AD-767 270

AN INVESTIGATION OF METALLURGICAL
FACTORS WHICH AFFECT FRACTURE TOUGH-
NESS OF ULTRA-HIGH STRENGTH STEELS

William E. Wood, et al

. California University -

"Prepared for:

. _Army Materials and Mechanics Research Center
Atomic Energy Commission

May 1973

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 27151




Best
"Available

Copy

s



‘Apﬁ67270,;

- WILLIAM E. WOOD, EARL R. PARKER
and VICTOR F. ZACKAY

Lawrence Berkeley Laboratory
- - -University of Caiifornia -
- Berkeley, California 94720

AD

AMMRC CTR 73-24

"AN INVESTIGATION OF METALLURGICAL

FACTORS WHICH AFFECT FRACTURE

_TOUGHNESS OF ULTRA -HiGH STRENGTH
‘STEELS

. Maj 1973

Final Report ~ Contract Number DAAG46-72-C-0220
LBL-1474 |

Approved for public release; distribution unlimited.

Prepared for
ARMY MATERIALS AND MECHANICS RESEARCH CENTER -

| Watertown, Massachusetts 02172

Reproduced b
NATIONAL TECHNICAL
INFORMATION  SERVICE

US Depurtmont of Commeres
Springlleld, VA, 22181




_‘f

ACOESSION for

11 SR yinite $actioh W
oog butf St E
UNANNDYHCED a

L I—
V e '-'“.'.\\\ﬁ\\\\\\\‘\uw“

arsseaserved
.............. AALLIALIA AR T Len s

DISTRIPSTION/BEAARILITY COD
N

i S SPEAL

L

The findings in this report are not to be construed as
an official Department of the Army position, unless so
designated by other authorized documents.

Mention of any trade names or menufacturers in this report
shall not be construed as advertising nor as an official
indorsement or approval of such products or companies by
the United States Government.

DISPOSITION INSTRUCTIONS

Doatroiotbio report whan it {3 20 loager needed.
sot retura it to the originator,

-




UNCLASSIFIED

Sec rity Classification

DOCUMENT CONTROL DATA-R&D ’

(Security classilication of title, body of absiract and indoxir.g annotation must be entered when the overall teport 1o classified)
1. ORIGINATING ACTIVITY (Corporate suthor)

Lawrence Berkeley Laboratory

ZBIRFAT PR

28. REPORT SECURITY CLASSBIFICATION
Unclassified

D
LR

University of California 25, GROUP
Berkeley, California 94720

3. REPORY YITLE

AN INVESTIGATION OF METALLURGICAL FACTORS WHICH AFFECT FRACTURE TOUGHNESS OF
ULTRA HIGH STRENGTH STEELS

4. DESCRIPTIVE NOTES (Type of report and inclusive detes)

< 8. AUTHOR(S) (First name, middie inltial, last name)

William E. Wood, Earl R. Parker, and Victor F. Zackay

4. REPORT DATE 7¢. TOTAL NO. OF PAGES 7b, NO., OF REFS
May 1973 2077 2/ 3 89
8. CONTRACT OR GRANT NO,

MORIGINATOR'S REPORT NUMRE K(S)

DAAG46-72-C-0220
b epmosectno.  D/A 1TO61101A91A AMMRC CTR 73-24

e. AMCMS Code 611101.11.844 &b, m:az;ovra‘;:ponr NO(S) (Any othsr numbers that sy be aseigned

4. Agency Accession No. DA 0D4801 LBL-1474

10. DISTRINUTION STATEMENT

Approved for public release; distribution unlimited.

11. SUPPLEMENTARY NOTES 12. SIPONSORING MILITARY ACTIVITY

Detaiis of itlustrations In Army Materials and Mechanics Research Centor
this document may be better : Watertown, Massachusetts 02172

N studied on microtiche

The relationship between microstructure, heat treatment and room temperature
fracture toughness has been determined for the low alloy ultra-high strength steels
4130, 4330, 4340, 4140 and 300-M. Optical metallography, microprobe analysis, and
scanning electron microscopy were used to characterize the structure and morphology,
while both Charpy V-notch impact tests and plane strain fracture toughness tests were
used to determine the fracture properties. The normal commercial heat treatment re-
sulted in the formation of some bainite in all the alloys. MnS inclusinns on prior
austenite grain boundaries were found to initiate cracks during loading. By incroas-
ing the austenitizing temperature to 1200°C, the fracture toughness could be increased
by at least 60%. For some alloys increasing the severity of the quench in conjunction
with the higher austenitizing temperatures resulted in further increases in the frac-
r ture toughness, and the elimination of any observable upper bainite. There was no

correlation between the Charpy impact test results and the fracture toughness results.
The alloys 4130, 4140, 4340 all showed a severe intergranular embrittlement when aus-
tenitized at high temperatures and tempered above 200°C, while the alloys 4330 and

The as-

300-M exhibited no drop in toughness for the same heat treatment conditions.
quenched tensile specimens had a very low "micro" yield strength which rapidly
increased to the level of the "macro'" yield strength when tempered. (Authors)

REPLACES DO FORM 1478, | JAN 84, WHICH I8
! N0V “147 OBSOLETYE POR ARMY USE.

UNCLASSIFIED

i R TE ESa  i1 se rot Som i S s e g et




ecurity Classification

. 2 ~
~
.
N

s
KEY WORDS

LINK ¢

“ROLE

Fracture properties
Toughness -
High strength steels
Heat treatment
Martensite

N
~
~f
1]
.
;

LINK & LINK 8
ROLE wr ROLE wr

i

+ .

L

——Tetuty lacsiHesies




AMMRC CTR 73-24

AN INVESTIGATION OF METALLURGICAL FACTORS WHICH AFFECT FRACTURE
TOUGHNESS OF ULTRA-HIGH STRENGTH STEELS

" Technical Report by
WILLIAM E. WOOD, EARL R. PARKER, and VICTOR F. ZACKAY

Lawrence Berkeley Laboratory -
University of California -
Berkeley, California 94720 o~

- May 1973

Final Report Contract Number DAAG46-72-C-0220
LBL-1474

D/A Project 1T0O61101A91A

AMCMS Code 611101.11.844

In-House Laboratory Initiated R&D
Agency Accession Number DA OD4801

Approved for public relesss; distribution unlimited,

Prepared for T

-

ARMY MATERIALS AND MECHANICS RESEARCH CENTER
Watertown, Massachusetts 02172

% A b M e e~




FOREWORD

This report covers the work done in the period June 26 to December 26, 1972,
under the general title Untempered Ultra-High Strength Steels of High Fracture
Toughness. The work was sponsored by the Army Materials and Mechanics Research
Center on Contract No. DAAG46-72-C-0220. It was funded under ILIR category,

Accession No. 4801, Program Element 61101A, Project No. 1T0611091A. Dr. L. A.
Shepard acted as Contract Officer Representative.

A portion of the work was sponsored under AEC Contract Nofnw-7405-eng-48‘
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AN INVESTIGATION OF METALLURGICAL FACTORS WHICH AFFECT
THE FRACTURE TOUGHNESS OF ULTRA HIGH STRENGTH STEELS

William E. Wood,* Earl R. Parker and Victor F. Zackay
Inorganic Materials Research Division, Lawrence Berkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, Califormia
ABSTRACT
The relationship between microstructure, heat treatment and room
temperature fracture toughness has been determined for the low alioy
ultra~high strength steels 4130, 4330, 4340, 4140 and 300-M. Optical
metallography, microprobe analysis, and scanning electron microscopy
were used to characterize the structure and morphology, while both Charpy
V-notch impact tests and plane strain fracchre toughness tests were used
to determine the fracture properties. The normal commercial heat treat-
- ment resulted ih the formation of sone ba1n1te51n all the alloys. MnS
inclusions on prior austenite grain boundaries ware.found tq{initiate
cracks during loading. By increasing the aueten;cizins'tenﬁerature to
-1260'6. the fracture toughness coq}d be 1ncr¢aoed'by at least 60%. For
some alloys increasing the aeyc:;ty of'thelquench'ih conjunction with
~ the higher austeniti;ing teupar;cuf(s resulted {n further lncigaies
in the fracture toughness, &nd the nligination of any obsetvchla 7
R ' ~ upper bainite. There vas no correlation.b&cuaén the Charpy xnéact test
results anq the ffncture toughness results. The alloyi'blso,rdlbo; |
4340 all shoved a severe 1ntorlrlndhk esbrittleaent when austenitized
at high temperatures and teapered above ZOO'C. wvhile the alloys 6330 ahd

300-M exhibited no drop in toughness for the same hest trestwent conditions.

-

"Submitted to the University of California Graduate Diviston in partial
fulfi{llment for the degree of Doctor of Engineering.
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The as-quenched tengile specimens had a very low "micro" yield strength
which rapidly increased to the level of the "macro" yield strength

when tempered.




I. INTRODUCTION
Low alloy ultra-lkigh strength steels such as 4340 have been
available commercially for over forty years.1 However, they are -
geldom used above 200,000 psi because their toughness is very low at

" these high strength levels. There are some instances where these

alloys are heat treated to achieve the maximum strength level, where

strength in relation to size and weight is the dominating factor. .
These_sifuatiéns ére exactly the oner where rhe toughuess is the worst,

and where better toughness is desperately needed.

| The alléys studiedAln this 19vestigat£on_uere_¢130; 6330? 41460,

4340, and 300-&. in.addition;a lﬁﬁxteé amount of'ucrk:has_been1ddue on _~V

~alloys 3140 and,esso. The&e’ailovs a&&owcd vnrying.tﬁu'carbeu eaaceat_

vhile keeptng the other clemeuts the sase. Alsv. it 311a0¢d the alloy
'eeutauts to be ehaasad without chaagins :ue anonnt of caroon Present.
i é S _'_,. ; Thus both che ufiect of - varytng the carbﬁn (and hante scxeug(h) and
L § %;, '_ ] _"5 the affect of varying the alloylns ale&anta could ba scudi&d as a
o fuuctian of the anstenitlzing tﬁapetature, quenchlng ratn. and travtriug
. temperature, u o '
All of thﬂse steals are couvéutionaliy put in a ¢lass eal&ed
"_ S teﬂpered uaraensltxc, which inpites that they ara eagable of hcins 1"
quencﬁed te form a @artvngiti¢'structure‘rcr the §¢rti9u sizes in
which they ave used.
the. purpose of this invegtigation wis o deterwiae ah#.uinxe§;iuétdre~
, ;onshngcs telstionship of several comsercially heat treated low alloy‘ |
.ltra bigh strength steels that are videly used today Onice this

rela:xsaship is xnoun. theny the tuu;hnesu can be optimized by alteriua

B T e B N R PP T IAD Tty SRt
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the heat treatment schedule to produce a microstructure more resistant
to fracture.

The resistance to fracture was measured using both Charpy V-notch .
impact tests and the concepts of linear elastic fracture mechanics to
establish the plane strain fracture toughness of the alloys under a
variety of heat treatment conditions. A knowledge of the fracture ¥
toughness of these materials and the way in which it depends on their
heat treatment ig essential for the safe design of structures utilizing
high strength steels in which very small flaws can lead to catastrophic
failure,

It is difficult, if not impossible, to design reliable structures
which meet todays demands by using alloys that were developed over
forty years ago utilizing concepts and standards, which since then
have proven to be inadequate. However, it is equally difficult to
design new alluys for todays needs without first understanding not
only the limitations of alloys currently in use, but also what funda-
mental aspect of the material is responsible for these limitatiomns.

In a sense then, this inQestigation seeks to first defihe the limita-
tions of several low alloy steels which commercially used, then to
determine what causes these limitations, and then finally to improve the

" mechanical properties as much as possible without changing the basic
alloy itself. Thus, this vepresents an intermediate stage, which

._7hopefully will lead to the development of new alloys.




oo

T, NV T R A L D AL N TV S BT T T AR AT PR T R A
%—:mww-n T - TITITER TS Ty TR T
s

II. EXPERIMENTAL PROCEDURE

A. Materlgl Preparation

The low alloy ultra high strength steels used in this investigation
were all commercial aircraft quality steels received in the fully
annealed condition. Table I lists thease alloys and the chemical

analysis of each. Several alloys were received in two or more lengths
and a chemical analysis was then done for each length., Thug, in Table I
the letter A, B or C following a particular alloy (i.e., 4340-A or
4340-B) refers to a particular piece of that alloy. The carbon level

of the alloys was checked at least twiée because of the sensitive way

in which the mechaniecal properties depend on the amount of carbon present.

B. Heat Treatment

The austenitizing treatment was done in a vertical tube type
furnace shown in Fig. 1. The furnace was sealed at both the top and
bottom and augtenitizing was carried out in an argon atmosphere for
1 hour. The material being austenitized was then quenched by removing
the bottom and dropping it thrcough the bottem and directly into the
agitated quench bath below. The tempered specimgna were held in a
salt bath for 1 hour.

For this investigation the austenitizing temperature, the quench
medium, and the tempering temperatures were varied, although not all
possible conbinations were used for any one alloy. Austenitization
was done for 1 hour at either 870°C, 1100°C, 1200°C or at 1200°C for

_1 hour followed by cooling to 870°C and holding for a total of 30 minutes
and then quenching. This austenitizing schedule will be referred to

as a step quench treatment. There were three basic quenches used:




1) room temperature oil quench, 2) room temperature water guench, and
3) ice brine quench followed immediately by refrigeration inAliquid
nitrogen. In a few cases an oil quench was followed by liquid nitrogen
refrigeration.

In order to obtain a quantitative measurement of the differences
in the severity of the quenches used and to determine how much time
was required to bring specimens to the temperature of the furnace,
cooling and heating rates were measured for the fracture toughness
specimen. Two platinum-platinum 10% rhodium thermocouples were placed
as shown in Fig. 2, Both thermocouples were placed at the midsection
thickness and alloy steel set screws were placed in the side of the
specimen to insure that thke junction of the thernocouples would be
held firmly in place. Finally, a silica cement waé used to seal the
point where the ceramic tubing entered the specimen and to also provide
support. In order to prevent the ceramic tubing from cracking when
immersedfin the quench, and the wires from shorting; a second ceramic
sleeve was fitted over the thermocouple tubing. This outer sleeve could
either be replaced or major cracks cemented with the silica paste., This
enabled one thermocouple and specimen to be used sgveral times.

-With the thermocouple firmly in place and sealed, the entire

setup could be positioned in the furnace and the temperature recorded
on two strip chart recorders. As soon as the specimen had reache&-the
furnace temperature the entire setup was pulled from the vertical tube
furnace and dropped into the appropriate quenching medium. This
arrangement allowed the internal temperature of the fracture toughness

specimen to be continuously monitored and recorded throughout the
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entire heat treatment using two Independent thermocouples, each
acting as a check on the other.

