballistic research has continued with the efforts of

Lieutenant  Comma nder Ra nd y Hi l l ier  who has fur ther  expanded

the effort to include various new UHC steel alloys . The

effects of chromium and nickel alloying on ballistic perfor-

mance were examined . A 1.5% plain carbon steel was also

tested . None of these materials , however , has yet demonstrated

ballistic performance as good as the 52100 steel [Ref. 9].

r
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II. REVIEW

A. FRACTU RE TOUGHNESS THEORY

A. A. G r i f f i t h , in 1920 , proposed that unstable crack

propagation would take place if the elastic strain energy

release rate exceeded the energy required to form the new

crack surface [Ref. 91 . In studies with glass , Griffith
‘I

demonstrated a functional relationship between failure

stress and crack length . The theory worked well when applied

to materials which behaved in a purely elastic manner but p

the problem became much more difficul t when it was necessary

P to evaluate the energ ies involved in the process of crack

propagation when plastic deformation took place before crack 9
extension occurred . This focused the a t t en t ion  of researchers

“ toward crack t ip  cha rac t e r i z ing  parameters as measurers of

the suscept ib i l i ty  of materials to fracture” [Ref. 1.1) . The

original work of Griffith [Ref. 9], however , still represents

the basis for the field of linear elastic fracture mechanics

(L EFM)

In 1948, Irwin proposed [Ref. 1l~ that the Griffith energy

balance must actually be between the elastic strain energy

stored in the specimen on one hand and the free surface enerey

plus the work done in p l a s t i c  de fo rma t ion  associated wi th

crack propagation on the other hand . For relatively ductile

materials , the work of plastic deformation would dominate the

free—surface energy and make it insignificant.

16
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In 1955, Orowan demonstrated [Ref. 1.21 that the griffith

condition , when modified for plastic deformation , was not

only a necessary condition but was a s u f f i c i e n t  con d Lt i on

for crack propagation. In 1957 , Irwin demonstrated [Ref. 131

that the energy approach was equivalent to a stress-intensity

approach , where crack propagation occurred when the stress

intensity at the crack tip reached a c r i t i ca l  value charac-

teristic of the material . This concept spurred efforts to

develop a test specimen and procedure suitable for measuring
p a I

the plane strain fracture toughness of materials. The theory

was limited to those materials which have Limited plastic

deformation around the crack tip. “If extensive plastic defor-

mation takes place prior to failure , the relationship between

an energy balance approach and a crack tip environment approach

becomes much more tenuous” [Ref. 101 . Tests on numerous

spec imens of va ry ing  s ize  and m a t e r i a l  demonstrated tha t the

stress intensity at the crack tip was strongly dependent on

the plate thickness until a certain minimum thickness was

reached . This minimum thickness was a function of the

material . Only after this thickness was exceed ed did the

test results give a constant stress intensity, indicating

that this stress intensity value could be considered a

m a t e r i a l  proper ty .

The th ickness  e f f e c t on crack p ropaga t ion  was exp l a i ned

by the observation that plastic regions at the crack tip near

the surface of the material approach a condition of p lane

stress , while the plastic regions at the crack tip remote

from the surface are in a condition of plane strain. “When

17
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thickness is sufficient , the fracture behavior will be domi-

nated by the region of constrained plastic deformation , a

characteristic flat fracture will occur , and conditions are

described as plane strain. [Ref. 141.  It was observed by

Liu [Ref. 151 that  the f r ac tu re  behavior is controlled by the

mechanical environment in the immediate vicinity of the crack

tip and not by the elastic stresses and strains outside the

plast ic  zone.

Within a certain radius the stress intensity
factor characterizes the stress field and , P.

provided the plastic zone is sufficiently small
compared to this radius , the elastic field will
be unaffected by plastic relaxation. Thus , for
two d i f f e r e n t  s i tua t ions, say two d i f f e r e n t
geomet r ies , where the same stress i n t e n s i t y
factor is applied , conditions of stress , strain ,
etc., at geometrically similar points will be
identical even within the plastic zone, provided
these zones are much smaller than the radius at
which conditions may be considered as specified
by the stress intensity factor. Under these • 

-

restrictions the fracture event will be charac—
terized by the attainment of K i~~

, the critical
value of stress intensity [Ref. 14].

Stress intensity factors have been determined for many

geometries and loading conditions through the use of a n umber

of numerical and analytical techniques. These results :an be

applied to laboratory  t es t s  to investigate f rac t u r e  toughness .

The determination of Ki~ 
through testing can then be used in

the design of real structures and in predictin~ the fracture

• behav ior of real structures .

The LEFM approach is severely Limited in that ~nlv a few

materials exhibit the small amount of p1ast~~ deformation

prior to f a i l u r e  required by the approach .  It  was an t i c i p a t e d

that , because of the high s t rength  of UHC steel.s, these steels

18 
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might  be su i tab le  for  f r a c t ur e  t oughness  t e st i n i.i usin q LEFM .

Alternate methods have been developed for materials exhibit-

ing elastic-plastic behavior whereby the plastic region around

the crack t ip  is more ex t ens ive .  Research in to  these me t hods

is continuing and presently two approaches , the C r a c k  Opening

Displacement .COD ) Approach and the J-Integral Approach, shuw

the most promise [Refs. 16 and l~~} .  Th e COD approach a t t emp ts

to deal with the plastic deformation by making a correction to

the crack length by measuring the displacemen t across the taco
‘a

of the crack. There is still much uncertai;~ty ~n this approach

but it provides the best present alternative for testin~ when

materials do not exhibit LEFM behavior. The J-Integral :\~TroaCh

uses J as a crack t i p  p arame te r  :n nonlinear elasttc~ tv , but

~ t is n Ot  yet clear ~f it can be used under conditions of pl.as-

tici ty. Itisc~Icuiated in much the same manner as COD except

the area under the L oad-di sp lacemen t  curve is evaluated .

B. MATERIAL HISTORY

The various UHC steel alloys tested fer t h i s  research were

received from the Research Laboratory of Republic Steel

Corporation where they had been cast in the fo rm of cy ~ndrical

ingots approximately .6 cm diameter by 23 cm lenoth . In this

section the thormcmech anical  pr ccess in~ h i s t o r y  of  each a~.Loy

w i l l  be recalled . Table  I provi~.es t h e  a l le y  c o n t e nt  of  these

steels. The processing descr ~ hed b elow was accompl :shed at

V i k i n g  Me ta l lu rg i ca l  Co rp o r a t i o n  t: ’~ Al bany , CaL’.f’rn~ a.