All fracture toughness specimens, Fig. 3, were heat treated
individually. However, an attempt was made to duplicate the cooling
raées in the fracture toughness specimens as closely as possible in
the Charpy V-notch specimens too. To do this, Charpy blanks were cut
5/8 in. X 5/8 in. X 2 1/4 in. and wired together in groups.of four
(Fig. 4) to form one block 2 1/4 in. X 2 1/2 in. X 5/8 in. These
blocks were then austenitized and quenched individually. Similarly,
the tensile 7pecimens (Fig. 5) were first cut as blanks, each 5/8 in. X
5/8 in, X 3 3/4 in. These were wired together in groups of three in

the same manner as the Charpy specimen blanks.

C. Mechanical Testing
i. lmpact Tests |
The room temperature longitudinal impact properties were determined

using thg standard. ASTM Charpy V-notch gpecimen as shown in Fig. 6,
The teéts Qere done on a peadulum type impact testing machine Adjusted
to a 60 ft~1b capacity.

he austenitized and qﬂenched Charpy blauks were first tempéred
and thn,gfouud equally on all four sides to final dimensions, and

a notch.machinedﬂdn the sides #3 shown in Fig. 7. Duplicate t.sts

_ﬁere done for all heat treatments. In order to check whether there

was an effect on the Charpy values due to position in the prior heat
treated block (i.e., position 1, 2, 3 or 4 in Fig. 4) specimens to be
tenpered duplicately were always taken from the first and third positions

or second and fourth positiong in the block.
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2. Tensile Tests

The room temperature longitudinal tensile properties were determined
using a 1.4 in. gage length, 0,357 in. diameter ASTM specified round
specimen shown in Fig. 8. These specimens were ground from the blanks
that had been previously austenitized, quenched and tempered. Duplicate

tests were performed on all the specimens in the as-quenched and 280°C

. tempered condition,

A 300,000 1b capacity MTS machine was uged to test the specimens
at a loading rate of 0.04 in./min. The yield strength was determined
on both a "macro" and micro yield strength level.

The 'macro" 0.2% offsét yield strength was determined from the load
vs total stroke or crosshead displacement curve and the measured
elongation. The total crosshead movement was divided iqto the total
amount of elongation from which the amount of stroke movement cor-
responding to 0.002 strain can be determined., The "micrc" yield stremgth
on the other hand was determined by using two linear variable displacement
transducers (LVDT) mounted on opposite sides of the tensile specimen
fn a configuration shown in Fig. 9.

By using two transducers mounter on opposite sides, any error due
to specimen buckling or non-uniform loading is automatically cancelled.
Also extraneous strain from the specimen grips, threads, etc is eliminated.
The signal from each LVDT was fed into a Daytronic model 300D Transducer
amplifier which added the signals from both transducers. Calibration of
the output of the transducers, Daytronic amplifier and X-Y recorder
setup was done using a special micrometer calibration unit shown in

Fig. 10. By switching the amplifier from the single output modes to




Dl S s R

Zoad

P et
B dgicasy

T e oy T e e

-7-

the add modes, it was possible to calibrate the output of either one or
both of the transducers simultaneously. The micrometer attached

to the calibration unit;had a 1.0 in. barrel movement with a 100 to 1
reduction sleeve inside. Thus, the micrometer had a total range of
0.01 in. This provided a method of calibrating the output of the
entire setup down to a least reading of 10“5 in. of displacement.

Hence it is possible to measure strain very accurately and to observe
any microyielding, which is not evident, if only the total crosshead

movement is measured.

3. Fracture Toughness Tests

The room temperature longitudinal plane strain fracture toughness
was determined using the ASTM specified2 compact tension testing
specimen, Fig. 3. All specimens were machined from 5/8 in. thick bar
stock to final dimensions except for the thickness and 0.008 in. slot.

After heat treating 0.010 in. was ground off each side and an 0,008 in.

. thick slot was machined in order to act as a notch for introducing a

fatigue crack, A 300,000 1b capacity MTS machine was used to fatigue-
precrack the specimens at 6 cycles/sec. All fatigue cracks were
fatigued at least 0.10 in. and fatigue loads were kept within ASTM
recommendationa.3

The stress intensity for the compact tension specimen has been
determined by Srawley and Groes, and can be expressed as a function of

specimen geometry and loading to result in the following equation
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£(2) = 29.6 (3)Y/ 2~185.5(-%)3/ Zress. 13 2-1017(2)  2re38.9(2)° ' .

where K is the stress intensity, P the load, B the thickneas, W the

‘m

specimen width and a the crack length,
The fracture toughness specimens were tested on a 5000 kg. Instron
at a crosshead movement rate of 0.04 in./min which resulted in a loading -
_ rate within ASTM recommendations.9 A crack-opening-displacement (COD)
gage was used to follow the crack length during each test. With the
] ; use of a crack-opening-displacement vs crack length calibration curve,
T Fig. 11, for this particular specimen geometry, the crack length

during each test could be determined from the crack-opening-displacement

(v) measured with the COD gage. Hence the stress intensities KTc and

KQ could be determined using Eq. (1) in sccordance with the ASIM

standards.3

| D. Microscopy
1. Optical Metallography
Sections to be used for metallography were cut from the midthickness
of the fracture toughness specimens. They were mounted in Koldmount
and ground on successively finer papers to 600 grit and then polished .
to a 1y finish using a diamond paste. All specimens were etched in a
4% picral, 1X nital solution. Metallography was done using bright

field, polarized light and/or interference contrast methods.




2. Scanning Electron Microscopy

A Jeolco JSM~U3 scanning electron microscope (SEM) with a secondary
emission at 55 LV was used to examine the fracture surfaces. While the
specimens were being sectioned in order to fit in the SEM, the fracture
- surface wag protected with acetate tape. Aftervards the tape was

stripped and the specimen ultrasonically cléaﬁed.
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TII. RESULTS

A. Haat Flow Profiles

Heating and cooling cutﬁés-corresponding to the temperature profiles
in the center of a fracture touéhness specimen were determined for the
different heat teeatment schedr'~s used in this investigation. Table II
shows the temperature profile during heating from room temperature in
an argon atmosphere. The temperature profile was monitored two times
and appears in Table II as run 1 and run 2. Also shown in Table II is
data corresponding to furnace cooling from about 1200°C to 870°C.

Figure 12 shows these results graﬁhically.

Tables IIl and IV give the resuite of the ice brine, water and oil
quenches from either 870°C or 1200°C. These results, plotted in Figs. 13
and 14, show the differences in the severity of the different quenches.
The 0oil quench ir markedly slower than the other two quenches., Cooling
rateg at selected tenﬁeraturos were deteimined by drawing a tangent
lina.co the curves, Théoe rates, Table V, were deternined at 150, 300,
500, 700 and 900°C for each cf the cooling curves. The results show
that the ice brine quench results in a faster cooling rate than e
vater quench et temperatures above 300°C, but that at 300°C and 150°C
the cooling rates are essentially the same. Ths oil cooling rataus

are, however, much slowver, as expected,

BN O o8 T v PR O SRS S Ly e
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B. Mechanical Testg
1. Fracture Toughness Tests

The room temperature longitudinal plane strain fracture toughness

results for the alloys investigated are given in Tables VI through XII.

P
In these tables the ratio ;E is determined from the load vs crack opening

displacement curve genetateg during the test. This is shown schematically
in Fig. 15. These ratios are included in the tables since they are a
new restriction placed on the determination of the validity of ch. The
AST™ now specifiea3 that this ratio must be less than or equal to 1.10.
However, this requirement is believed to have been added because of
discrepancies in the fracture toughness of titanium ali.ys. As can be
seen in Tables VI through XII, the values of this ratio varied, both above
and below the value of 1.10, within duplicate tests. This did not
result in any significant differences in the calculated fracture
toughness however, and for this invegtigation the fracture toughness
values are reported as valid plain strane fracture toughness tests
as long as the other requirements are met. |

The plane strain fracture toughness, K, ., is gnlculniod using
the load PQ and the associsted crack opening displacement (Fig. 15).
The value celculated is the valid plane strain fracture toughness if

the following two conditions are met:

P

1. =2¢1.10
Fq

K
2. B> 2.5 -59»
ys
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The c¢ritical stress intensity, Kcrit’ is calculated at the point of
the maximum load, P___,
max

a. Alloy 4130

The fracture toughness results for all conditions tested are given
in Table VI, and some of these are plotted in Fig. 16, For this alloy
the normal commercial heat treatment is to austenitize at 870°C followed
by oil quenching (870, 011). This results in a fracture toughness of

57 ksi-in.”2

for the as-quenched condition. If the specimen is ice
brive quenched and refrigerated in liquid nitrogen (L.N.) after
austenitizing at 870°C, (870, IﬁQLN) there is no increase in :6nshnoas.
However, by raising the austenitizing tempervature ﬁrqn 870°C to 1200°C,
followed by oil quenching, the toﬁghnnnl ubtuétly increases to

1/2

85 ksi-in. in the as-quench condition. From Fig. 16, it is seen

" that the maximum toughness is obtaihed by austenitizing at 1200°C

"again drops from 99 kei-in.

- followad by an ice brine quench and L.N. rofri;_éu::on (1200, IBQLN).
If the sustenitising temperature is lowered to 1100°C, the toughhui o

1/2 172

to 69 hi—ih._ . The respouse '__to' ,

’ :&nbcring for the commercial hnatAtreutﬁhnt,(87O. bll)'l§d_tnh'§¢s:

‘heat trestment (1200, IBQLN) are exactly opposite. The (870, 011)
‘hest cramnt shows no respouse until tmrod st s high mu;h lml
to cause a drop in stoength and hence an increase in touhms On
the other hand, the (1200, IBQLN) trestment do_u exhibit & respouse

to & low 200°C temper but then drops catastrophically at higher |
tesperatures dova to the vh\'nl of the commercial heat trestment. This
is & common phenomenct ia high strength .uds and s referred to as
“S00°F embrittlesent”. Fiually, the value of the fracture toughness
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achieved for any heat treatment condition is very sensitive to the

amount of carbon. Figure 16 {llustrates how changing the carbon content

from 0.30 to 0.33 shifts the fracture toughness of both the coemercial

heat treatment and the (1200, IBQLN) heat treatment lower. Summarizing

then, in order to obtain the best possible fracture :oughness, both

a 1200°C austenitizing temperature and a very severe quench are required.
b. Alloy 4140

The lorngitudinal fracture toughness results for all the conditions

investigated ire given in Table VII. This alloy is similar to alloy

4130 except for the higher carbon and ulig_htly higher manganese coutent.

© The as-quenched (870, 0i1) commercial heat treatment has a very low

fravture luﬁuhu»uk'vf 27 kul-!ﬂ."z.. By lnéreua!nx'thé aualvnltii}ag

temperature to 1100'(., the trm.:uru toughnu 18 only ratsed to
1/2

33 kei-in."’ . However, mt_cniuuu at 1200°C and oll,qnmhm L

1/2

. 'V'rc_sulu in & much 'largor; increase in ipugh’uon to about 51 kei-in.™ ", -
In addition, 1f the (1206, 011) heat treatmant is followed by lquid
 altrogen refrigeration, the fracture toughness remains unchanged from .

that of the (1200, o11) ium treatment vithout L.N. refrls‘entiou. '

.Piuuy. from Table Vit, it can be ssen that & sup quueh (1200870,
"on) heat trumnt results in only very sasll increase in fracture

- toughness over that of a cosmerciel (870, 011) twat treateent. .

" lee brine Liguid niteogen (LBQLN) quenchies uerv‘uied'afwt buth -

& 1200°C and & 12004070‘(230.&.5“‘(1& treatmeat. The (12004870, liﬁm):
| treatment resulted i little, 1f any increave over that of a (12004870,

011) heat trestweat, and the (1200, 18QLN) beat trestment actuslly showed

s drop in toughness as cowpared to a (1200, 0f1) heat treatment.
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The response of the fracture toughness to tempering for three
heat treatments is shown in Fig. 17. It can be seen that the increase

in fracture toughness associated with an increasing austenitizing

temperature is maintained during tempering until the "500°F embrittlement"

range {s reached. Then both the higher austenitizing heat treatments
have an abrupt drop in toughness similar to that of alloy 4130. Also,

as in the case of the alloy 4130, the higher the maximum toughness

'achieved. the greater the loss in toughness when tempered in thé 280

to 3SO'C'ranso. As in the alloy 4130, uhen the drop in toughness occure,

it reduces the toughnosa to that of the co.nsrcial haat troatlant at

 the telperius tcupcratu:c of 350°C,

O gx 4330

Table VIII lste the fracture tou;hmu results for all the test "

eonditions used in thin invontlgation for alloy 6330. The nor-al-'

fcaunvrc!al “th troatnent lc asain to austenftize at B870°C and ol
'  quench. The lrusture toushnoss resultu ﬂnd respoasd to tenpcting
‘,aftet an (870. 011) and & (1200, 1BQLN) heat treatment are shown in

Fig. 18. Unlikc slloy 4130, this alloy responds tuﬂtcupgtiug-tftur_4

'_-'béins gfvan an (370. 011) heat treau-ﬁat. Nost slinitieantiy thaugh.

is the fact tha: this &lloy does not exhibic & saverc drnp in tou;hncsn

" when tempered above 200°C. There sre two vther significaint résults.

I-!erring'to Table VIII, {t can be seen that a (1200, O11) heat téc&gﬁgnt
results i a ffaeturé tougﬁnnsi intersediste betveen th- écllittlll'

-_(870. 011) and the high temperature, severe queach (1100, IBQLN) heat

trestment. This result puralxulu that of ixso, 18 that both the high

.
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austenitizing temperature and the extreme quench are necessary in order
to obtain the best vresults. Secondly, the step quench heat treatment
(that ias 1 bour at 1200°C followed by 30 minutes at 870°C and then
quenching) with either an ice brine quench with L.N, refrigeration, or
an oil quench does not result in as high a fracture toughness as a
direct quench from 1200°C futo eit!*r an IBQLN or o!i‘quench.
~d. Alloy 4340 | | |
This alloy was the most thoroughly investigated in 80 far as |
éhlrteen different austenitizing and qnﬁnching combinations were examined
,1“ the as-quenched condition. - Of these ;onbinntions, thf?e vere telec:ed
Aiu fhrthﬁr 1nvent£ssie tﬁb td-pcrins respouse. Table IX listu thc results 7
-obtained for all the tnlcl that vere done uoins the alloy 6340. The _r
' '-ost obvious tcsult is that four of the heat trcatninta renulted iu_
guench euch udhuu ouuurdly fron the noteh iu the fracture
' twghuus mcim Oa tha one hmd. an ou quench ai;c. cxther 870°C,
".”ﬁxzoo.'.c or 1200"870’(: nuuntuuuon did not ptoduce any qunch erackm
:On :hn other hmd. either an ice briu qwh with i..ﬁ utruetsuw -
A (mm) or & vater quench ruuhed 18 a quuch emck 1f the spectmen
'wu tirst muuuua at cithut B70°C or 1200°C. However, alc);ur |
t.he» IBQLY qmch'twr the vat,gr qmch resulted in quench cracks following
" step quﬁncﬂ(lib&*'ﬂﬂ» austwéttatun se'qmu; t: 580::1& be noted
K that a cwlcu test was oﬁuma in cue case for & (1200. IBQLN) heat
7 treatment. nmvu. this specimen vas probsdbly mumany cracked
vhich vould explaia the lov value of K, and K. qq Sbtalned. 1t whoald
180 be noted that all quench cracks folloved prior avetenite -gutn o
boundaries snd thst cracking occurred during the queach itself.
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In an attempt to determine whether any retained austenite might
be affecting the fracturz toughness a (1200+870, 0il) and a (870, 0il)

heat treatment were followed by immediately refrigerating into liquid

nitrogen. The fracture toughness results did not indicate any significant

effect due to the refrigeration.

For alloy 4340, it is evident from Table IX that there is no
advantage to quenching in a medium faster than oil, and in fact there
is no advantage in quenching directly from 1200°C as opposed to a step
quench, As with alloys 4130 and 4140, 4340 exhibits a drop in toughness
if either a direct quench from 1100°C or a (1100*870) treatment is used
rather :han the equivalent heat treatment from 1200°C. Figure 19 shows
grsphically thq increase in fracture toughness that can be achieved
over that of a commercial (870, 0il) heat treatment. The (870, 0il)
heat treatment has an extremely low as-quenched fracture toughness,
but climbs rapidly with tempering, except in the "500°F embrittlement"
range. The s;ep quenched ;reatment shows its best toughness tempered
at 200°C. but then exhibit§~a sharp drop in toughness similar to that
of alloys 4130 and 4140,

e. Alloy 300-M

The chomical compusition of alloy 300-M (Table 1) fu very simllar
to that of_4340 except that alloy 300-M has silicon and & small amount
of vanadium added. The longitudinal plane strain fracture toughness
results for all conditions investigated for 300-M are given in Table X.
Three of the specimens were double tempered at 245°C, Double tempering
consisted of tempering for 1 hour at 245°C followed by quenching to

room temperature in water and then re-tempered for one additional hour

ta
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at 245°C. However, none of these treatments result in a significantly

higher fracturc toughness than did the single temper treatment at 245°C.
This alloy does have a significantly different response to both a step
quench and to tempering than does alloy 4340. Alloy 4340 showed no
difference in toughness when given a (1200, 0il) or (1200+870, 0il)
heat treatment. However, Figure 20 shows that alloy 300-M develops a
response similar to the other alloys investigated, in that the step

quench does not result in as high a fracture toughness as does the

direct quench from 1200°C. Also alloy 300-M does not exhibit a sharp
drop in toughness when tempered above 200°C, as do all the other alloys,
except alloy 4330. 300-M does seem to be affected by liquid nitrogen
refrigeration after an oil quench. A (1200, 0il) heat treatment in

the as-quenched condition results in a fracture toughness nf about

46 ksi-in.llzg whereas, the same heat treatment followed by an immediate
refrigeragion in liquid nitrogen results in a fracture toughness of

only 35 ksi-in.llz. However, additional tests are required to determine

if there is a real difference or just scatter in the data.

f£. Alloy 4350

4 preliminary investigation has been done on‘alloy 4350 to determine
whether a high austenization and a step quench tréatment would result
in an increase in fracture toughness over that of the commercial (870,
0il) heat treatment for a relatively high carbon low alloy steel. The
results in Table X1 indicate that the beneficial Increase in toughness

is obtained, sven though the fracture toughness is low compared to

the lower carbon alloys.
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g. Alloy 3140
A limited amount of data has been obtalned for alloy 3140 and is

given in Table XII. The fracture toughness for both the (1200, 0il)
and (870, 0il1) heat treatments are graphed as a function of tempering
temperature in Fig. 21, While the information is not complete, the
results in Tabile XJI and Fig. 21 show that this alloy does respond
significantly to the (1200, 0il) heat treatment and that as for several
other alloys the step quenph heat treatment does not result in as

high a fracture toughnéss as the direct (1200, 0il) heat treatment.
Finally, this alloy does show an abrupt drop in toughness when the
direct (1200, 0il) heat treatment is‘tgmpeted above 200°C.

2. Impact Tests |

The room temperature Chérpy V-notch impact properties were determined
for alloys 4130, 4330, 4340, 300-M and D6-AC as a function of tempering
temperature for different austenitizing temperatures and quenches.
Table XIII gives the results obtained for all the tests. These results
are also shown graphically in Figs. 22 through 25. The graphs were
plotted by using the average value of the two Charpy tests done each
heat treatment.

The results show that there is very little difference, if any, in
the general shape or values of the Charpy V-notch data regardless of the
austenitizing temperature or quench used. There is no correlation
between these results and those obtained using fracture toughness

specimens,
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3. Tensile Teating Results

The room temperature longitudinal tensile properties of alloys
4130, 4330, 4140, 4340, 300-M and D6-AC were determined using the
parallel linear transducer arrangement described previously. The results
are listed in Tables XIV through XIX and shown graphically in Figs. 26
through 31. There are several imporéant points which will be discussed
further: (1) the presence of quench cracks, (2) micro vs macro yield
strengthe, and (3) the effect of specimen size on strength.

The problem of quench cracks occurred in fhe specimens with a
large grain size and quenched in an IBQLN and sometimes a water quench,
The immediate effect is that the elongation and reduction of area are
very low. The specimens that had visible quench cracks are marked by
an asterisk in Tables XIV through XIX. However, the lack of a visible
quench crack does not mean that failure did not originate from a surface
flaw or machining mark. The high strength and large grain size makes
these materials very sensitive to surface finish. By carefully polishing
the reduced section of the specimens it is quite easy to drastically
increase the reduction of area achieved during a test.

The second point, that of micro ve macro yield strength, ig also
very important. The shaded region (Figs. 26 through 3l1) represents
the difference in the measured 0.22 offset yield strength., For every
alloy this difference is a maximum for the as-quenched specimens and upon

tempering gradually shrinks to a point where there is no difference

~ between the two measurements. In an attempt to measure the error

introduced in the macro yield strength measuraement due to loading in
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the grips and the threads, a "zero"rgage length "specimen" was machined.

This “specimen consisted of a 2 in. long 5/8 in. diameter completely

threaded section, heat treated to azpproximately a 210,000 psi yield

strength. This "specimen" was then threaded into the tensile grips

until the grips were touching each other, and a load then applied up

to 35,000 pounds, which corresponded to the maximum load reached in

the actual tensile tests, The amount of crosshead displacement can

then be measured for any load up to 35,000 pounds. These results were

then subtracted from actual tensile tests for alloy 4340, and the

corrected macro yield stress, designated '"macro", included in Table XVII.
_ This did reduce the difference between the micro and macro yield by

about half for the low tempered specimens, and at the same time did not

change the results for the specimens tempered at 280 or 350°C. This

latter result i{s probably due to the definite yleld point that occurs

Lor the 280 and 350°C tempered specimens, since when a definite inflection

point occurs, it is automatically taken as the yield point. Subtracting

the digplacement due to the grips and threads does not alter the load

at which this point occurs.

The general shape of the tensile curves obtained using the extenso-
meters 1s shown in Fig. 32A as a function of tempering temperature for
alloy 4130 given a (870, 0il) heat treatment, while Fig. 32B shows the
macro stress strain curves for the same two tensile specimens. The
as=quenched specimen has almost no linear region as measured by the
extensometer arrangement, and has an essentially parabolic shape. On
the other hand, the 'macro" curves are both linear. The general shape of

these curves is the same for all alloys, both large and small grain sizes
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and for all heat treatments.

All the tensile data shown in the tables and figures was obtained
using 0.357 in. diameter tensile specimen heat treated in blocks of three
as described previously. However, some initial work was done using
0{250 in, round specimens ground slightly over sized, and then heat
treated, This resulted in a macro yleld strength for alloy 4340 of
about 255,000 psi or about 25~30,000 psi higher. On the other hand,
the same test procedure did not result in a macro yield stress that

was any higher for alloys 4130 and 4330.

C. Microscopy
1. Metallography

Optical metallography was done to determine the'aa-quenched
structure of alloys 4130, 4330, 4140, 4340 and 300-M, The metallography
was done in all cases on sections cut from actual fracture toughness
specimens, The results show that there is a mixed microstructure
present in probably all of the specimens examined, These micro-
structures ranged from that of blocky ferrite, bainite and martensite,
to almost entirely martensite with just a trace of decomposition product
along prior austenite grain boundaries, All of the specimens austenitized
at 870°C have a fine grain size, while those austenitized at 1200°C
have a very large coarse grain size with grain diameters averaging
about 0.15 mm as compared with a grain diameter of approximately
0.015 mm for the fine grain material. The fine grain size made it
difficult to resolve the microstructural constituents either in the
grains or along grain boundaries, since at a magnification of 1000%

a grain would only be about 1 cm in diameter. Thus for all the fine

S —
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grained specimens, micrographs were taken at magnifications ranging
from 1000x toTZSOOX using an oil immersion lense. These negatives
were then enlarged approximately 2x for final printing.
By using EPI-Nomarski differential interference microscopy, it is
possible to achieve a much greater contrast and surface relief effect
than by using just reflected light methods. The interference technique,
abbreviated as I.C., generates contrast optically by interference of
light waves traversing slightly different optical paths. This differential

interference produces an optically "shadow cast" image, creating a

~3 dimensional effect and bringing any surface differences into high

relief. In eifect,it can be used to view the surface topography within
the limits of resolution of the microscope. This technique is used in
conjunction with cross polarized light and a green filter. Thqs when
working at magnificatién of 1000% and above, the amount of light
reaching the speciien is very small, Therefore, long exposure times
were required even when using very high speed film, ASA 800. The
combination of high magnification and long exposures made the problem
of vibration very difficult, to the point where even the shutter being
released caused enough vibrations to sometimes blur the photonicrogrgph.
The microstructure of the alloys studied has been characterized in the
following sections. For all the samples examined, a detailed and
extensive examination was made of many areas of these samples at least
three times. Thus {t {s felt that the micrographs shown in the

following sections are representative of the microstructure of the

fracture toughness specimans tested.
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a. Alloy 4340 (0.027 in, Yhick Sheet)

The as-quenched microstructure for a (1200°C, IBQLN) heat treated
section of 4340, 0.027 in. thick is shown in Fig. 33. This structure
is fully martensitic without any trace of a decomposition product
visible.

- b. Alloy 4130

The as-quenched microstructure after austenitizing at 1200°C and
ice brine quenching followed by liquid nitrogen refrigeration is shown
in Figs. 34, 35 and 36, ‘The large grain size of the specimens austenitized
at 1200°C is revealed in these figures. The microstructure is comprised
of martensite and bainite which has nucleated along prior austenite grain
boundaries (Fig. 35). Figure 36 clearly shows how these plates grow
out from the grain boundaries. Small particles can be seen in Fig, 35
and are about 1 micron in diameter. These have been identified as
MnS particles by a microprobe analysis.

If an oil quench is used from 1200°C rather than an ice brine
quench, then a significant chenge occurs in the resulting microstructure,
The (1200, 0il) heat treatment results in extensive formation of upper
bainite through nucleation along prior austenite grain boundaries,

Figs. 37 through 42 (bainite is indicated by arrows in Fig. 37, 38 and
39). The alternating parallel sheaths of ferrite and iron carbide are
clearly visible and characteristic of upper b&initc.“’s

Using a step quench into oil, (12004870, 0il) does not produce
a change in the microstructure. Upper bauinite is visible again
originating from grain boundaries (Figs. 43 and 44).
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The first microstructure so far with a fine grain size is shown
in Fig. 45. This sample was cut from a fracture toughness specimen
that had been given a (870, IBQLN) heat treatment. At first glance
there is nothing particularly distinctive about this micrograph, except
that the structure is much finer than for the large grained material.
However, a closer examination reveals that the microstructure consists
of thin plates or in some cases several plates parallel to each other
(see arrows in Fig. 45). Figure 46A is another micrograph taken at the
same magnification as Fig. 45 and again these dark etching plates
are visible. A higher magnification micrograph taken from the same
area as Fig. 46a is shown in Fig. 46B. Now the nature of these dark
plates can be more clearly identified. Figure 47, taken at twice the

magnification of Fig. 46B, clearly shows the parallel arrangemsnt
of the upper bainite laths, which have nucleated along the

grain boundaries. The leugths of the bainite luths and also

of any martensite laths is limited by the size of the prior austenite
grain size. Thus an ice brine quench is still not fast anough to avoid
the formation of upper bntnikc'in the fine grained material. Fiﬁally.
s nicrograph of the same materisl but utilicing 1nt¢r£¢£dnc¢ céngract
techniques is shown in Pig. 48. This clearly shows the bainitic |

nature"s’6

of the microstructure which resulted from a (870, IBQLN)
heat treatment. | | |

o The microstructure which results from the commercial 870°C

sustenitization followed by an ofl queach is shown in Figs. 49 and 50.