1 ~ 

-~- —— —• — -
-

- 

~~~~~~~~~~~ —~~.—— :C -~ 



~ —~ —~ --- 
~~~~~~

-- - -
~~

Table I

ALLOY COMPOSITIONS

521 50-1 and 52 150-2

C Si Cr Mn P Al Cu Mo Ni Fe
wt~~ wt~~ wt~~ wt~~ wt~~ wt~~ wt~~ wt~~ wt~~ wt ’~
1X’ 0.1 1.25 0.~ó 0.013 0.Olc 0.02 0.01 0.04 Balance

~3 L - 0

C Si. Cr Mn F’e
wt~~~~ wt~~ w’t~~ wt~~ wt~~

1. c 0.1 2 .2 5  C .~ Balance

13150

C St Mn ~‘ev t ~~~ wt~~ wt~~ wt~~

1.5 0.1 0.’~ Balance

Si Cr Mn Mo :;i ~‘e
~t ~ ‘

~ wt ~ ~t -~. ~~ ~~ wt ‘
~ ~t ~

1.5 0.1 1.0 0.5 3•3S 1.5 Balance

52100

C Si Cr Mn Fe
wt~~~ wt~~~ wt~~~ 

.4
~~~~ w t - ~

1.0 0.1~ 1.35 0.32 Balance

NOTE : Weight percents represent maximum amounts presented .

20 
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The m a t e r i a l s  denoted 52150 , batches one and two , were

solution treated at 1150°C for five hours. They were then

upset forged at 1150°C from-a cylindrical in~ ot 7 .6 cm d iameter

x 23 cm to a billet approximatel y 12.7 cm x 7.6 cm x length.

The specimen was immediately rolled at approximatel y 0.09 cm

reduction per pass from a thickness of .6 cm to a thickness

of 2.5 cm as temperature cooled from the forging finishing

temperature to 650°C. The specimens were then isothermally

rolled at 650°C to a thickness of appr~ ximatelv 0.64 cm at

3 . 0 8  cm reduct ion per pass.

The material denoted 53153 was solution trea ted at 1 1 5°C

for eight hours. It was then upset foroed at Ll~~5
0C from a

cy l in dr t c a l  ~n~ ot - .o cr~ diameter x cm to a o~ llet apcroxi-

mat e lv  12 .7  cm x .6 cm x l en g t h .  Th e  s~ eci men was then

rehe a ted to 1 1 5 00 fo r  about  two hours .  S t a r t in g  at  l~~~5°C ,

the specimen was rolled f r o m  a t h i c k n e s s  of  .6 cm to a

thickness of 2.5 cm at a reduction rate of 3.09 cm per pass

whi l e  temperature dropped to 650 °C .  The specimen was then

i so thermal ly  rolled at  65 0 °C f rom a th ickness  of 2 . 5  cm to

a thickness of a p p r o x i m a t e l y  0. 64 cm at  0.08 cm r e du c t i o n  per

~ass. —

The materials denoted 43150 and 13150 were processed

identically to 53150 . The 52100 steel , a commercial steel

obtained from Vasco P a c i f i c  Steel Company , was s o l u t io n

treated at 1000 °C fo r  three hours .  The specimen was forged

f rom a ~~~ cm diameter  round to a 7 . 6  cm x 5 .1  cm x length

plate and air cooled to a temperature below 300 00. The
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specimen was then reheated to 6 5000 and isothermally rolled

from a thickness of 5.1 cm to a thickness of 0.64 cm at a

reduction ra te  of 0.13 cm per pass.

Frac ture toughness , tensi le  and Charpy spec imens were

cut to specifications shown in Fig. 1 from the various alloys 
- 

-

upon their receipt at NPS . Several of the f rac tu re  toughness

spec imens from the 53150 and 10150 alloys were subsequently - -

annealed at 65000 and air cooled to room temperature at NPS .

Tes ting a f t e r  such a nne a l i ng  was conducted to de termine  the
ta ~inf luence of this heat t reatment on f r a c t u r e  toughness .

C. EXPERIMENTAL PROCEDURES

1. Mechanical Testing Procedures

Sheet type tensi le  test specimens were machined f rom - 
-

the 52150—1 , 52150—2 , 53150 and 43150 UHC steels in the as—

rolled condi t ion .  One spec ime n was cu t  in the  t ransverse

direction ( t ransverse to the r o l l in o  dt r e ct i o n)  from each of

the above steels to the specifications given in Fig . 1.0.

Gage lengths for all tensile test specimens were one inch.

Tensile tests were conduc ted on an Instron Model TT-D yniversal

Testing Instrument utilizing wedge action grips to eliminate

nortaxial loading of the specimen . Load-versus-clc’nca t~ on

curves were autographical ly recorded while the specimens were

loaded to failure at an extension rate of 0.13 cm per minute.

The data obtained from these tests were subsequently converted

to engineering stress versus engineering plastic strain to

determine the yield stress and ultimate t ensile stress .

-, -,.

~ 

— -
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H ardness t e s t i n g  was conducted on the f r a c t u r e

toughness specimens using a Wilson Model 1 JR Rockwell

Hardness Tester. Hardness results were determined by dis-

regarding the first value and averaging a minimum of six

subsequent test values obtained on a machined surface.

notched-bar impact testing was conducted utilizing the Charpy

method on specimens as depicted in Fig. l.B. to determine

the amount of energy absorbed when a notched specimen was

broken . All alloys except 10150 UHC steel were tested at

room temperature and 52150 CHC steel was also tested at

100°C and 220°C.

2. Fracture Toughness Testing Procedures

Fracture toughness testing on a three— point bend speci-

men was conducted following the procedures outlined in AS TM

E399—78 , Standard Test Method for Plane Strain Fracture

Toughness of Metallic Materials [Ref. 4]. The tests were con-

ducted on a Series 810 Materials Test System (MTS~ Mcdel

976.01-31 servo—hydraulic test machine pictured in Fig . 2.

The test spec imen in Fig. l.A was positioned on the loading

apparatus described in Fig. 3. One of the goals of this

effort was to design a test fixture which would minim~ :e the

errors arising from friction between the test specimen and

the loading apparatus. This was accomplished by using 0.32 cm

diameter hardened steel dc.~el pins as rollers which fitted into

the two notches on the specimen bottom face and provided rolling

contact with the bcttom loading fixture. The top loading

fixture contained a 0.48 cm radius hardened steel p in  welded

24 
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~ 7.62 c’n H 15.24 cm -
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0.95 cm ... ,
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7.94 cm 4.13
_

C~~

L

fl j ~ 0.48 cm r~~ius
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I
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2.36 cm__________________ t

__________________ 0.95 cm 
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Fig. 3: Top (I) and bottom (II) mounting assemblies for three
point bend. fracture toughness specimen. Assembly
manufactured from a medium strength steel.
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to the upper fixture , which provided a point Loading effec t

on a line directl y above the specimen slot. C ar e f u l  at t en t io n

was given to machining of the loadin~ fixture to insure tha t

good alignment could be achieved during tests.

An MTS Model 632. 20B extensometer was used as the

displacement oa~Te for accura tely measur i ng  the relativ e dis-

placement of the two gage positions spann in g the slot. A pai r

• of accurately machined kn 1 ~e edges were bonded to the spec imen

with 3M strain oace epox\ , and the displacement ga’lt’ was clipped

to these odges to moni to r  cr ack  o p e n  i i i ~i d i s pl a c e me n t  - S i nce  ‘a

oace l e ngt h s  were  ma in  ta m e d  below one hal  f of  t he spec men

width, displacements were essential 1.y indepe ndent of

Length - The dispLacement gage was c-i l ibrated by MTS Corporat ~on