Figure 50 reveals that this heat treatment results in the formstion

of ferrite and very coarse upper bainite in which the ferrite laths
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are very wide. Figure 49 represents an ares very near to the surface
of the specimen where the material underwent s more rapid rate of
cooling. The structure is still bainite slthough on the finer scale
than in the middle of the specimen. The structure near the surface
of the oil quenched specimen (Fig. 49) is very similar to the appearance
of the specimen cut from the center of the (870, IBQLN) specimens.

c. Alloy 4330

The microstructure of the (1200, IBQLN) heat treated fracture
toughness specimen is very similar to that of alloy 4130. The general
appearance of the microstructure of this alloy for this heat treatment
1s shown in Pig. S1. It ds difficult to identify vithout transsission
electron microscopy vhathar this heat treatment results in a' tnny -

martensitic or uud uttmitu and hinitic utmtun.‘ However, a

decomposition product can be sesn along the um of pﬂor nuotmu

grain boundaries. For the (1200, 0il) heat treatnent though, there
are small regions of upper bainite !omd occuuuuy along pr:_.or _
austenite grain boundaries. An interference V‘mtr_ut afcrogeaph

(Pig. 52) 1n which the dark etching region, warked by arrovs, can
_ actuuybomtneeum ofwwry ﬁuly mcad pnululyhm
.orumu... from the ;uin boundary. The long dark etching plates

radiating outward from the grain boundaries in the (1200, QLI) ‘heat -
treatment (Fig. 53) ave ;ccuily uade up of uﬁnl manél uaits
characteristic of bainite. m. u very fine fils of ferrite cutlines
the gran boundary in Pig. Sé for the (1200, O11) heat trestment. All
the festures identified in Figs. 52 through 34 for the (1200, O11) heat
treatment can also be found in the specimen given & (1200 -870, 041) hn
treatment (Fig. 35). ‘ '




«26--

The microstructure of the fine grained material given a (870, 0il)
heat treatment is shown in Fig. 56. This micpostructure is very similar

to that of alloy 4130 in that the structure consists of both martensite

and bainite with upper bainite visible throughout the microstructure and
marked by the arrow in Fig. 56.
d. Alloy 4140
The microstructure of this alloy is shown in Figs. 56 through 62.

As vith the previously examined alloys, the (870, Oil) heat treatment
resulted in the formation of extensive amounts of upper bainite
(Fige. 57A aud 57B). The large grained (1200, 0il) heat trestment
eliminated alwost all of the coarse upper bainite features found in
the fine grained material. Occasionally a finger like o} fcathbty type
of decomposition product was observed, Exmmples of thil'.r‘ narked
by arrows in Figs. 58 and 59, and also in ¥ig. 60, an interference
contrast aicrograph, | |

| While there is not an extensive ssount of dark etching coastitusat
with a reaclvable fut&ry type of worphology, there is a vather
extensive network of dlack etching plate-1ike decosposition produce
visible in Figs. 61 and 62. Pigure 61, a bright field mictograph,
shove this network very clearly and also shows soue very inng aeedle
like dark etching constituente running completely scross the graisn.
The surface relief effect of the same ares using the interfereace coatrast
technique is shown in Fig. 62. In thie figure, the two areas Narked by
the arrows are haavily etched and mottled due to the etching of the
carbide by the nital snd picral etch. Also, a close examnination revesls
that the sres matked by the lover srrow actually has spikes growing




out from it, vhile the area marked by the upper arrow has several
steps or ledges asasocisted with it. Both these features are character-

istic of the bainite reaction."s’6

The beginnings of the long needle
like rods that extend all the way across the grain are visible at the
top of Fig. 62, These too have a feathery type of appearance which
can just barely be resolyed.

e. Alloy 4340 |

Both the stap quenched (12004870, 01i1) and the (8/0, 0il) heat
treatment in the as-~quenched conditicn wvere axanined extensively. As
in the llloyrdléo, & dark etching constituent is pressnt along many
of the grain boundariaé of the larje grained gtnp quenched specinen

- (Fig. 63). Pigures 64 and 65 ave higher magnification micrographs
ia which _thn feathery tyﬁg appearance is very clearly mdtcatcd'by the

- arrous. Finally, Pig. 66 i & vory'hlgh nn:nlf!cation wicrograph vith
throe hppﬁ-at festures visidle., First, » hrriu i fim 18 visidle
do‘nx the 'priar anstenite tuin ‘boundary., scmqa'. s duumdy feathery
type soprole&y 13 .:mﬂy distinguishsble and characteristic of hli
the dark etching plates, the most ﬁoaouutqd of which i» wmarked by the ‘
arrov at the top of the figure. Third, & large tnalﬁsién';s present

| in the grain boundacy and is warked dy an arrow.

The effect of the sdiad contrast due to the diiferential inter-

v ference contrast techniques is brought out in Figs. 67 and 68 for the
(1200870, 011) heat treatment. Both Figs. 67 and 68 were taken of the
same exact area, vwith Pig. 67 using only normal bright field asicroscopy
and Fig. 68 taken vwith 1.C. techaique. Note that the 1.C. setup vas

sdjusted for maximum coutrast snd oot to show the surfece relief effect




as was done in Fig. 62. Three areas are marked vith arrows in Fig. 67,
and the same three areas again marked in Fig. 68, The I.C. techmique
clearly shows the multiple parallel relief effect that exists within

each dark etching plate in Fig. 67.

Finally, Fig. 69 vas taken from a section cut parallel to the
rolling direction for the (870, 041) heat freated fracture toughness
specimen. Again, bainitic plates are distinguishable throughout the
micrestructure and are'uarhed Ly arrows. Also, and wmost noticeadble,
are the two rod-like stringers ruaning nearly the entire length of the
nicrograph. , 1

f. Alloy 300 | |

Tvo micrographs are shown for this alloy. Just ase in 3110§ 4140
-end.&J&d, a dark cichln# constituent fs found slong many prior austenite
grain boundaries of the large graiéca specimens {(Figs. 10 and 71 after
a (1200, 011) heat treatment). The brighe field wicrograph in Fig. 70

© does sot févea; very clearly, if at all, the very finely spaced
parallel lath type of arrangement growing out from the grain doundary,

4,508 1d the fodividusl subunits

vidch is Indicative of upper bainite,
groving out from the end of two plates, characteristic of lower bainite.
This fine detail is, however, very clearly revealed in Fig. 71 by the
use of 1.C. techniques. |

g- Fracture Path Charscteristics

The effect of upper bainite slong grain doundiries iz shown in
Fig. 72. The {racture surface vas nickel plated to protect it while
a vertical section was cut through the fiacture surface. Fracture has

occurred intergranularly in & very brittle maaner along 3 prior austeaite




grain boundary from which upper bainite has nucleated (Fig. 72B).
There is no plastic deformation visible along the bainite interface
and thus very little energy was absorbed as the crack front advanced.
This 1s in contrast to Fig. 72A in which plastic deformation is evident
and 1o which the advanclng crack front had to change directlons sany
times in the absence of any upper bainite.
2. Fractography

An effort was made to determine vhether an alloy that is 100Y
martensite and in which little or no autotempering occurred, is ductile
or brittle., Stirips of both alloys 4140 and 4340 vere cut 3 in. by
ilé-iu. and ground flat to a final thickness of 0.027 in., One plece
of each alloy wis glven iha compercial heat Irecatpent consisting of
{870, 01l1) while & socond plece of wach alloy was given a (1200, IBQLN)
heat treatment. lssediately after~§uénchiag each plece vas clamped (n
a vise and hit vith a haswer. The results are showst in Fig. 73 fer
alloy 4340, Alloy 4140 behaved in exactly the wame manner as alloy
4340, The (870, 0il) heat treatmont bent a full 90° without cracking,
while the (1200, IBQLN) heat treated pleces brokn' in 2 completely
brittle intergranular nannef vithout any beading at all. Each half of
the brittle specimen vas perfectly flac.

A careful study of the fracture surface of the fracture toughness

" specimens has been done with the use of o scanning electron microscope.

The fracture morphology of five alloys was examined 23 a function of
heat treatment. Nearly all of the specimens examined shoved 2 rixed
fracture mode morphology, which ranged forms intergrauular faiiures to

Qasi-cleavage, to ductile rupture. In some instances the fracture
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occurred by nearly either 100% ductile rupture or 100% intergranular facets.
Also the presence of particles on the fracture surface was common to
all specimens. By a microprobe analysis and also by the use of a
combined scanning electron microscope-microprobe system, these particles
were uniquely identified as manganese sulphide (Mn8) stringers or
inclusions. These inclusions can be identified as crack initiatiou
sites and as such are detrimental to fracture toughness.

All the specimens that had been austenttized at 870°C had very
fine scaled macro fracture surface appearance, while those austenitized
at 1200°C had a very coarse macro fracture surface appearance. In
general, all the specimens austenitized at the higher tempesmature
exhibited a combined semi-transgranular and semi-intergranular fracture
gppearance, However, both quasi-cleavage and ductile rupture were found
on both transgranular and intergranular fracture surfaces.

In every case where tempering led to a sbrupt loss in fracture
toughness, the fracture morphology was found to be intergranular.
These types of intergranular faceted fracture modes could easily be
identified on a macro scale, due to the way in which the smeoth facets
result in a bright shiny appearance. The specimens in Fig. 74 are
representative of the three general types of macro fracture appearence
exhibited in alloy 4130. The specimen at the bottom of Fig. 74 was
austenitized at 870°C, (to give a fine grain size) quenched in oil
and tempered at 200°C resulting in a fracture toughness of 53 ksi—in.llz.
The middle specimen was austenitized at 1200°C, (to give a large grain

sire) quencued in an ice brine quench with L.N. refrigeraticn and also

tempered ai 200°C, This resulted in the maximum fracture toughness
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for this alloy of 110 ksi«in.llz. The top specimen was given the same

heat treatment as the one in the middle except for the fact that it was
tempered at 350°C. This resulted in an abrupt drop in toughness to a

level of 67 ksi-in.llz. The lower specimen is typical of a commercial

fine grain plane strein fracture toughness surface appearance, that has
very fine details and a very flat fracture surface. The middle specimen
with the large grains has much more ®ough features, while the top

specimen has the same rough features but has a shiny faceted appearance.
These three specimens are typical of the macro fracture surface appearances
of the commercial heat treatment, the high austenitizing treatment

tempered to optimum toughness, and the high austenitizing heat treatment

followed by tempering in an embrittling range.

8. -Morphology of alloy 4130

Typical fracture surface appearances for alloy 4130 are shown in
Figs. 75 through 80. A (1200, IBQLN) heat treatment tested in the
as~quenched condition (Fig. 75) resulted in a mixed mode of fracture
consisting of large roughly intergranular failure, regions of quasi-
cleavage, and also dimpled rupture. Figure 75A shows a region with
both an intergranular and ductile rupture, while Figs. 75B and 75C are
almost entirely ductile rupture, While these photomicrographs show several
particles on the fracture surface, particles were observed with this
treatment at the same frequency as viéh the other heat treatments.
Thus, the particles shown in Fig. 76 for the (1200, 0il) heat treatment
tested in the as-quenched condition, were also observed in the (1200,
IBQLN) treatment., The shape of the MnS particles are shown in

Fig. 76C and 76D. Figure 768 shows a ductile region with the end of
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MnS particles located in the center of cup-cone type features character-
istic of ductile rupture. Figs., 76C, D and E on the other hand show

a MnS particle protruding from an intergranular region. These particles
are clearly cylindrical rods or stringers which run parallel to the
rolling direction. Uith this type of an intergranular fracture interface,
it can be seen that the material has pulled away from the particle. This
then results in a small crack forming ahead of the main crack front.

The fracture morphology of the specimen with the commercial (870,
0il) heat treatment tested in the as-~quenched condition is shown in
Fig. 77. This specimen has a fine grain size and also has fine fracture
features relative to the large grain size material, Figure 77A shows a
region containing primarily quasi-cleavage, but with small areas of
ductile rupture. On the other hand, Fig. 77B shows a region consisting
almost entirely of ductile rupture. Figures 77C and 77D again show
MnS particles present. An (870, 0il) heat treatment followed by
tempering at 350°C does not change the fracture appearance (Fig. 78B)
over that of the as~quenched specimen. However, there is evidence
that the MnS particle-matrix interface undergoes much more plastic
deformation. This results in cup-cone type dimples forming around
the inclusions (Fig. 781‘3).

This ability of the matrix to plastically deform around the
inclusion is also evident in the specimens heat treated to achieve
maximum toughness, [(1200, IBQLN) followed by tempering at 200°C].
Figure 79 shows this type of feature. The ability of the matrix to
flow plastically before reaching the fracture stress prevents small

microcracks from forming ahead of the advancing crack front and at the
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same time provides a method of absorbing strain energy in the plastically
deformed region rather than dissipating this energy through the formation
of microcracks.

Accompanying the loss in toughness when alloy 4130 is heat treated
by (1200, IBQLN) and tempered at either 280°C or 350°C, is a aramatic
change in fracture morphology (Fig. 80). Tempering at 280°C results in
a4 pronounced intergranular type of failure combining both a very smooth
surface appearance on the facets with regions of ductile rupture also
on adjacent grain boundary facets. Tempering at 350°C results in an
almost total smootk grain boundary type of failure, Again MnS particles
are present in both cases.

b. Morphology of Alloy 4330

The morphology of alloy 4330 is characteristically different than
that of alloy 4130, For both the commercial (870, 0il) heat treatment
and the (1200, IBQLN) heat treatment for all temper cenditions, the
fracture occurred by 100% ductile rupture. However, there is a
difference in the ductile rupture in each case. Figure 81 shows a
typical region of the fracture surface resulting from a (1200, IBQLN)
heat treatment in the as-quenched condition, while Fig. 82 represents
the fracture surface of a specimen given a (870, 0il) heat treatment
and also tested in the as-quenched condition. Figure 82 represents
almost a borderline situation between quasi-cleavage and dimpled
rupture. The dimples are very shallow representative of a minimum
amount of energy being absorbed through plastic deformation. On the
other hand, Fig. 81 shows that there is extensive plastic flow

associated with each dimple and each dimple is wuch larger. Mn$§

.
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particles are again present in both cases. Tempering for this alloy
does not lead to a loss in toughness and correspondingly does not
result in a change in fracture mode. The (870, 0il) heat treatment
tempered at 350°C (Fig. 83C) now has a fracture morphology consisting
of many more elongated dimples similar to the (1200, IBQLN) heat
treatment shown in Figs. 83A and B. The increased capability for
plastic flow can be seen by observing the deep cup-cone type of ductile
failure around a MnS particle ir Fig. 83C.

¢. Morphology of Alloy 4340

As described earlier, alloy 4340 is subject to quench cracking
under certain conditions. Figure 84 shows the intergranular type of
failure along prior austenite grain boundaries which is characteristic
of all the quench cracks found in this investigation. Some specimens
of 4340 showed a more than typical amount of MnS particles present
on the fracture surface, This type of heavy inclusion density is
shown in Fig. 85 for a specimen step quenched (1200+870, 0il) and
tempered at 200°C. This heat treatment resulted in a substantial
increase in fracture toughness over that of the commercially used heat
treatment, even though there seemed to be many particles present,

From Fig. 854 it 1s evident that this heat treatment resulted in a
mixed fracture mode consisting of rough intergranular facets, a small
amount of ductile rupture, and extensive quasi-cleavage. The normal
commercial heat treatment (870, 0il) tested in the as-quenched con-
dition is fine grained and thus does not exhibit coarse intergranular
fracture features (Fig. 86). It is almost entirely quasi-cleavage

with pockets of ductile rupture present. Each of the cleavage regions
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visible in Fig. 86A is approximately the size of the prior austenite
grain . When the (1206+870, 0il) heat treatment is tempered

at 200°C it reaches a maximum in toughness and its fracture morphology
undergoes a subtle change (Fig. 87). It still exhibits all the features
of the as-quenched specimen, that is, coarse intergranular shapes

with both quasi-cleavage and ductile rupture present. However, these
regions of ductile rupture make up a greater portion of the fracture
surface and also are more ductile (Fig. 87B) than in the as-quenched
specimen. That is, the dimples are deeper and indicate a greater
capacity for plastic flow.

A grain boundary crack can be seen in Fig. 87B. One end of this
crack is enlarged in Fig. 87C to ghow in detail the end of the crack
where it joins with another grain boundary orientated approximately
at right angles to it. It is interesting to note that the adjacent
grain boundary 1s delineated in Fig, 87C by a finely spaced row of pock
marks which are the result of particles pulling away from the matrix
or breaking during loading. These markings form a sort of parabola
around the grain boundary and could easily have led to the initiation
of microcracks around the grain which in turn led to a transgranular
quasi-cleavage fracture mode across the grain,

Ductile regions of the fracture surface are shown in Figs. 87D
and 87E. As mentioned before, tempering at 200°C results in a greater
amount of deformation accompanying ductile rupture and this increased
ductility leads to a greater amount of plastic deformation around

each Mn§ particle.
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The embrittlement that acoompanies the step-quenched specimens
when tempered at 280°C is again characterized by a completely inter-
granular type of fracture morphology (Fig. 88). The role of MnS
inclusions becomes even more crucial in this caée since the grain
boundaries are capable of very little plastic-flow. Thus the brittle
inclusions in the grain boundaries act as crack iaitiation sites along
a brittle interface. These boundaries then are not capable of absorbing
much strain energy and hence provide a path of Lgast resistance for
the advancing crack front to follow. |

d. Morphology of Alloy 4140

Figures 89 and 90 show the fractvre morphology of alloy 4140 for

both the (1200, 0il) and the commercial (870, 0il) heat treatments

tested in both the as-quenched and tempered conditions. Both the

(870, 011) (Fig. 89A) and (1200, 011) (Figs. 89B-D) heat treatments

' ) tested in the as-quenched condiﬁion appear to be almost entirely
quasi-cleavage with the large grained specimen again showing rough
intergranular features. The fracture morphology of the fine grained
material also revealq its grain size, not due to its intergranular
type of fallure, but rathef duz t> the regions of transgranular
cleavage, visible in rig. 894, wﬁich exteuds across individual grains.

;i Algo, it can be seen that grain bourdaries have pulled away from

each other in the plana pefpendiculax to the fracture surface, However,

upon teupering at 200°C there docs not seem to be any change in

fractura morpholoéy even though the toughness increases. Tempering

the (870, 011) wpecimens at 280°C und 390°C results ta progressively

“ i: larger amounts of ductile rupture (¥Figs. 50A and B). Mn$ particles

o o A o . wh




are present in this alloy also and Fig. 90C shows a particle which

has broken. However, the (1200, 01l1) heat treatment responds in just
the opposite way to higher tempering temperatures. As with alloy 4130
and 4340 this alloy also undergoes an abrupt morphological change to

a 100Z intergranular type of failure (Fig. 90D).

e. Morphology of Alloy 300-M

This alloy brovided the mest clear difference in fracture morphologies
between the (870, 0il) (Fig. 91A) and the (1200, 0il) (Fig. 91B) heat
treatments tested in the as-quenched condition. The (870, 0il) treatment
results in an entirely quasi-cleavage mode of fracture, while the
(1200, 0il1) treatment is almost entirely ductile rupture. Furthermore,
upon tempering the (1200, 0il) treatment at 325°C (Fig. 91C) no sign
of intergranular type of fracture morphology was observed. This agrees
with the fact that there is no loss in fracture toughness when the

material is tempered at 325°C.
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IV. DISCUSSION

The heat treatment of steel and its effects on the resulting
microstructure and mechanical properties is an extremely complex
phenomenon. The various processes, mechanisms and effects have been
studied, argued and debated for hundreds of years.7 Today, still, .
the debate continues6 in nearly every aspect of metallurgy. Each
step in the heat treatment used in this investigation, the austenitization
temperature and time, the quench medium, and the tempering temperature
affucts the final microstructure of the steels studied. The microstructure
in turn controls all the properties that a perticular alloy exhiblts.
The purpose of this investiga£ion was not to study the effects of any
one particular phenomenon or procesa'on the properties of these alloys.
For the last fifty yesrs people have been doing experiments in an
attempt to prove, disprove, explain or explore individual phenomenon
that occur in steels. This has led to an incredible amount of literature
dealing with nearly every aspect of the characteristics of steel, The
object of this investigation was then to utilize this Lnforqatton in
an attempt to develop 4 heat treutmeat and hence microstructure that
would result in en fmprovement in the fracture characteristics of
several commercial lov alloy steels. Due to the complex response of
steel to heat treatment, it {s difficult to discuss and interpret the
results in & general way and also difficult to discuss individual D
observations and bhend-euon due to their interconnectedness with other
procesgses., At the same time that it is fspossible to review all the

theories, explanations and contradictions that exist for each area

favolved In this study, it {s nheceasary to spead some time to explain
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the possible effects of each stage of heat treatment on the micro-

structure and the variations within the microstructure itself. Then

the fracture toughness of the various alloys that results from different

heat treatments can be discussed in terms of particular microstructures.
The first stage in the heat treatment of these steels is austenitiz~

ation. The austenitizing temperature affects indirectly th. final

uicrostructure by controlling several parameters which play key parts

in the subsequent phase transformatioa during cosoling. For example,

a high enough austenitizing temperature can résulc in a very large

grain size. During subsequent cooling the grain size can play an

important role in controlling the distribution, amount and the temperature

of decomposition products that are nucleaced fraa the prior austenite

8 have shown that the

gra.1 boundaries. For example, Barford and Oven
tire to any chosen percentage reaction of bainite less than 252 is
directly proportional to the mean austenite graic diameter and that

the rate of upper bainite transformation is first retarded as the

austenitizing cemperature is incressed from 900°C and than at high

 enough temperatures, actually accelerated.

In addition to increasing the austenite grain size, a higher
austenitization temperature will influence the chesical homogenity
of the austenite as well as the defect structure. Higher austenitizing
teoperakures tend to reduce the segregstion and partitioning of
ispurity and alloy elements especially that of carbon. This reduces
lean roner that tend to transform earlier and to different structures
than the sore highly alloyed zones. With regard to the Ns temperature

and the ‘reaction rate" (the amount of martensite formed per degree
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10 found that an increasing austenitization

of cooling), Sastri and West
temperature raised the Ms somewhat and decreased the reaction rate
vhile very short austenitization times lowered the Ms and increased
the reaction rate. They concluded that the dominant factor was the
defect structure of the austenite and not the grain size,

The austenitizing temperature also effectathe size, shape and

-14 Coptractor et al.l"found

distribution of residusl cardides.
that for an ultra high strength secondary hardening seeel, the weight
of extracted carbides decreased steadily as the austenitiszing temperature

is increased froam 900°C to 1150°C. -lannrjeels

found N2366 type carbides
present in 4340 siteel quanched after anstonttizing at 850°C. Above
1150°C there is little change in the weight percent of undissolved

carbides. While vanadium has a notorious reputation for baing very

stable and difffcult to dissolve, Contractor, et .1*1 showed 95% solution

of vansdium after austenitizing at 1065°C. Aasron, et al.l‘ made & -

- detailed theoretical study of the dissoluticn of vanadius carbide and

found that vanadium carbide was quite sasily dissvolved while complex

alloyAculphxans, wilicates and oxides persisted with lictle dissociation.

Both Aaron, et 01.1‘ and Vada, et ll-,lj vho studied the Pe-¥-C ayctin.
refute previocusly published reports on the Fe-V-C phase disgram. The
sacunt of undissolved carbides can have & pronounced effect on the
smouit of martensite foresd st any teuperature.lz |

The second part of the heat treatment {s the quench or ccoling '

sedium. Again, there has been an incredibly large amount of work done

*s
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on the microstructure that results during bcth continuous cooling
and isothermal transformation curves for many a.lloys.m‘21 The rate
at which nany steels are cooled, combined with the prior history and
chemical composition, determines whether the basic microstructure
contains ferrite, pearlite, bainite, naxtensiﬁe to-a combination of
any or all of these constituencé. Entire books have been urittend’s
on the subject of phasc transformation that occurs during quesching
of steel. Short of writing another book, it is impossible to discuss
in detail the diffarent reactions that occurred in the steels studied
in this investigatiou. However, there is one particular phase |
transformation that serits a brief discussion.

The bainitic transformation while discovered over forty ycar;:aga.zz

is still the subject of debate.6

The nature of bainite, its growth
 kinetics and mechanisms are still not completely resoived. The
!npoftancc of the dainitic reaction lies in 1:;_q£fect'ou the mechanical
properties in steels as compared Ro wartensitic steels. Th!~?é1lt1v1
merits of verious types and sorphologies Qt bainite tclaitvc to
sartensite ﬁin beet videly discusied and will be discussed here :u 80
far as they affect the fracture toughness of the alloys fuvolved. _
Bainite {» generally defined from a picro;truc:ural viewpoint. '?;,?‘
generally accepted that dainite is alann lasellar aggtegate ni_?é{#it&
and carbide with an aciéular worphology that is uucleated al#né';;stentte
grain boundaries. Henice, the amount of grain boundary surface srea, the
energy of the grain boundary, the presence of iampurities, soluie utdué,
cardbides, ioclusions, or high temperature d¢coipooltloa'prcduc¢8 such

as ferrite can significantly alter the amount and morpliology of balaite

§
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nucleated. This can then influence the reaction kinetics for the
formation of martensite and vice versa. Thus the austenitizing and
quenching procedure can control the very delicate balance between
obtaining different microstructures for a particular steel. Two
variants of bainite, upper and lower, are widely recognized, although

2 : .
23 The first stages of the transformation to

other forms do exist.
upper bainite consiste of the fovmation of a lath of ferrite from the
austenite. Often, side by side ferrite laths form to result in a

sheaf of parallel 1a;hs Jdue to a sympathetic nucleation effect.za Az
the ferrite laths grow, carbon diffuses away in front of the ferrite
austenite interface and usually carbides will prtcipitite parallel to
the needles ov lath axis. Howaver, in some cases the carbon enrichaent

25 As the transformation

can cause sustenite to be retalned between laths.
tenper*turi in the upper b#initc vange decreases, the fercite laths
bacome nsyrower because the_sideuayk gfovth of the laths is restricted
by the diffusion of carbon; vhile the axial length is aot affuctad.26’27
As the amount of carbon increases, the amount of carbide precipitation
increases and the ceasntite carbide film betveen laths becoue more
continuous. Two surfasce iuveiti;izlaué have shown that upper tainice
forms as aeedle-like particles vhereas lower bainite forws as true
plates.38 On a single plane of polish, upper bainxte'-ay appear as
either a small wore or less retanguiar section or as long needles.

These two differunt appearances Qre due to e differeat lateractions

of the plaue of polish vith a single lath~1ike patticle. ¥For some

orientations, the structure can have an almnst pearlitic appdatance.zg
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The morphology of bainite changes discontinuously as lower bainite
is formed. Again, two surface studies have shown that these plates
can consist ofumnysubunit36 whereas upper bainite generally doesn't.
The lower temperature at which lower bainite forms, limits the amount
of diffusion of carbon that can occur. Hence the initial ferrite plates
that forms tends tc be supersaturated with carbo-z.4 “his supersaturation
is then decreased by subsequent internal precipitation of carbides at
an approximate angle of 60° to the ferrite plate.

Often, a distinction can be made between upper and lover baiaite
from the surface relief of optical uetallogtaphy.a Upper bainite
exhibits the multiple relief as expected from the role of sympathetis
nucleation ﬁf laths rather than by lateral advance of the austenite-
bainite 1nt§r£aco. This is consistant vith the concept that the lath

% Lower

bouadaries are iéni-coh.ren# interfaces and should bde immobile.
bainite, on the other hnnﬁ. exhibits a single unifore surface relief,
The plates grow slowly in length and generally thicken froe enly one
side. V

The subject of the bainite :rtniforniciﬁn 1s actuslly a microcosa
of mecallurgy since it covers the vhole range of rransformation and
precipitation resctions including both diffusion controlled and shear
nucleation, precipitates on interfaces, dislocaticns and grain
boundsries, and involves ths cooperative growth of both precipitate
apd major phase, |

The obhject of this investigstion was to study the effects of various

aicrostructures on the fracture propertics of several alloy steels,

Utilizing the coacepts touched upon in the preceeding paragraphs, cu
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some particular aspects cf the heat treatment and phase transformations
in steels, it now remains to interpret the obeerved fracture toughness
results of this study in terms of observed microstructural features.
The fracture toughness of high strength alloys has been studied by

many people in the last few years.ao‘aa

These inveastigations generally
compared the fracture toughness of different alloys as a fuanction of
tempering temperature and/or strength level. Some compared fracture

toughness of different microstructures.30_37

However, all used accepted
heat treatment procedures which in this case consisted of oil quenching
after austenitizing from 850-870°C. There have been several attempts
to determine whether a fully bainitic structure has a higher fracture

toughness than fully martensitic structure, 034537

However, these
studies have relied upon Charpy impact data which in many cases is not
sensitive enough to measure changes in toughness due to fine micro-
structural changes, while others attempted to compare different
structums such as bainite and martensite which were produced by changing
the chemical composition of the alluys.

It is interesting that there are two cases where increasing the
austenitizing temperature and hence increasing the grain size has
been reported to increase the fracture toughness. Backofen and Ebner49
investigated the effect of austenitizing temperature on the fracture
toughness of 4340. They reported that increasing the grain size from
0.008 mm in diameter to 1.1 mm in diameter generally led to an increase
in toughness except for the very cocarse grain size. They, aowever,

offered no explanation for these findings. In another ntudyso an effect

of the quenchiag temveraturs was studied on jmpact resistance. Low
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alloy cast steels were quenched from between 860°C and 1100°C. The
best impact resistance was found to occur after austenitizing at high
temperatures and quenching in water.