in March , ~~~~ , and •i r an g e  card was a l so  prov ~e~1 by MTS t o

provIde co mp at a b  I i ty between t -h e ~ia~ie and th e  model 443 . 2

Transducer S igna I Cond it- i oner - The ~i lge  prov id ’s a L i  near

vol taqe output over a 0 . 2 ~4 cm raii~ie of d i s p l a c e m en t  -

In orde r to insure the sr~it~ of stress at  t he  c r i c k

front approached the maximum va lues ~-ep r e s e n t o d  t~~- t r i t e n st i e

plan e str i in c o n di t i o n s , a f a t igu e  p r t - ’c r t c k  was in duced  i :i t he

specimen through cyc lic Loading. A sine wave compressive load

was generated by the function ~i en e r a t o r  under  lead co n t r o l ,

util i. ~cig the same fixtures used in the fracture t oughn e s s

test. The ASTM Standard r equ i re s  tha t the sl.ct  p lus pi e-

crack measure between 0.4 ~ and 0. ~~ W (W is the spec ime n ~ i dt  h,

F i g  . 1 . A) . In i tia I a t t e m p ts  wero  made t o men or t he de v ‘ l o t ’ —

ment of the precrack us ing a phot~~e last - c  dev  i c e  l’u t t ~

proved unsuccessful . It was determined t h a t  t h e  pre~’rack

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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advance could be monitored with acceptable results by fatigue

cracking one spec imen to failure while observing the COD gage

output. Subsequent examination of the failed surface provided

data which , when combined with the output record of the COD

gage, could be used to monito r the precrack advance on other

specimens of the same material.

One of the most difficult standard limits to achieve

was that the maximum fatigue Stress intensity, K (max) , duringf

the f i n a l  stage of fatigue precracking. for at least the
‘I

terminal 2.5~ of the overall crack plus slot length, must not

exceed 60% of the apparent fracture toughness of the material .

Since the apparent fracture toughness was not known until

after the fatigue Loading was completed and subsequent fracture

toughness testing accomplished , a n umber of tests conduc ted

proved to be invalid because this criter ion was exceeded . It

was necessary to test several specimens of each ma te r i a l  by

loading to failure , after inducing a pr ecr ack , to determine

the failure load range which was then used to determine the

maximum loading for fatigue precracking of subsequent spect-

mens . It  was usually necessary to use a fairLy large maximuiii

load during initial fatigue precracking to get the crack
- - started and then reduce this maximum load during the terminal

stages of precracking to comply wi th the standard . The stress-

intensity range was kept near the 90% of K f lmax .) recommended

by the standard.

The standard requires that, for test results to be

val id, the spec imen thickness , B, and crack length , a , exceed

2 . 5 ( K ic/~
T ys ) 2 . For these tests , specimen thickness was dictated

28



by the requirements of the Army Bal listics Research Labo i-at  or\-

at Aberdeen, Mary land , which was fund ing the mater ia 1 acqu is i —

t ion  . As a result , it was not certain that the above cu it or i a

for B would be met and , in any case , t h e  m i n i m u m  v a l u e  of ~i

could not be ascer ta  m e d  u n t i l  K Q va lues  we re obt  a m  nod fr o m

test results and used to d e t e r m i n e  B. K is the me.-:sured v a lu e

of stress in tens m tv f.ictor at w h i c h  cra ck p r opaoa I me n occurs

t f all the o ther sta nda r d r equ ir emen ts ar e  met , and 13 and a

val u es  then  exceed the  above rat ic us : i i . -r ~< ~ or  K , t h e n ~

is cons ide red to he equ.t L to ~

The crack length was control Led by the ~at igue pr od . ~tc~~—

inc as descr ~~bod above. The tirst snec imen d e s ig n  used had •i

square no tch cut , but this  
• 

proved u n r e l iable for ~1Ove~ op

precracks . The second des L - ~Tfl ut m Ii .~cd a ~0 chevron notch i

a slot as ~ hewn i :i F : ‘1.  1 - A.  The s t  a nd~i rd recommend s a no c h

I-CO t rad ius  of 0 - 02 ~ cm to tao ml i t i  to  f a t  i gu t ’ prec r~tc~ :t ~~i a

a Low L ev e l  of  stress i i  tens i tv . The ~ac ii i os w or e  :io

available to prov ide t h i s  r ad i u s  and so a hardened  r a : o r

~‘ Lade was used t o  c u t  t he  tip 01 th e  c hev r o n  n o t ch  w i t

excel lent resu 1 ts - Coed con t r o l  of f a t  i cue  p r o c r a c k  t i - :

-~nd propa~ at ion was ma i nt a  m o d  w i t h  this design. ~ n .~-o t h e

f a t igu e  pr ec rack  was developed , the  fat iciue t o u ch  less ~es t

was conduc ted by load ing the spe c  ~men t:c -i i lure us uc an

inverted ramp signal from the f u nc t i o n  genera or u n d e r  oad

control . Load iflC f r a te s  wet-e ma in ta i nod to  keep  t ho res

intensity between 0 . ~ ~ and 2 - MP a - m ’ 2 ‘sec a: ;  rogmit red by

the standard . A Hewlett — Packard pl ot ter w.i s used c p:ov ~1e

a graph ic r ecord  of  lo a d — son s  in~i t r i n s d u c or  ou t p u t  \‘ t ’uSUS

the output of the displacemen t gage .

_________ 29 _______
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3. Microscopy Procedures

Samples were sectioned from specimens of each of the

a11oys tested . The sectioned su r f ace  of each sample was

sanded flat and polished using alumina micropolish. Each

sample was ultrasonically cleaned and the polished surLace

was immersed in a sa turated picral etchant solution . Immer-

sion times varied from 20 seconds to one minute , with best

results obtained in the 20-30 second range .

Each sample was examined at 400X on a Bausch and Lomb

Baiplan microscope and ph o tographs taken ~ f the etched surface.

The 53150 , 52 100 an d 10 150 UHC steels were examined using a 1
1

Cambrid ge S c i e n t i f i c  Ins t ruments  Limited S4- l0  Stereoscan

Scanning Electron Microscope (SEM) and photographs were taken

of the etched surface of each of these a l loys  at  t30 00X and

ll000X. Photographs were also taken of the fracture surface

of the 52150 UHC steel at 500X , 1500X and 2500X using the SEM .

Samples of the 10150 UHC steel taken before and after a one—

hour anneal at 650°C were examined and photographed usinc a

Philli ps EM 201 Transmission Electron Microscope (TEM) at

20000X to investigate and record dislocation densities , cra m

sizes and carbide particle distribution . This work was

accomplished by Visiting Professor T. Yamashita of the Japan

Na.-~ional Defens e Academy , Yokosu ka , Japan.

- I 
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III. RESULTS/DISCUSSION

A. MICROSTRUCTURAL ANALYSIS

All alloys tested were processed using the Sherby Process

in order to achieve a refined microstructure of spheroidized

carbides in a ferrite matrix . The ferrite grain size is a

funct ion of alloying content as well as degree of warm roL1ing~
chromium , in par t icu lar , tends to s t ab i l i z e  the spheroidal

Pu

carbide particle size and thus help to restrict the degree of

ferrite grain growth.

1. Light  Microscope

Figures 4—8 illustrate the microstructure of 52150 ,

53150 , 43150 , 10150 , and 52100 UHC steels , respectively. The

52150 , 53130 and 52100 UHC steels were etched using a saturated