The toughness of alloy 4130 has been reported41 to be 100 ksi-in.l/2
for a 1/2 in. thick plate tempered to a yield strength of 158,000 psi,
while the toughness of alloy 4340 has been widely studied38'39’42-47
and its fracture toughness determined as a function of strength.

Similarly, the fracture toughness has been reported for alloys &330,32

4140,39 44,45

and 300-M, The values reported for these alloys generally
agree with the valnes obtained in this study for the commercially

heat treated specimens at the strength levels reported. It is impossible
to compare with published reports, the as-quenched fracture toughness
determined in this investigation because "as-quenched" martensite is
historically very brittle and never used.40 These beliefs are cotrect

in that as-quenched, untempered martensite is brittle, as shown in

Fig. 73. However, their conclusions are fortuitous since few materials

in thick sections contain only martensite and also the martensite that

does form is always auto~tempered. Indeed, even today with very
accurate and high resolution techniques available for determining
structure, steels such as 4340 are assumed to be fully martensitic
when quenched in 0il. The results of this investigation have shown

that this is not true. On the contrary, all the alloys studied

contained some bainite after austenitizing at 870°C and oil quenching.

The reason for poor toughneqs is not that these structures contain

- brittle untempered martensite as genarally believed, but because they

T ———
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contain upper bainite consisting of laths of soft ferrite

surrounded by an extremely hard film of iron carbide. It hag

been shown that the cleavage stress is very low in alpha (ferrite) iron
and that microcracks propagate by cleavage in ferrite.51 Thus, these
alloys heat treated by an (870, 0il) treatment contain exactly the
worst microstructural constituent for resisting fracture. The fracture
morphology confirms this in Fig. 89a where the fracture has propagated
Oy transgranuvlar cleavage from grain to grain, consistant with the fact
that upper bainite laths extend across the grain diameter.

Also, it is apparent from the results of alloy 4130, that just

increasing the cooling rate from oil to IBQLN does not prevent the

formation of upper bainite. It is necessary to utilize a high

austenitizing temperature too. By combining both the high austeni-

' g tizing temperature and the (IBQLN) the maximum toughness is achieved.
é Although a mixed microstructure is still present, the presence of

upper bainite seems to be eliminated with only lower bainite and

martensite present, Eliminating the upper bainite perferential

cleavage sites results in an increase in toughness from 55 to

100 ksi-in./2.

However, if the cooling rate is lower by using an

oil quench, then extensive amounts of upper bainite is again observed

along prior austenite grain boundaries and is accompanied by a

corresponding drop in toughness. The presence of upper bainite along "
grain boundaries provides easy sites for crack initiation and propa-

gation with very little need for plastic flow (Fig. 72) and hence

very little energy absorption.
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The presence of a mixed microgtructure has been considered
deleterious to the fracture toughness of alloys.32 However, the
results of this investigation show that a mixed microstructure need

not be detrimental. In fact, Liu53, showed that the fracture path

? ; . in lower baiuite was much more jagged than through martensite. Thus
i ' the presence of lower bainite gnd martensite can lead to a good
i ' fracture resistance microstructure. It has recently been chown53 that
a large grained, fully martensitic 0.3 wt¥ carbon alloy also has
excellent toughness equivalent to that of alloy 4130 for the same
(1200, IBQLN) heat treatment. Thus for tﬁeae two alloys, at least,
there does not seem to be any effect on toughness due to a mixed
microstructure of lower bainite and martensite, instead of a fully
auto-tempered martensite microstructure,

Within the limits of detection by X-ray diffraction using copper
radiation and a crystal monochromator, noc retained austenite was

detected in any of the alloys, except for the alloy 300-M for which

an austenite peak was barely resolved., Preliminary transmission electron
microscopy on 4340 has revealed that some retained austenite is present
between the individual laths. Depending on the amount, the stability,
and the distribution of retained austenite presgent, it can contribute
to the fracture toughneds of an alloy. The (1200+870, 0il) and the
(1200, 011) heat treatment for 4340 and 4140 respectively were modified
to include an immediate refrigeration in 1iquid nitrogen. Similarily
for 4130 & (1200, IBQLN) heat treatment was modified to a (1200,

IBQ) treatment without liquid nitrogen refrigeration. In each case,

the fracture toughness was not affected. On the other hand, a (1200,
0i14LN) heat treatment for 300M as opposed to a (1200, 0il) treatment

did seem to result in a drop in the fracture toughness vhich
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suggests that retained austenite may play an active part. However,
a very careful examination of the amount of and distribution of retained
austenite as well as additional testing is necessary before the role of
retained austenite can be accurately determined.

It is interesting that for alloys 4130, 4140 and 300-M the step
quench into oil heat treatment (1200+870, 0il) does not result in as
high a fracture toughness as did the direct quench into oil, (1200, 0il).
Both the direct and step quenched structures revealed the presence ol
some bainite, but it is very difficult to tell conclusively whether
one structure contained more bainite than the other. Also, 870°C is
above the temperature where any precipitation should occur in these
alloys. Thus the change in toughness can not be attributed to a
precipitation reaction. While not attempting to define what the mechanism
is, it is possible to speculate as to several possible reasons. First,
it is possible that the added homogeneity that is gained by austenitizing
at 1200°C instead of 870°C as normally done, is lost by a re-segregation
or re-partition of elements along grain boundaries or in pre-precipitation
clusters that form when the material is stepped down to 870°C again.
Alternately, it is possible that by quenching directly from 1200°C, the
defect structure (i.e., quenched in vacencies) is altered, which could
alter the mechanisms involved in plastic flow. In addition to the drop in
toughness experienced, when these alloys are step-quenched, they also
undergo a drop in toughness if the alloy is directly quenched after
austenitizing at 1100°C and not 1200°C. Contractorlo has shown that
there can be a reduction in the amount of residual carbides present

by austenitizing at 1200°C rather than 1100°C. Thus it is possible




that this could lead to more alloying elements in solution and hence
greater "hardenability".* Alternately, there may be a significant
redistribution or change in the partition of elements not tied up in
carbides that occurs between 1100 and 1200°C.

There are three additional areas which need to be discussed.
These are: 1) the role of inclusions on fhe fracture toughness,
2) the cause of the catastrophic drop in toughness when certain alloys
are tempered above 200°C, and 3) the very low micro yield strength
exhibitad by all the alloys in the as-quenched conditdion.

The role that inclusions piay onm the fracture toughness has been

3584 ¢ Mas been

extensively studied for btittle and ductile alloys.
shown many times that increasing the sulphur content reduces the
fracture toughness. 7The reason for this can be readily explained by
referring to the gcanning electron fractographs that show MuS particles

on the surface. These particles were observed in both ductile regions
and on intergranuvlar facets and are rvod-like stringers running parallel
to both the rolling direction and the bar surface. Hencz,while these
inclusicns are ductile at the forging temperature, they are brittls

at room temperature. Thus when a load is applied during the fracture
toughness test, these particles may break and form a microerack. If the
inclusion is not located on a brittle interface such as a grain boundary,
then ductile flow may occur and fsilure proceeds by ductile rvpture in

a cup corme type of pattern. On tha other hand, if the par.icle is

situated on a brittle grala boundary, then tha microcresck that forus

*Hardenability in this concept refers tc bainite hiardenability and riot
pearlite hardenability,34
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as the particle fractures can initiate a cleavage crack along the

grain boundary, >~ 02

In either case, the MnS particle causes the
formation of a microcrack which can lead to either a ductile type of
failure which absorbs strain energy through plascic flow or a brittle
type of failure which dissipates strain energy by formation of cleavage
cracks. Both cases, however, are detrimental to toughness. It is
possible to aleer the shape of inclusions through rare earth additions.55’56
Additions of cerium can result in globular shaped inclusions which can
lead to significant increases in toughness. The same effect would be
expected through prolonged holding at very high temperatures. However,
there is no apparent difference in the inclusion morphology between
the 870°C and the 1200°C austenitizing treatments for the alloys studied
in this investigation.

The change in fracture toughness with tempering, however, is not

so clearly understood. The drop in toughness that several of the

alloys studied in this investigation undergo when tempared ahove

200°C (400°F) is common to many alloys, and is termed "S0U°F tempered
martensite embrittlement". This embrittlement always results in an
intergranular type of failure and has been the the subject of many
invcltixationc.57’63"7-78
A general review of the various theories up to 1966 has been
presented by Buchler, et 11.4‘ In the last four years, with the wide
spread use of auger electron emission speciroscopy, various theories

of martensite embrittlement due to the interaction of impurity elements

with the austenite grain boundaries have been proposed which utilizes
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auger analysis. To date, there is no unified theory to explain all the
observations reported. However, there ave three general categories

into which theories fall. First, there is the beiief that the carbide
film which develops during tempering fails in a brittle manner along
austenite grain boundaries. Second, there is the theory that it is

the ferrite film that forms adjacent to the carbide film which, when
subjected to triaxial stresses, fails by cleavage. And third, there

is the impurity segregation theory which in general, hypothesises

that the surface energy along grain boundaries is reduced by the
presence of certain impurity elemeats. Unfortunately, moat of the tests
for embrittlement were Charpy impact tests; some done at low temperatures
and some one at room temperature. These factors along with the many
different alloys used, make it very difficult to try to explain any
particular result in comparison to others, It is impossible to reach
any absolute conclusions based on the results of the curreat study

thus far, but there are several important results that will be discussed

in conjunction with both the ferrite film theory and the impurity theory.

By roferring back to the fracture toughness vs tempering temperature
curves for the different alloys studied, several observations can be
made. First, alloys 4130, 4140 and 4340 suffered embrittlement when
heat treated to produce & large grain sigze and then tempered above
200°C. Second, alloys 4330 and 300-M did not show this type of
catastrophic failure. Third, while the fine grained 4330 alloy
exhibited an increase in toughness during the initial tempering treat-

ment, the alloy 4130 showed no response for the same heat treatment




conditions. Fourth, when an alloy did embrittle, its level of toughness
dropped ail the way down to the level of the fine grain commercial
heat treatment. These results are all important and tend to point
towards certain possible conclusions.

The only two alloys that did not show a tempered martensite
embrittlement reaction were the two alloys containing vanadium. Alloy

79-80 effect of

300-M did contain silicon which has the well knowm
retarding the formation of iron carbide. Since this has possible
effects on the embrittlement phenomenon in addition to the vanadium,
only alloy 3330 will be compared to the alloys that did exhibit an
embrittlement. If one considers the possible effects of vanadium on
the ferrite film, carbide film, and impurity theories of enbrittlement.
an arguement can be rationalized for each. The vanadium may alter

the carbide reaction such that it would prevent continuous films from
developing, which would also present ferrite films from forming or it
could alter the impurity distribution and hence change the critical

surface energy balance between grain boundaries and the matrix, in

. favor of the matrix. Thus resulting in a transgranular failure path.

8y limicing ourgelves to just the first two initial observations,
then it is impossible to favor any one theory. However, by juaping
ahead to the fourth observation an important point can be made; that
is,that in the eabrittled specimens, the toughness drops to the level
of the fine rrain microstructure containing upper bainita, which consists
of laths of ferrite connected by carbide films. In addition, the

fractographs show that the embrittled fracture mode i{s an {ntergranular




~53=

type of cleavage and that for the fine grain material containing upper
bainite, the fracture mode was also that of cleavage only along ferrite
laths instead of along grain boundaries. This then suggests that as
tempering preceeds, the ferrite film thickens until a criiical thickness
is achieved which enables cleavage to initiate in the ferrite.

The lack of response of the fine grained (870, 0il) alloy 4130
to tempering as compared to the other alloys can be explained iun light
of the fact that its extremely low alloy content and low hatdenabilitys6
results in an almost entirely bainitic structure, which, since it
already consists of an aggregate of ferrite and carbides, would not be
expected to show any response to low tempering tenperatures that
produce a carbide precipitation in martensite. On the other hand, the
wore highly alloyed steels contain primarily sartensite with
some bainite present. This results in an fncrease in toughness
wvhen they are tempered due to relaxation of strain in the martensite
and the beneficial effect of a slight amount of discontinuous pre-
cipitation. The tensile test results are the last results which aneed to
be discuseed.

The values of the yield stress obtuined for an alloy is a
relative value, since {t depgnda on the techniques used to measure fit,
the sample sige and the vay {n vhich {t i{s defined. Due to the
widespresd commercial use of the alloys used in this study, there are
many reports which include the yield strength of several of these
alloys &s a function of tempering temperature. These publighed
values fall into two categories, one being that the as-quenched yield

strength {s very low, and the other that the yield strength (s very
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high and at a maximum in the as-quenched condition. Unfortunately,

very few papers tell the method used in determing their observed value

45

other than the size of the specimens. Bucher, et al. ~ reported that in

the as-quenched condition 4340 has a yield strength of 233,000 psi

and that 300-M has a yield strength of 240,000 psi. Klinger, et 31.33 -
have reported that 4340 has an as-quenched yield strength of 240,000 psi,

while 4330 has an as-quenched yield strength of 220,000 psi. 8011.68
on the other hand, reports that the yield strength of as-quenched
4340 i& high, while 300-M has an as-quenched yield strength of about

160,000 pei. Shih, Averback and Cohen8

0 have reported that both 4340
and 3J00-¥ have low yicld streagths of about 160,000 psi when tested
in the as-queached condition, Most reports, hovever, agree that the

yield strength increases to a maximum vhen tempered at 200°C, There

have been several studies vhich investigate the occurrance of aicro-

yielding in alloycalna3

u;lng very sensitive techniques such as etch
pit observations and highly sensitive extensometers. Etch pit techniques
give information about individual slip bands, their distribution and -

denntty; but does not reveal a quantitative picture of their cumulative

effect. Highly sensitive extensometers, on the other hand, seasure
cumulative micro-displacen.nt at 2ach stress.

Nany times macroscopic yield strength data has been used to
explain strengthening mechanisas based on very specific dislocstion-
precipitation interactions. The discrepencies that surround the yleld
strength of thesge alloys ;xe faportant shen cotsidering vhether martensite
containing carbon in solution is hard or soft, or vhen applying linesr

elastic fracture mechsnics concepts to alloys where the actual yield
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stress may be as much as 75,000 psi lower than commonly believed.