picral etchant solution while 43150 and 10150 UHC st eel s we r e

etched with a 2% nital etchant solution . Examination of micro-

graphs reveals a very similar microstructure in alL the steels

with the exception of the 10150 UHC steel . The others all

have some relativel y coarse carbides , aligned in  the rollinc

direction , mixed with very fine spheroidal carbides in a

ferrite matrix. The 52100 UHC steel ~Fig. 8) appears to’ have

a lesser percen tage of the coarse carbides than the et h e r

three steels but some very large carbides in long strincs are

evident in the material.
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Fig. 4. Micrograph of 52150 LHC steel etched in a saturated
pic ral  so lu t ion  for  one m i n u t e .  M i cr o s t r u c tu r e
consis ts of coarse ca rbides  mixed w i t h  f i ne  carb ides
in a f e r r i t e  m a tr ix .  4 00 X
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Fig. 5. Micrographs of 33130 PH C steel etched in a saturated
picral solution for 30 seconds . M:crostructure
co n s ist s  of coarse carbides  mixed wLth f:ne carbidos
in a ferrite matrix. 400X
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Fig. 6. Micrograph of a 43150 UHC steel etched in a 2% nital
solution for 20 seconds. ~licrostructure consists ofcoarse carbides mixed w i th  f in e  carbides  in a f e r r i t e
m a t r i x .  4 0 0 X
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2. SEM

The 10150 UHC steel in Fig. 7 shows no evidence of

coarse carbides but the spheroidal carbides in the micro-

structure are much larger on the average than the fine carbides

in the other materials. This is particularly evident in Figs.

9 and 10 , which  show 10150 and 52 100 UHC steels at ll000X ,

and Fig . 11, which shows 52150 UHC steel magnified at 13000X;

all of td~se micrographs were made in the SEM. While the 52150 4

UHC steel in Fig . 11 has most of its spheroidal  carb ides much

smaller than those in the 10150 UHC steel in Fic . 9, it also

has several carb ides which are muc h larger than those in the

4 
10150 UHC steel . The 52 13 0 UHC steel in Fig. 10 has the

finest spheroidal carbide ~ticrostructure of all the mater ia l s

examined . While no coarse carbides are evident  in Fi~~. 13 ,

they did exist in other areas of the etched su r face .  F igure

12 is another  region of the 52 150 UHC steel at 2 5 3 3 X , show ing - -

how the coarse carbides are al igned :n st r inge rs~ th is  typ e

of Structure was observed in all the steels containing coarse

carbides.

An examination in the SEM was made of the m~crostructure

at the fracture surface of a 52150 UHC steel sr-ecimen broken ~n

a Charpy Impact Test. Impac t testing was accomplished over a

range c-f temperatures. Figure 13 shows the micr ost ruc tu r e  c-f

the fracture surface of a sample fractured at room t empera ture .

The surface shows no evidence of ductile fracture and appears

to have failed by cleavage. Figure 14 shows the same mater~ a1

fractured at 100°C and again the fracture mechanism appears to

be some form of cleavage. Figure 15 shows the same resul t in

35
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Fig. 9.  Mi cr ographs c - f  a 1~~L30 UHC steel etched :n a 2% n it a l
solut ion f - r  20 seconds. Many spheroidal  car b l d e s  :n
the one micron i:ameter rocion a re  evident . 11030X

II-

Fig. 10. Micrographs of a 52130 UHC steel etched -..:~~h a
saturated picral sc1ut~on for 5 seconds.
Spheroidal carbides are very f i n e  w i t h  none v~ sii~~eover one h a l f  micron d i a m e t e r .  1 L 0 0 0 X
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Fig. 12. Micrograph c-f 5215 0 L~l-I C steel etched in a saturated
picral solution for 25 seconds. This recion ha s  \‘ery
coarse c arb i d es  al~~cned in the rc -l1~~nc d~ rc-ctic-n . 2553X
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F i a .  13. M : c r c c r a~~h e~ f r a c tu r e  sur  ce of 2 L 5 ~ ‘UC ~ tee .
f r a c t u r e d  a t  room temi~e r a r - i r e  ~n a ~~~~~~~ ~~~~~ —

T e st .  Su r f a c e  o c n d : t~~c-n Ln d : c a t e s  a
t r a ct u re  ziode. 5~ 2X

- ~1 
-

Fic. 14. ~!icrc’ci-a~ h of fracture surface of 5 L C  ~HC steel
fractured at L~ ~°C in a Chart’ Itcact 7est
Sur f ace  c-c-nd t i c -n  i n d ic a te s  a c b e a vac e  f r a c  t u r e
mode . 1280X
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a specimen f rac tu red  at 220 °C , which is near the maximum

temperature usable for this test. Elevating temperature did

not bring about the anticipated transitionto a more ductile

failure mechanism for samples failing under a high strain—rate

loading. A surprising observation from these fracture

sur faces  (and also Ref. 8) was that coarse carbides did not

appear to provide the route chosen by the crack for propagation ,

although such carb~ des gen e r a l l y  do ~rov~ de the rou te  in a h i g h

carbon steel because of their  b r i t t l e  na tu re .

3. Macro Examina t ion

Figure 16 is an example of the fat i g u e  crack appearance

on a f rac ture  toughness sDecimen . The crack has propagated

from the chevron notch into the materJal . Final failure ¶
occurred by unstable crack propacation from the fatigue pre-

crack during a slow , continuous load increase to failure . The

fracture surface is very flat with little evidence of shear

lips. This fatigue crack front would invalidate the fracture

toughness zest as it has too much of a clamshell shape rather

than the  straight crack front required by Ref. 4.

3. TEN

Figure 17 is a TEN micrograph of 10150 ~HC steel at

10000X. It is evident that there is a finer spheroidal

carbide micros tructure than was observed ~n Fig. 7. The

carbides v is ib le  are less than one micron in diameter arid

this  is consistent  wi th  the resul ts  of the Sherby Process

for the other steels examined . Figure 18 is a TEN micrograph

of the same steel at 20000X. The dark lines visible repre-

sent pilled up dislocations and the high density of those

39
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Fig. 15. Micrograph of 52150 UHC steel fractured at 220°C
in a Charpy Impact Test. Surface conditions m di—
cate a cleavage fracture mode . 1200X

S

Fig.  16. Micrograph of 52 150 UHC steel fractured in a fracture
toughness test.  A clamshell shaped f a t i gue crack
front has propagated from the chevron notch. Fracture
surface is very flat. 20X

40
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Fia . ~~~~~~ . Microqra~ h c-f 10150 ~~~~~ S t C e i  ~~ rolled takon -~~~~

a 6c- tilt angle wi~:h a TEM . ~~ herc ~da1 c~irL~ ~desare v i s i ble  as dark  b ì l i . s ri t h e  I 5ch t er  ~crr i tomatrix. 10000x
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I

l ine s in this picture is indicative of the large amount of

working the mate r i a l  has undergone.  This d i s loca t ion  densi ty

may help explain the poor toughness exhibited by this material

consider ing its low relative strength, as it is already highly

work hardened . Figure 19 is a micrograph of a selected-area

diffraction pattern for the 10150 UHC steel . While this

pattern is not indexed with the area in F i g .  18 , it is taken