There are two theories governing the flow stress of as-quenched
martensite. First, that dislocation wotion 1ia difficult because of
lattice resistance due to solid solution effectn§3'86 in which case
the wacro yield stress would be close to the macroscopic yield stress.
The second theory is that the micro-yield strength is very low, but
that a very high rate of work hardening results in a very high macre-
yield strength.33+%6 |

Johngon, et a1.87 have shoun that the as-quenched structure doss

exhibit a very low yield stress and that the stress-straia curve is

essentially shaped like a parabola. Also, they reported that the initial

portion of the curves are lasensitive to the carbon cput&ni. ;n& that
the affect of carbcn.only manifests itself in the macroscopic range.
They conclude that the lattice resistance from carbon in solution is
soall and chat the high macroscopic yleld streagth resulcs from a
rapid rate af_.;ruSh hardening iavolving a large nuibir of dislacatiqns
introduced during transformation. Furtherwore, both Nessler, et a,%
A. and Ansel}l, et ai.sg have reported that very high quenching rates tesult
in sarked softening of as-quenched martensite. fhéy have concluded
that if the queaching rate 1s-fas$ enough, catboﬁ segregation (n the
austenite can be avolded and also the re-arrangesent of carbon atoms
to dislocations during quenching can be prevented.

The results obtained in this {nvestigation havé showa that tha
ag-quenched yleld streagth is indeed very low, vith the stress strain

curve having o real linear tegion. However, as the material is

S o
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tempered the stress strain curve straightens out until, at high enough
tempering temperature, a definite yield point {s observed. At these
higher temperatures the yield point is pronounced enough so that even
on the load vs stroke curve the yileld point is observed. Thus for
these conditions an accurate estimatjon of the yield strength can be
determined without the use of an extensometer. It has also been showm
in this study that, if for the load vs total crosshead ur stroke
control method described earlier, thé error due to the displacement of
the 1oad!n§ in the grips and threads is subtracted from the total load
vs crogshead movemant, then the difference between the aicro and nacfo
yield strese i@ redu&ed by an average of about S0%.

The discrepencies in the yileld strength of the as-quenched materials
that appear in the literature can be explained from the results obtained
in =his investigation. First, by just usieg total crassﬁead sovement,
raneruous errors can be introduced. However, ia_naay ca;e#, the aeasured
yield strength i& each teport may be accurate,; bhut z§§ra'stiil say be
large differences irom report to report. Thiirﬁﬁé b@ explained on the
folloviag hauls. ' one cuiwidars thag 3év"i¢uperiug temperature
{500, up to 200°C) results {a an increase in strongih for these alloys,
thet the same reasoaing can be applied to the as-quenched specimens.
“That 1@, aglog can ottur at low :enpéiatnrns belov room tesveratu}e.
and b some cases'leads to higher yleld streagihs. Also, the exact
Qny ia which the specieeﬂ is quééehed fton the austenitizing temperature
cau affect the yield strength. The cooling tate in water s e;trenely

sensitive to the water temperature. sthllarly,wthe size of the specinen
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affects its cooling rate. These factors all contribute to the observed
yvield strength in that they affect the amount of aging and hence
strengthening that occurs in th: specimens. This is reflected in the
results of this study is that 1/4 in. round tensile specimens machined
and then heat treated resulted in a macro yield strength 25,000 psi high:r
than for 3/8 in. round tensile sprecimens cut from a previously heat
treated plate for alloy 4340. Variations in procedures such as these
not only can change th2 amount of auto tcapering that occurs, but can
involve the testing of totally different structures in each case.

Of tentimes, people tust the yield strength of material using very small
specimens and then do fracture tosts on uuch-larger specimens wvhile
assuming the streagth is the sase for both cases., Not only may the
strength be different, but the entire strus:nré =ay ha'd!ftereut.
?1&311». for the alloy 4340, three duplicate Sests were done at & later
date than the rest of the spaciuéus and are warked by an astarick in
the table. These specimen vere sachined froa square stock instead of
being ground while tloaded with wvater. tThey ﬁtfo, ha»évar.A-ade from
the same piece of bar so that they have the same compositicn aa the
others. The “-icto" yield strengths of these alloye tested {n the as-
quenched condition wae fouad to be much higher than for the specimens
tested earlier that were ground. This {: probadly due to more heat
bet@g generated by ihe toel bit, resulting in a larget asmunt of
teppering ocvarring. This then illustmates the {inal polat that the
as-quenched yleld streagth lg extremely sensitive to small changes in

the preparation, heat treatment, and lesting program. Thus the staiter




in the reported yield strength data can be expected. This is un-
fortunate and can be very misleading. For example, many people compare
fracture toughness of different ailoys based on equivalent yleld strength
levels. This can lead to erroneous conclusions and misconceptions |

as to which microstructure or alloy has better toughness.
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V. SUMMARY AND CONCLUSIONS

i'E ? This investigation has shown that while the as-quenched and low

: tempered fracture toughness of several commercial alloy steels is
very low, large increases in the fracture toughness can be achieved

- by altering the heat treatment. This is due to a microstructure which
is much more resistant to fracture. Many important conclusiors have
been reached. These are summarized below, although not in any
particular order of importance.

1. The term tempered martensite should not be applied to these alloys
as ‘they are normally heat treated.

2. The normally used heat treatment for all alloys results in a mixed
microstructure consisting of either blocky ferrite, pro-eutectoid
ferrite, upper bainite, lower bainite or auto tempered martensite
or some combination of these.

3. It was not possible to avoid some decomposition product along prior

austenite grain boundaries in a 5/8 in. thick fracture toughness
specimen for auny of the alloys investigéted.

4. A mixed microstructure does not necessarily imply poor fracture
toughness,

5. The fracture toughness of all the alloys investigated can be
substantially increased by austenitizing at higher temperatures

than normally used.

6. A higher quenching rate when used in conjunction with an increased
;g :~* austenitizing temperature can further increase the toughness for

. some alloys.
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7. The Charpy V-notch impact test is not sensitive to changes in

microstructure which significantlv alter the fracture toughness

of the alloys.
8. There is no correlation between Charpy V-notch impact test and the
plane strain fracture toughness for the alloys investigated.
9. The alloys without vanadium exhibited a severe intergranular
embrittlement when tempered above 200°C, while those alloys that
..”?“5 contained vanadium did not show any signs of embrittlement.
§:'f;fl 10. The as~quenched tensile specimens had very low micro yield strengths
| which rapidly approached the macro yield strengths when slightly
tempered.

11. A 100% martensite untempered structure is brittle,

§
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Table I1. MHeatiay data fros room temperature to 1200°C, and
furnace couling data from 1200°C to 870°C.
Taken from the z‘dﬁection of a fracture toughness
epecizon 5/8" thick.

g 5 —

Rup 1 Run 2
Tiae Thermocouple Time Thermocouple . Tina
A B A B
Temp. Temp. Temp.  Temp. Tenmp.
(sec.) *c *c (sec.) ¢ *c (sec.) *C
Q 27 2? Q . 26 a3 ¢ 1204
30 - 484 482 B 128 126 18 1093
&5 333 949 1s 183 18¢ 80 1007
60 609 653 a2 . 234 333 20 87
18 659 654 36 83 282 130 943
90 698 694 ¥ m 330 A% %29
105 133 728 45 183 Az 180 9
120 748 743 52 3 418 - 210 907
135 16} 756 8 . 45 458 240 899
150 B6& RGO &8 %6 AR 220 ‘893
165 855 - 848 12 T 4 537 300 88%
180 897 a5l 82 356 557 350 879
195 . 926 923 e -T2 $8% 420 a1
10 . 957 154 L X} £G4 £18 480 871
225 979 N2 1095 EW - k2 540 869
286 997 992 11y - 6% 664
228 1022 13 13 Yk 684
0 1034 1031 SO % 5 S 5 § n
285 1052 1048 Y ) 142
300 1071 wed 16% 754 754
318 1079 1076 180 ™ 186
10 1092 1838 193 8w 843
5 1161 3u8% 210 893 - 893
380 111 1109 225 934 932
375 1119 1y - 240 965 %67
390 $i3 12y 238 992 997
405 1135 1133 270 1019 10920
420 1143 - 1182 285 104} 1041
430 1151 1181 300 1058 1059

480 1159 1159 315 1076 1076




7.
- f -
<

Table II. Continued

Runl BRunl -_A Run 2
. Time Tharnocoqple Time Thermocouple Time
A B ' A B
Teap. Temp. Temp. Temp. 7 Tenp.

(sec.) °c *c (sec) *c *c (sec.) °C
h311 3 117 1167 330 1088 1089
540 1174 1173 345 1100 1101
510 1 1177 360 - 1110 1111
2 ) _ 620 1182 118) 375 1120 1122
- . I 630 1182 1182 . 3%0 1128 1130
- S 660 118} 118} 4058 1136 1138
o 420 1142 1143}
- &35 1149 1151
430 1i%3 1156
465 1157 116}
&R0 - 1162 1166
438 1167 1169

16 1168 1N
525 7 un
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Table TII. O0il and water quench cooling data from midsection

of a fracture toughness specimen 5/8" thick.

011 Quench Water Quench 0il Quench Water Quench
from 1200°C from 1200°C from 870°C from 870°C
Time Thermocouple Thermocouple Thermocouple Thermocouple
A B A B A B A B
(sec.) °c °C °C °C °C °c °c °C
0.0 1217 1210 1214 1214 879 879 883 883
3.0 1209 1202 1201 1210 848 847 824 852
6.0 1193 1192 1151 1168 798 783 646 703
9.0 1154 1151 1015 1042 707 718 513 527
12.0 1091 1091 861 892 619 632 405 388
15.0 1023 1028 665 708 543 526 291 276
18.0 945 954 476 532 483 493 202 177
21.0 759 764 379 408 421 416 113 116
24,0 726 746 230 259 347 353 90 86
27.0 621 626 153 172 298 293 78 78
30.0 527 532 107 126 263 251 71 64
33.0 471 461 93 93 231 219 64 59
36.0 409 425 78 86 208 197 57 59
42,0 309 330 66 66 178 166 49 57
48.0 237 241 57 57 157 147 44 49
54.0 199 194 142 130
60.0 176 162 41 50 129 126
66.0 164 154 122 118
72,0 152 142 122 107
78.0 139 133 104 101
84,0 133 126 104 101
90.0 126 117 103 96
150.0 107 100 80 70

180.0 100 86
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Table IV. Ice brine quench cooling data from midsection of a
fracture toughness specimen 5/8" thick.

Run 1 Run 2 Run 3
Thermocouple Thermocouple Thermocouple
Time A B A B A B
Temp. Temp. Temp. Temp. Temp. Temp.
(sec.) °C °C °C °C °C °C
0.0 1187 1191 1204 1201
0.8 1186 1184 1186 1191
1.5 1184 1184 1186 1189
2.3 1184 1183 1183 1186
3.0 1183 1181 1176 1181 1192 1108
3.8 1176 1174 1162 1166
4.5 1156 1159 1129 1134
5.3 1099 1101 1053 1033
6.0 981 985 940 948 919 941
6.8 870 868 828 838
7.5 778 776 729 738
8.3 689 681 644 651
9.0 613 603 568 575 669 674
9.8 546 538 503 513
10.5 487 481 450 460
11.3 434 428 411 421
12.0 373 369 387 397 466 482
12.8 360 356 368 379
13.5 342 336 354 365
14,3 322 319 335 346
15.0 309 309 309 323 308 357
15.8 291 285 279 296
16.5 268 265 252 269
17.3 223 223 227 244
18.0 205 207 209 223 202 242
18.8 191 193 189 204
19.5 179 180 177 188
20.3 166 168
21,0 153 156 151 159 142 161
21.8 142 147
22.5 128 134 129 141
23,3 121 121




€A S b AR A 3 SN
TP st rcaiic g R T

74

Table IV. Continued

PR

Run 1 Run 2 Run 3
Thermocouple Therascouple Thermocouvy.le
Time 4 B A B A B
Tenp. Teuwp. Tomp. Temp. Temp., Temp,
(sec.) °C °C °c °c °c °c
24,0 117 114 128 99 87
24.8 112 108
25.5 109 104 126
26.3 104 99
27.0 101 98 126 80 73
27.8 97 96 125
30.0 64 57
33.0 49 44
36.0 41 33
42,0 33 28
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Roonm temperature Charpy V-notch impact properties.

Table X1II.

CVN Impact Fnergy (ft.-1bs)
Alloy Alloy Alloy Alloy Alloy

Quench Tempering
Temperature
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Tahle X111, Continued

Austenitizing Quench Tempering CVUN Impact Energy (ft.~1bs)
Temperature Temperature Alloy Alloy Alloy Alloy Alley
°C °C 4130 4330 4340 I00-M  D6-AC
1200-870 0il AQ 8.0 17.2 5.4 4.4 3.7
6.6 18,2 6.0 3.8
115 11.3 8.0
7.9 11.1
165 10.8 8.7
12.7 11.9
200 9.3 25.0 8.6 6.4 7.3
) 6.2 23.0 8.8 6.0 6.7
280 4.3 8.7 5.9 5.9 5.3
4,5 13,6 4.8 5.2 5.4
350 3.4 10.7 5.5 6.4 6.3
4,1 11,2 4.4 8.5 6.3
6.8 13.3 2.7
115 10.2 16.7
11.1  15.3
165 19.1
21.8
200 8.4  24.7 6.3
13.2 24.3 5.8
280 4,.%  13.0 5.5
4,9 15.8 5.6
35¢ 5.0 11.7 6.8
5.9 10.6 7.0
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Table XITI. Continued

Austenitizing Quench Tempering CVN Impact Energy (ft.-1bs)
Temperature Temperature Alloy Alloy Alloy Alloy Alloy
°C °C 4130 4330 4340 300-M D6-AC
1200-870 IBQLN AQ 7.1 14.0 3.6
7.0 17.0 3.7
- 115 4,2
165 7.6
200 . 11,9 22.3 6.7
12,0 19.5 6.5
280 4.7 9.8 4,4
4.4 13.4 4.9
350 7.6 12,7 5.0
, 6.3 10.7 6.0
1200 IBQLN AQ 16.9
8.7 16.7
115 11.8
16.1
165 18.6
20.8
200 14.9 26.3
14,5 30,5
280 7.6 22,5
7.0 14,6
: 350 7.5 11.0
6.1

-
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Table At1l. Continued

—

Austenitizing Quench Tempering CVN Impact Energy (ft.-1bs)
~“ Temperature Temperature Alloy Alloy Alloy Alloy Alloy
°C °c 4130 4330 4340 300-M D6-AC

1200 Water AQ 10.4
115 10.5
165 17.7
200 . 17.4
280

350 5.
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FIGURE CAPTIONS

Fig. 1. Vertical tube controlied atmosphere furnaces used to austenitize

test specimens.

Fig. 2. Schematic of a fracture toughness specimen in which two

thermocouples were placed, in order to measure midthickness
cooling rates.

Fig. 3. ASTM specification for compact tension fracture toughness
specimens.