from that region and the aperatui-e of five microns indicates
‘I

that grain s ize  is in excess of this value , since there is no

superposition on the diffraction pattern. This  indicates that

the f e r r i t e  grains are larger than was a n t i c i p a t e d  a f t e r  be in~j

t 
worked by the Sherby Process and that the boundar ies  v i s ib l e

in Fig. 18 represent a subgrain structure . The carbides  d id

not act as effectivel y as hoped as pinning agents to produce

a fine ferrite grain size.

Figure 20 is a TEN micrograph  of the 10 150 CRC steel

after a one—hour anneal at 650°C , followed by an air cccl to

room temperature . The dislocation density is reduced in this

s t ruc ture  over tha t  obs~~rved in the as—ro l l ed  c o n di t i o n . Webs

of dislocations are still visible , however , at some of the

subgrain boundaries of the struc ture.

B. MECHANICAL TESTING RESULTS

The tensile , hardness and impact properties of the UHC

steel alloys are a result c - f  both alloying content and amount

of roll ing deformation accomplished . Since the same pr c -ces s ir i a

was accomplished on all the steel alloys, the difference in

4)
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Fig. 20. Micrc~~r aph  of 10150 CRC s teel  annealed a: 6 5 -3°C
taken w i t h  TEN . D i s l o c a t i o n  de nsi ty  is reduced
from tha t noted in Fi g .  18. 2 0 0 0 0 X
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these properties for the materials tested is more a function

o f alloying. In the case of two of the steels;, 53150 and

10150 , a one—hour anneal at 650°C was utilized and i ts

e f f e c t also examined .

1. 52150—1 UHC Steel as Rolled

This material had a yield strength of 951.4 MPa , an

ultimate tensile strength of 1063.9 MPa and an elongation

to fracture of 10.3%. The hardness in the as—rolled condi—

t ion was Rc 3 3 . 0 .  The mater ia l  had very low energy absorption ,

2 . 4  jo ules , c-ri the Charpy V-Notch Impact Test and broke in a

br i t t l e  mode (F i g.  13)

2 .  52150—2 UHC St eel as Rolled

This second heat of the 52150 mater ia l  had s l t g h t l - .-

higher yield strength at 9 2.l MPa and an u l t ima t e  t e n s i l e

s t r eng th  c-f l0~~8 .9  MPa , bu t  reduced d u c t i l i t y  ~~ . 6 %  e longa tion

to fracture) . The ha rdness  was R o 3 5 . 0  bu t  the impact ab-

sorpt ion  energy was only 0.7 joules and the surface appearance

indicated a b r i t t l e  f r a c t u r e  mode .

3. 53150 CRC Steel as Rolled

The tensi le  s t rength of  this  hioher  chromium a l loy  was

up, with a yield strength of 1041.0 MPa and an ultimate

tensi le  s t rength of 1194.4 NPa . D u c t i l i t y  was again low w i t h

7 .1% elongation to fracture. Hardness was R c 36.0. This

mater ia l  also had a ver’- low impact energy absorp t ion , 1.4

j oules .  Tensi le  proper t ies  were not determined c-n the 53150

CRC steel annealed at  650 °C for  one hour , but hardness

remained unchanged .
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4. 43150 CRC Steel as Rolled

This material exhibited the highest y ield strength

of those steels tested , with a yield strength of 1067 .2 MPa ,

and had an ultimate tensile strength of 1104.7 MPa . Ductility

was a disappointing 3.0% elongation to fracture. This material

also exhibited the highest as—rolled hardness at Rc 39.3•

Impact absorption energy was slightly improved at 3.1 joules

but was still well below expected performance on the Charpy
I-

Impact Test.
‘I

5. 10150 CRC Steel as Rolled . -

Tensile data was no t ob t a i ned on this material due to - -

the unavailability of tensile samples but hardness was de—

termined for the material as rolled and after a one—hour t -

anneal at 650°C with a subsequent air cool to room t e m pe r a t u r e .

Hardness dropped from 21.5 for the as-rolled material to

Rc 19.5 after the anneal.

6. 52100 CRC Steel as Rolled

This material had the lowest strength , with the excep-

tion of the 1.0150 CRC steel which was not checked . ~ie1d

s t rength  was 861 .0  MPa and u l t i m a t e  t ens i l e  s tr eno th was

956.9 MPa . The material had good ductility, w i t h  16 . 5 %

elongation to fracture. Hardness was good for this lower

strength steel at R , 36.0. This steel was by far the best

performer on the Charpy Impact Test with an impact abserp t~ c’n

energy of 19.0 joules .

Table II provides a summary c-f the mechanical testing

results. The results were unusua l in t h a t  ductility was Lower

47 
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I
than expected for the 52150—2 , 53150 and 43150 CRC steels

and the impact absorption energy was very poor for all the

steels tested except 52100 CRC steel . Since the impact

energy absorpt ion is the proper ty  most closel y associated

wi th  toughness among those properties examined , this result

was not promising as a predictive measure of the steels ’

frac ture toughness.

C. FRACTURE TOUGHNESS TESTING RESULTS

I
-One of the major goals of this research effort was the

measurement of the fracture toughness , i.e. resistance to

unstable crack propagation , of the materials examined . The

procedures for conducting this  test have already been

described and the fol low~ ne is an outline of how the test

results were calculated arid iriter~ reted . This LS followed

by a description of the resul ts for each ~a te r ’a l  exa~uned .

Onc e a f rac ture toughness  test  has been ccr.ducted, the

results must be examined aga:nst a set of cr~ ter:a set forth

in Ref. 4 to determine if a valid has been determined.

At least  three valid tests should be conducted fo r  each

material and the results averaged . Some of the crLteria

were described in the fracture toughness testing procedure

section and the remainder are outlined below . A tangent

line was drawn to the initial part of the graphic record of

each test conducted . A secant l ine  wi th  a s c-pe equal to

L 95~ of the tangent line was then construc ted and the highest

load up to the point of intersection of this line with the

49
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load displacemen t curve was def ined as PQ. The ratio of

~max”~Q 
was then calculated and if this exceeded 1.10 the

test was inval id .

The frac ture surf ace of the specimen was examined and

the fatigue precrack length was measured . In order for the

test to be val id, the precrack length at the center of the

crack front and at the midpoint between the center and each

side of the crack f ron t  must have been w i th in  5% of the

average of these three values. ~o part of the crack f r o n t
PS

could be closer to the machined notch root than 5% of the

average crack length , or 0.13 cm , and the length of either

surface trace of the crack had to be more than 90% of the

average crack length . The crack plane had to be parallel

to both the specimen width and thickness directions w i t h i n

÷10 degrees .

When the above criteria were all met, a conditional

resul t was calcula ted as foll ows —

p .s_ ( Q ) a
Q (3.q 3/2 )

where
i’2 — 2

3(a) [1.99 — (~~) (14) 
1 2 5  3.93a -i- : 

a ) )
= 

.
~

W 2 1 2a a 3/2
+