Fig. 4. Schematic of the orientation in which Charpy V-notch blanks
were cut from the bar and wired together for heat treatment.

Fig. 5. Schematic of the orientation in which tensile specimen blanks
were cut from the bar and wired together for heat treatment
before being ground to size.

Fig, 6. ASTM specification for Charpy V-notch specimen,

Fig. 7. Schemwatic of the orientation of the final Charpy V-notch
specimen relative to the blank specimen and the bar.

Fig. 8. ASTM specification for 3/8 in. diameter round tensile specimen,

Fig. 9. Dual extensometer arrangement used to determine the '"micro"
yileld strength of the tensile specimens,

Fig. 10. Apparatus used to calibrate the output of the extensometers,
ampliers and x-y recorder.

Fig. 11, Crack opening displacement, v, vs crack length, a, calibration
curve. -

Fig. 12. Temperature vs time during heating from room temperature and
cooling from 1200°C to 870°C measured at the midsectioﬁ of

a 5/8 in. thick fracture toughness specimen.
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Temperature vs time during quenching from 870°C in either

0il or water measured at the midsection of a 5/8 in. thick

fracture toughness specimen.

Temperatuve vs time during quenching from 1200°C into either

oil, water or ice brine measured at the midsection of a 5/8 in.

thick fracture toughness specimen.

Schematic of three general types of load vs crack opening

displacement

eurves obtained from fracture toughness tests.

Plane strain fracture toughness vs tempering temperature

for 4130.
Plape strain
4140,

Plane strain
fo 4330.
Plane strain
for 4340,
Plane strain
for 300-M.
Plane gtrain

for 3140.

fracture

fracture

fracture

fracture

fracture

Charpy V~-notch impact

_Chhrpy V-notch impact

Charpy V-notch impact

and 300-M.

Charpy V-notch impact

toughness

toughness

toughness

toughness

toughness

energy vs

energy vs

energy vs

energy vs

vs tempering temperature for

vs tempering temperature

vs tempering temperature

vs tempering temperature

vs tempering temperature

tempering temperature for 4130.

tempering temp. rature tor 4330,

tempering temperature for 4340

tempe.ing temperature for D6-AC.
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Fig. 26. WMicro".and "macro" yield and ultimate strength vs tempering
temperature for 4130.

Fig. 27. '"™icro" and "macro" yileld and ultimate strength vs tempering
temperature for 4330.

Fig. 28. '"Micro" and "macro" yield and ultimate strength vs tempering
temperature for 4140.

Fig. 29. "Micro" and "macro" yield and ultimate strength vs cempering
temperature for 4340,

Fig. 30. '"™icro" and "macro" yield and ultimate strength vs tempering
temperature for 300-M.

Fig. 31, '"Micro" and "macro" yield and ultimate strength vs tempering
temperature for D6-AC.

Fig. 32. Typical stress=-strain curve for both an as-quenched specimen
and a specimen tempered at 350°C, (A) "micro" stress-strain
using extensometers, (B) "macro" stress-strain curve using
cross head movement.

Fig. 33. As-quenched martensitic structure of a 0.027 in. thick section
of 4340 after austenitizing for 1 hour at 1200°C and ice
brine quenching followed by refrigeration in liquid nitrogen
(1200°C, IBQLN) heat treatment.

Note: All micrographs were taken from sections cut from the middle of

fracture toughness specimens, except where noted.

Fig. 34. As-quenched microstructure of 4130 after a (1200°C, IBQLN)
heat treatment.

Fig. 35. As-quenched microstructure of 4130 after a (1200°C, IBQLN)
heat treatment showing a grain boundary decomposition product

(indicated by arrow) along a prior austenite grain boundary.
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As-quenched microstructure of 4130 after a (1200°C, IBQLN)

heat treatment showing a grain boundary decomposition product
(indicated by arrow) along a prior austenite grain boundary.
As-quenched microstructure of 4130 after a (1200°C, 0il)

heat treatment showing upper bainite (marked by arrow)
nucleated along grain boundaries,

As-quenched microstructure of 4130 after a (1200°C, 0il) heat
treatment showing upper bainite (marked by arrow) nucleated
along grain boundaries,

As-quenched microstructure of 4130 after a (1200°C, 0il)

heat treatment showing upper bainite (marked by arfow)
nucleated along grain boundaries,

As-quenched microstructure of 4130 after a (1200°C, 0il)
showing upper bainite that has nucleated from a grain boundary.
As-quenched microstructure of 4130 after a (1200°C, 0il)
showing upper bainite that has nucleated from a grain boundary.
Enlargement of micrograph in Fig. 41,

As~quenched microstructure of 4130 after a (1200+870°C, 0il)
heat treatment showing regions of upper bainite marked by
arrows.

As-quenched microstructure of 4130 after a (1200~870°C, 0il)
heat treatment showing regions of upper bainite muarked by arrows.
As-quenched microstructure of 4130 after an (870°C, IBQIN) heat
treatment which results in a small prior sustenite grain size

and a fine upper bainitic structure, marked by arrows.
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Fig. 47.

Fig. 48.

Fig. 49,

Fig. 50,

Fig. 51.

Fig. 52.

Fig. 53,

Fig. 54.
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(A) As-quenched microstructure of 4130 after an (870°C, IBQLN)
heat treatment showing the upper bainite structure marked by
arrows, (B) higher magnification of same area as (A).
-Enlargement of Fig. 46.

Interference contrast micrograph of the as-quenched structure
of 4130 after an (870°C, IBQLN) heat treatment, showing the
parallel laths of upper bainite extending across individual
prior austenite grains.

As-quenched microstructure of 4130 after an (870°C, 0il) heat
treatment, showing the bainitic structure with parallel laths
indicated by arrows (micrograph taken near the surface of the
specimen),

As~quenched microstructure of 4130 after an (870°C, 0il) heat
treatment showing ferrite and upper bainite, marked by arrows.
As-quenched microstructure of 4330 after a (1200°C, IBQLN)
heat treatment showing small regions of a decomposition
product clearly nucleated along grain boundaries rimilar to
Figs. 34 through 36.

Interference contrast micrograph of as~-quenched microstructure
of 4330 after a (1200°C, 0il) heat treatment showing bainite,
marked by arrows.

As~quenched microstructure of 4330 after a (1200°C, 0il) heat
treatment showing bainite, marked by arrowe.

As-quenched microstructurc of 4330 after a (1200°C, 0i1) heat
treatment showing bainite and a ferrite film along a grain

boundary, marked by arrow.
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Fig. 55. As~-quenched microstructure of 4330 after a (1200~870°C, 0il)
heat treatment showing bainite and ferrite along grain
boundaries, marked by arrow.

Fig. 56. As-quenched microstructure of 4330 after a (870°C, 0il) heat
treatment showing upper bainite, marked by arrows.

Fig. 57. As—quenched microstructure of 4140 after a (870°C, 01il) heat
treatment showing bainite, marked by arrows.

Fig. 58. As-quenched microstructure of 4140 after a (1200°C, 0il) heat
treatment with a typical region of bainite marked by an arrow.

Fig. 59. Higher magnification micrograph of Fig, 58.

Fig., 60. Interference contrast micrograph of same area as Fig. 58
and 59.

Fig. 61. As-quenched microstructure of 4140 after a (1200°C, 0il) heat
treatment showing the grain boundary network of bainite which
surrounds many grains.

Fig. 62. Interference contrast micrograph of the same area as Fig. 61
showing the presence of very fine subunits, marked by arrows,
growing outward along the edge of the bainite,

Fig. 63. As-quenched microstructure of 4340 after a (1200+870°C, 0il)
heat treatment showing the grain boundary network of bainite,
marked by arrows, similar to that of alloy 4140, Fig. 61,

Fig. 64. As-quenched microstructure of 4340 after a (1200+870°C, 0Oil)
heat treatment showing the feathery structure of bainite,
marked by arrows.

Fig. 65. As-quenched microstructure of 4340 after a (1200+870°C, 0il)
heat treatment showing bainite originating from grain boundarties,

marked by arrows.
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As-quenched microstructure of 4340 after a (1200+870°C) heat
treatment showing the feathery type of structure associated
with bainite (Indicated by the upper arrow), an apparent ferrite
film along the prior austenite grain boundary, and a particle
located on the grain boundary (marked by the lower arrow).
As—-quenched structure of 4340 after a (1200 870°C, 0il) heat
treatment with several dark etching plates marked by arrows.
Interference contrast micrograph of the same area as Fig. 67
showing that the plates marked by arrows in Fig. 67 actually
consist of many parallel closely spaced subunits,

As-quenched microstructure of 4340 after a (870°C, 01l) heat
treatment showing a dark etching structuvre,.marked by arrows,
extanding across the prior austenite grains, similar to

Figs. 46 and 57,

As-quenched microstructure of 300-M after a (1200°C, 0il) heat
treatment showing bainite, marked by arrows, originating from
the site of a prior austenite grain boundary.

Interference contrast micrograph of the same area as Fig. 70,
showing that each dark etching region is actually composed

of many parallel subunits.

Profiles of nickel plated fracture surfaces of a fracture
toughness specimen of 4130 after & (1200°C, 0i{1) heat treatment
showing (A) evidence of plastic deformation and a jagged type
of transgraaular fracture path and (B) a& smooth intergranular
type of fracture path that occurs when upper bainite is

present along grain boundaries.




Fig. 73.

Fig. 74.

Fig. 75.

Fig. 76.

Fig. 77.
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Photomacrograph showing the amount of bending that a 0.027 in.
thick sheet of 4340 will undergo after a (1200°C, IBQLN) and

a (870°C, 0il) heat treatment; the (1200°C, IBQLN) heat treated
specimen is extremely brittle and broke without bending at all,
while the (870°C, 0il) heat treated specimen was bent 90°

without cracking.

Typical fracture surfaces represented by 4130 for three different
heat treatments. The top corresponds to a (870°C, 01il) tempered

1/2

at 200°C heat treatment with Kic 55 ksi=in.”" ©, the middle

specimen corresponds to a (1200°C, IBQLN) tempered at 200°C

1/2

heat treatment with K c " 110 ksi-in, , and the bottom

I
specimen corresponds to a (1200°C, 1By .N) tempered at 350°C

1/2

heat treatment with K c" 60 ksi-in, .

I
Fractograph of 4130 after a (1200°C, IBQLN) heat treatment

tested in the as-quenched condition showing intergranular,
quasi-cleavage and ductile rupture.

A and B, fractogmphs of 4130 after a (1200°C, 011) heat treatment
tested in the as-queached condition showing the presence of
particles locdted in the bottom of aany dimples.

C throughE, fractograpis showing Mn$S particles extending from

the fracturc surface of @& region that has fafled {ntergranularly.
Fractograph of 4130 after an (870°C, 0{1) heat treatment tested
in the as-quenched condition showing primarily cleavage

(A), vith regions of ductile rupture with Mn particles agasin

visible (B).




Fig. 78.

Fig. 79.

Figu 800

Fig. 81,

Fig. 82.

Fig. 83.

Fig. 84.
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Fractograph of 4130 after an (870°C, 0il) heat treatment tested
after tempering at 350°C, showing primarily quasi-cleavage
wvith MnS particles visible

Fractograph of 4130 after a (1200°C, IBQLN) heat treatment
tested after tempering at 200°C showing primarily ductile
rupture with large amounts of plastic flow associated with
dimples initiated by particles as compared to Figs. 76 and 78A.
Fractograph of 4130 after a (1200°C, 1BQLN) heat treatment
tested after tempering at 280°C (A and B) and 350°C (C and D)
ghowing the transition from a primarily ductile type of
€ailure, Fig. 79, to a completely intergranular brittle type
of failure,

Fractograph of 4330 after a (1200°C, IBQLN) heat treatment
tested in the as-quenched condition, showing a completely
ductile type of failure with particles visible.

Fractograph of 4330 afcer an (870°C, 0il) heat treatmenr
tested in the as-quenched condi:ion'nhouing a borderline
case of qunci-cicnvnge and ductile rupture in which the
quasi-cleavage facets lose their flat appearance as in

Fig. 788 and become almost cone shaped.

Practograph of 4330 after Q (;200'6. IBQLN) heat treatment
(A and B), and (C) an (870°C, 0{1) heat treatment, all tested

after tempering at 350'C, showing a ductile type of failure

in each case.
Fractograph of 4340 after a (1200°C, 011) heat treatment tested
{n the as-quanched ccrdition showing the intergranular tnature

cf a quanch crack.
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Fig. 85. Fractograph of 4340 after a (1200+870°C, 0il) heat treatment
tested in the as-quenched condition showing intergranular

facets, quasi-cleavage, and regions of ductile rupture with

many MnS particles visible.
Fig. 86. Fractograph of 4340 after o~ ¢870°C, 0il) heat treatment tested
in the as~quenched condition, showing primarily cleavage
with 1solated regions of ductile rupture with some particles
visible.
Fig. 87. Fruactograph of 4340 after (1200~870°C, 0il) heat treatment
tested after tempering at 200°C to achieve maximum toughness,
showing all the features as the as-quenched specimen, Fig. 85,
except that there ire more regions of ductile rupture and
- vithin these regions there is extensive plastic flpv around
each particle E and F, ' |
Fig. 88. Practograph of 4340 after a (1200+870°C, 041) heat treatment
| tesied after tempering st 2§O'C. shoving the into:granulnr'
type of !ntluro~unpociatcd vith tempered murtensite embrittlement,
and the presence of MnS particles along grain boundaries.
Fig. 89. Fmactograph of 4140, (A) after an (870°C, 0il) hest treatment -
tested in the as-quenched condition, (B) after a (1200°C, 011)
heat ttca:ncﬁt tested in the as-quenched condition, (C and D)
: after a (1200°C, 041) heat treatment tested after tempering
at 200°C, showing clesvage and quasi-cleavage for all

condfitions.




Fig. 90.

Fig. 91.
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Fractograph of 4140, (A) after an (870°C, 0il) heat treatment
tested after tempering at 280°C, (B) same as (A) except tempered
at 390°C, (C) higher magnification of the particle visible in
(B), and (D) after a (1200°C, 0il) heat treatment tested

after tempering at 350°C. The (870°C, 0il) heat treatment
becomes progressively more ducitle as the tempering temperature
is increased, while the (1200°C, 01il) heat treatment fails
intergranularly when tempered at 280°C.

Fractograph of 300-M, (A) after a: (870°C, 0il) heat treatment
tested 1& the as~quenched condition, (B) after a {1200°C, 0il)
heated treatment tested in the as~quenchad condition, (C and D)
after a (1200°C, 01i1) heat treatment tested after ccuperids

at 325°C.
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