~~~~ 
-

~~~~

This result was then used to calculate the quantity

K,., 2
B’ = 2.5 (_.S.~) (3)oYs

If B ’  was less than both the crack length and the specimen

thickness , then the KQ value was considered equal to K i~ [Ref. 4].

L -- - ~~ 
- 

~~~~~ —:~~~~~~~~~~
-
~~~~~~~~ 

-



when the fracture t-c-ughness test fa~~Ied to meet one or

more c-f the criteria in Ref. 4 the s~’ec imen stren5~th rat~ e,

a nond imen sior .al  t e rm when cc-nsistant unLts are  used , was

calcula ted as fo l low s

R 
t
~~
Prnax

sb - 2B~W — a ~

These ratios were also calculated for tests resu1t~ ng

val id  i-~ values. The s:~ecimen strenoth ratic- :s de~-enden:- -

c-n form and s i:e of the  s~ ecimen as we .. I as nater :al . rh ‘~s

r at i o  can be a u s e fu l  me asu re  c- f t he  com~ arat~~ve fracturo

tough ness c - - f  two or more m a t er : a ls  ‘when the  resn ’5.s a re

com~ a red f r o m  s~ ec~c-nens of  the same s~~:e a nd f o r m  and wh e n  - 
-

this si:e ~s suf  f~ c~ en t that the limit load of the sr’ec~~ten

a consequence c-f ~roneu:’.ced crack extens~ on prior to

~ ias:ac ~ns tab i l  i ty ” [Ref. 4 . Because of the  strc -nc -ths and

t h ick n ess es  of t he  steels tested , i t  was net actua l lv des~ r5ible

to find that a valid 
~ T 

could  be de te rmin ed . 7he snu l I

ta~ cknesses  ava~~1a bIe meant it  this value would be sma~~.

and the material , therefore , not v e ry  t o u~ h ~f , :n fact. a

valid < were measured . Tah e cc-nra~ ns a summ ary of the
-

f rac t u r e  touchness  t e s t  r e s ult s .

1. 33150 I’HC Steel as Rolled

TabLe :1: and ~~~ s. 1 and 22 nrcv:de a record of

the test resu.ts for this mate rial . A va :d K . .. v a l u e  of

51 MPa •m 1 was determined ~c-r th :s mater ~al  . Fou r va ~J

tests were conducted wi th a ~~ . 
~ var iation in test res-~: t s

good r e pr o d u ctb i i  Lty for this test. actur~ surfac-os were

51
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Table III

Results of ~‘ractur~ Tcuc-hness Tests
for 53150 Uh~ St-~~l .Uloy as ~o11od

Test I Test II Test III Test IV

Thickness B (on ) 0.693 0.693 0.693 0.693

~epth ‘1 (cm ) 1.280 1.285 1.283 1.283

K
f 

max (MPa_rn i~”~ ) 28.03 28 .75 28.65 29.39

Stress Ir.tensit :i ~an~e for
25.23 25.00 19.10 23.51

~~~ck Len~~h (on ) left 2.59” 0.:1 o .~~: -2.62-7
center O.615 O .5 3c  o .5C~ ~~~~ I. -

right 2.o20 2.”C~ 0.59”

crack Lengt h (on ) left 2 .5~4 0.5•~~ o.~56
at Surface right 2.5c~ 2.559 2.53 3

Number of Cyol~ s for Tex~ lr.a1 58990 111990 L-4450 6400
Fatigue Crack

Test Ten~era ture (
~~

) 21 21 21 21

Relatt;e ;-~.-.iiley
LoadIr.~~~ate ~n Terms of 0.58 1.15 0.96 1.18
(~~~a-m~~- 

~~s)

Crack Plane Crier.tatlcn T-L T-Ii T-L T-L

P~actu.re Arrearance .11 .05 .09 .10
(fraction obiloue)

Yield Strength (offset .
~~ ) 1041.0 1041.0 1041.0 10’~-1.3

(MPa)

1
~c (MPa_m 1

~
?’2) 49 50 52 52

- 
. 

1.02 0.97 1.2L~ 1.09

~tax 1.10 1.02 1.09 1.08

52 ~~~~~~~~
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t very flat with only a small shear 1ip t’vid cnt - i t  he (‘¼i -~es

of the specimen and the specimen ap~-earod ~o hav~’ ii l ed ~n

a brittle manner. All specimens were cut  w - ~t h  a U ’n~~it u d i nal

lo n g — t r a n s v e r s e  or i e n tat i o n .  Three load d p l - i c t ’men t -  t ocerds

wer e Type I reco rds in t ha t  the load at the secant l in e

in te r sec t ion  w i t h  the graph exceed ed a l l  t h e  l o ad s  that pro—

ceeded i t .  The f o u r t h  test was a Type I t  r eco rd w i th P~

— precedinc- the  secant  l i n e  i n t e r s e c t i o n .  The reason for the

Lar .~e v a r i a t i o n  in f a t i g u e  p r e c r a ck i n e  c y c l e s  f r o m  t h e  r st

test to the ot h e r  th ree  was  the difficulty in determin nu the

maximum f at i cue  load per miss~ b 1e for  f~~na1 c r a c k  propaqa t~ on .

Once this was de termined in the f i r s t  test , the ~oad was

adjusted according ly for t he  r e m a i n  ~ne t e s ts .  The av e r~i~:e

specimen strength ratio was 1.11.

2 .  43 1 50 UHC Steel  as Rol le d

Table IV and F t c - s .  2 3  and 24 prov~ do a record of f-he

test results for this material . A valid K v a lu e  o f 4’

was obtained for  this  m a t e r i a l .  Three v a l t d  t e s ts  were  c c n du c t ’d

w i t h  a ‘ .3% variat ic-n in test  results , ac-a in c-ecd r c p r~’duc ~b

- 
- 

for this test. I :i add it  ion , a f o u r t h  t e s t  Test  L I  was ~‘c- m—

pleted w i t h  a v a l u e  of 44 MPa m~’ ~, b ut  t h t s  was -in ~n v a l i d

K ic result s~ nce the maximum faticue stress i n t e n s i t y  dur~ nc-

te rmina l f a t i g u e  p r e c r a ck i n c -  wa -s S 2 %  of  the  ;u ‘~~u c n t

de termi  red K .~ vice the maximum r e r m i s s  ib Ic . Th w a s  t h e
c

result of unstable crack pre~’a~ at or to  fa ilur ’ a a lower

th an a n t i c  ipa ted load due  to f a t  cue prec  r i c k  wti  c i  had e x t en d e d

deep tn to the mat-. t- ~ i 1 . The load J sp 1. icem~’n t r ’cord were -i Il

Ty~ e I rec~~rli~ . Fracture surfaces were rel a t iv el y fla t w ith

- 5’ - -‘
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Table IV

Results of Fraeture Toughness Tests
for 43150 W-~C Steel Alloy as Rolled

Test I Test II Test III Test IV

Thickness B (cm) 0.721 0.721 0.722 0.721

Depth U (cm) 1.275 1.275 1.275 1.2713

max (~1Pa..m
h/2) 25.45 36.03 2 7.59 26.26

Stress Intensity Range for
Termiria3, Crack ~xtenslcr. 20.36 26.20 22.07 21.63
(MPa—tn 1/ )

Crack Length (cm ) left 0.564 0.693 0.610
center 0.589 0.686 0.o27 0.b03
right 0.594 0.678 0.630 0.663

Crack Length (cm) left 0.533 0.623 0.579 o.612
at Surface right 0.549 0.638 3.561

Number of Cycles for Terminal 154-00 76500 11000 9300
Fatigue Crack

Test Temperature 22 22 22 22

Relative Humidity

Load.in~ Rate In Terms of K1 1.02 1.31 1.10 1.24
(r ’~ a— in -- ’ 2, ’~ )

Crack Plane Orientation T-L T-L T-L T-L

Fracture Appearance .04 .04 .02 .02
(fraction obilcue)

Yield Strength (offset = .2~) 1067.2 1067.2 1067.2 1067.2
(MPa )

K1c (M?a_m 1
~”
2
) 47 46 44

( 1)

0.86 0.90 O~.87 0.87

max 1.01 1.05 1.02 1.04
Q

NOTE : (1) Invalid IAU section 7.4.2 of ASTM E399-78
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Fig. 23. Graphs of 43150 UHC steel tests one and two ,
respectively. Both are Ty2e I records. Graph c-ne
is a valid test record while a rap h  two was

valid due to an excessive maximum fatigue stress
in tens i ty .
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Fig .  2 4 .  Graphs of 431 50 UHC steel tes ts  three and f ou r ,
r e spec t ive ly . Both are Type I records-and both
records are from valid K tests.

IL

58

—~~~ ~~~~~~~~~~~~~ 
— 

~~~~~~~~~~ .-~~~~~~~~~ ‘- :=_ _ _~~ -__ _ -_ ~~~~~~~~~~~~~~~~~ --



- -

almost no shear lips in evidence. The mode of failure

appeared to be brittle. The average specimen strength ratio

was 0.87. The fracture toughness of this material was 10%

below that calculated for the 53150 UHC steel . All speci-

mens were cut with a long itudinal long—transverse orientation.

3. 52100 UHC Steel as Rolled

Table V and Figs. 25 through L8 provide a record of

the test resul ts  fo r  th is  m a t e r i a l .  I t  was not possible to

determine a valid K1~ for this material because it proved LO

be too tough a material to measure this characteristic with

the specimen thicknesses available. As is evident in Fic-s .

25 through 29 , the ratio of 
~~ax- 

P~ ; well in excess of the

maximum value permitted by Section 9.1.2 of Ref. 4. The

specimen thickness required for a valid ~~st based on the

evaluat ion of the parameter

K
—

-Is

was approximately four times the thickness actuaLly available.

Fracture surface appearance was very different from the other

materials examined , with almost no flat regions and several

parallel rid ges in the specimen interior running in the fracture

direction . Each fatigue precrack region also contained at-ic or

more r idges .  The s u r f a c e  cond i t ion  ind ica ted  some complex mcde

of cleavage f r a c t u r e . The load-displacement records were all

Ty pe I , but three of the four records had distinctive crack

pop—in regions beyond the secant line intersection. In addition ,

all  graphs had numerous small steps indicating that this Stc-Ci

was able to e f f ec tively resis t uns tab le  crack propa~ at i c n  by

- - 59
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Table V

Results of rra.cture Toughness Tests
for 52100 IJHC Steel Alloy as Rolled

Test I Test II Test III Test IV

Thickness B (cm) 0.754 0.744’ 0.739 0.744

Depth U (cm ) 1.275 1.260 1.262 1.270

max (MPa_m
h/2
) 33.07 43 .51 45.61 49.29

Stress Intensity Range for
Terminal Crack ~xtension 28.35 38.68 40.54’ 43.81
(~~a—m l/2)

Crack Length (cm) left 0.561 0.589 0.556 0.6 12
center 0.579 0.587 0.597
right 0.564 0.554 0.589 0.tCT’

— 

Crack Ler~gth (cm ) left 0.528 0.518 0.508 0.516
- right 0.536 o.~o8 0. 511 0.5 13

Number of Cycles far Terminal 3300 33300 41700 38900 
—

Fatigue Crack

Test Temperature (‘C) 24 24 24 214.

Relative Humidity

Loading Rate in Teims of 0.95 0.97 1.01 1.10
(!~~a— m li 2)

Crack Plane Orientation T-L T—L T-L T-L

Fr acture Appearance .20 .25 .18 .21
(fraction oblique)

Yield Strength (offset .2%) 861.0 861.0 561.0 861.0
(?t?a)

Kic (~~ a_m 1f/’2 ) 85 89
(1) (2) ( 1)

2.11.0 2.64 2.43 2.55

p
1.33 1.48 1.2 6 1.29

Q

NOTE: (1) Invalid lAW sectIons .1.3 and 9.1.2 of ASTM E399—73
(2) Invalid lAW sections 7.1.3, 7.2.1 and 9.1.2 of AZTM E399-78
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Fig. 27. Graph of 32100 CJHC steel test three. This is a
Type I record. The results were invalid for K ic.
Crack propaga tion consisted of a series of
small steps.
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s topping cracks a f t e r  small advances.  The specimen s t r ength

ratio for this steel was 2.51 , indicating that the material

was over twice as tough as any other material tested , based

on a comparison of these ratios. The variation in the

apparent fracture toughness was 8.5% and the variation in

the strength ratio results was 17 .5% , based on four tests.

For three of these tests the strength ratios were within

5.6% of each other .

4.  52130 UHC Steel as Ro lled

Tests were conducted or. material fr’m two heats of

this steel. Tests on f i v e  sp ec :mens fr o m  the  f t r s t  hea t d~ d

not allow determinattor. of a valid K 1c due to several testin~

procedural problems . Examination of the surface of four of

the specimens a f t e r  f r a c t u r e  revealed t hat  the fatigue

precracks had not extended far enough into the specimen to

meet the ASTM standard . The fat~ -~ue stress :r.tensitv factor

for the remaininc sample , as well as three of the other

samples , exceeded 60% -of K.~. It was noted t h a t  the :-~~ va lue  - -

for three of the tests had only a 10% scatter but the remain-

inc two results varied widel y from the average value. The

apparent fracture toughness was calculated to be 51 MPa~m
1 2

and the specimen s trnegth ra t io  was calculated to be 1.11 ,

with a scatter of l9.~~%.

Heat Two test results failed to produce a valid K~ -

for much the same reasons as Heat One . Of the four tests

conducted , only one result met the standard and the K.~ va lue

of 67 MPa•rn1” from that test appeared much too high to be

correct ,  based on all other test results for this material.
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In a n y  case, this value could. not be accepted as val :d  since

there was not a minimum of three successful tests. Two of

the other three tests conducted failed because the fati~ ue

stress intensity exceeded 60% of K , and the remainin~ testQ

failed because the ratio of 
~ma~ 

P~ exceeded 1.10. The

1/’average apparent fracture toughness was 54 MPa~m 
- - and the

strength ratio was 1.18 with a scatter of almost 50%. In-

sufficient test results were obtained to use the st r en 4 t h

r a t i o  with confidence.

5. 13150 yHC Steel as Rolled ‘a

Although f i v e  tests were conducted c-n th:s materta ,

a valid  K 1 was not  obt a ined  fo r  severa l  r ea son s .  The s~~eci-

men minimum th :ckness  re~ u :r ement  could not  be determined

because no tens~ ie specimen ~as available to determine

material yield strength . Thickness of test specimens ~as

controlled ~~~ the available mater:a . thickness. Cn three c-f

the five tests , the fatigue stress intensity exceed ed 60~ c-f

K~~. The apparent  f r a c t u r e  t :ughn~ ss obt ained f t c - r n  these

three tests was 59 >!Pa~ m
1
~~ wich a scatter of only ~~~~~~~ The

remaining two tes t s had ?max~ P~ ratios exceedinc .10 and

thei r K Q resu l t s  varied widely from those above . The a~cca:ent

frac ture toughness noted above wa s the second h i~ hest amorc-

those steels tested . This was not too surprisinc as the

strength of t his  steel was lower than tne otner steels ~com—

paring hardnesses) so toughr~ess could be expected to be up

somewhat. No specimen strencth ratio could c-c calcul.’.ted

because the yield strength or the rnater:al was not known .
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All graphs for this material were Type I records with no

evidence of large pop-in crack propacatic-n.

6. 10150 UHC Steel Annealed at 650°C

Tests were conducted on four s~ ecirnens of this material

heat treated with a one—hour anneal aL 650°C and a subsequent

air cool to room temperature. No valid K i~ 
could be determined

because , again , the yield strength of this material was not

determined as no tensile s:-ecimens were avatiabie. All four

tests additionally failed to meet the  A STM s tandard  as the

f at ~~ ue stress ~ntensitv exceeded 60% c-f KQ. The apparent

fracture touchness c-f thas material was calculated to be

56 MPa•m 1 2
, a reduction of 1-0 % from the as-rolled conditton.

It was not possible to compare scecirnen strength ratios -vith

the as—rolled material as these ratios could not be derermaned .

There is no crovision in the literature tcr ccmparinc apparent

fracture toughness values , so no conclus~ cns can be drawn or.

the significance of thas drop to. K~ an the annealed material ,

a1thou~ h it had been hoped tha t the anneal would improve this

value .

7. 53150 uHO Steel Annealed at 65O~ C

Three specimens were tested after being annealed at

6500C for one hour and subsequently air cooled to room temper-

ature . No valid K10 could be determaned since , agatn , K f

exceeded 60% of KQ. In one of the tests the 
~max 

ratio

exceeded 1.10. The KQ value for this material dropped 17~

from the as-rolled KQ value of 42 MPa~m
1’2 , with a scatter ~of

10%. No Rsb could be determined because no tensile test
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specimens were a v a i l a bl e .  Although no conclusiens could be

drawn from the drop i n K in  the  annea led  m a t e r i a l , Lt wasQ
not a response that had been anticipat ed . - .

Appendix A contains a table of specimen d imensions

and a set of sample calculations for determininy KQ and R sb 
-

~

for  the reported 53150 , 43150 and 52 100 UI iC steel  tes t

r esul ts .
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IV. CONCLUSIONS

Based on the experimental observations and results , the

following conclusions are made :

1. The Sherby Process has not achieved the fineness of

microstructure for either spheroidal carbides or ferrite

grains that had been anticipated . Since the option of

further working the material is not available because of the

minimum thicknesses required for ballistic - testing, addition—

al heat treatment or other processing should be considered to . -

further refine the microstructure .

2 .  The steels c o n t ai n i n c  fewer coarse carbides , the

52100 and 10150 tJHC steels , c~erforrned be tter in f r a c t ur e

to ughne ss testing than did the other steels. There was not

sufficient data to conc lude that t he  coa r se ca rbides  we r e

the source of low toughness in these materials.

3. The UHC steels with hi gher carbon conten t were less

toug h than those with lower carbon content amonc those st c~~is

tested . It was hoped that the Sherby Process would prov ide

hi ghe r carbon steels w i t h  bet ter  f r a c t u r e  t ou chness .  Addi-

t ional data is required on al loy s teels  in the  1.0 to 1 .3

percent range before  conclusions can be drawn as to the

relationship between fracture toughness and carbon content

for UHC s tee ls .

4. I n s u f f i c i e n t  heat  t r ea tment  data  was ~iene rat ed t o

make conclus ions  on i t s  e f f e ct s  c-t~ fracture toughness.

5. Increasing the width of the spec i mens may ~mp r ov e

the control over fatigue precrack propagation and result in

a higher percentage of valid tests.
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6. Apparent f rac ture  toughness results  appeared insensi-

tive to fat igue precrack stress intensities , which were as

much as 15% over the standard maximu m of 60% of KQ .

7.  Frac ture toughness performa nce was poor for all UHC

steels tested , with the exception of 52100 UHC steel . On-

going study should place emphasis on this steel because of

its avai labi l i ty, established manufac tur ing  process and

rea sonable cost. This study should include examin ing

various heat treatments and their ability to further refine

the microstructure when combined with the Sherby Process.

This material ’s combination of strength and toughness makes

it a desirable alternative for many applications such as

armor and bearing usage .
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APPENDIX A

TABLE VI

Specimen Span S ~iidth ~ Thickness B Orack Length a
cm cm cm cm

53150
Test I 5.080 1.280 0.639
Test II c.oeo 1.285 0.721
Test III 5.081 1.283 0.732 ~.b35Test IV 5.080 1.283 0.721

L~3 15 C
Test I 5.081 1.275 0.693 0. S~ L1
Test II 5.051 0.693 C.~8t
Test III 5.080 1.2~5 0.693
Test IV 5.080 1.2 ’~~3 0.6g3

52100
Test I 5.079 1.275 0.’54 0.500
Test II 5.080 1.275 0.7~44
Test III 5.081 1.2b2 0.739 0.582
Test IV 5.080 1.270 0.74~ 0.622

Sample Calculations:

52150 Test I Apparent Fracture Toughness

(
~
)

= U.~~°4 KN)(5,05 cm) 0.612 cm\
- ~~~-

‘
~~ 

- 1 ‘80 1
(0 .o93  cm)( 1 .280 cm)~
(19.’i MPa m 1

IC, = ~o ~tpa.

Reference ~ provtles tabulated values for f(’-~)for the valid range of

crack l-~ngth ~ddth ratios.

Specimen Strength Ratio

6. p . A
- max

- a) ~~

R ~~2~2 N~~1 ~~i ) ( I  cn-~sb . - .‘ - -
- (c . _ 1 cm~(~~.~~ c ~n — C.~~i cm ’) 

~~~~~~~~~~~~~ Mra~~~ ’ n
R = 1.02sb

- s

.
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