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ABSTRACT

-

Steel trom 22 heats of low- carbon Ni-Cr- Mo ﬂeel HY-80 (ASTM AS43-65 and

MIL.S.

16216G (Ships)) was heat treated to study the effects on the drop wcxght nil

ductility transition (NDT) temperature of (1) commcrcnal variatlon in compos:tion o
and inclusion content, (2) variation in microstruc!ure such as prlor austemtic gram size

and the relative amouni of nsothermally produced fcrrite or banmte ina tempcred marlen-

sitic matrix, and (3) the observed variation in st'ength obtained aftera one-huur 1 150 F
temper followed by a water quench to prevent embrittlemcnt while cooling from thc

tempering temperature,

Using a terapered 100 percent martensitic mxcrostructurc asa base lme t}‘c van
ables found to be most significant were lmearly related to the measured Nil Ducuhty
Transition (NDT) temperature. The range of thc variable and ns effect on the NDT

temperature are as followa

Variable Range " Effect on NDT
Produccr (Coded 14r2)- | =219 F -
Prior Austenitic (3t09.5) -19.2 ' F/ASTM

Grain Size » , G.S. No. -
Percent Bainite (0 to 76 percent) 0.62 F/Peroent

‘ ‘ o ’ Bainite ’
Percent Ferrite (0 to 69 percent) | - 0.23 F/Percent
T Ferrite.
Percent Pearlite (0 to 32 percent) 5.4 F/[Percent
o ~ Pearlite
Tensile Yield (61.51t0 1247 0.68 F/ksi
Strength ksi) -

Higher order terms and interaction tevms did nof significantly improve the ‘rciations‘hip.
ror did consideration of inclusion content of the steel. Other than hydrogen, no alloy-
ing or trace clements were found to correlate with the mcaqur\.d NDT tcmpcraturc of

this steel.

ADMINISTRATIVE INFORMATION

This work was performed under the sponsorship of the Naval Ship Systcms Command (NAVSH!PS)
as mrt of Research and Bovelopiment Pru;cc. SF 35.422.212 Program Llcmcn! 625 12N
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INTRODUCTI"ON

At present there is a gap in the body cf general metallurgical kncwledge concernmg t‘1e mechanisms that
contrel the notch toughness, as memured by the drop weight nil ductxlity transition (NDT)"‘ tempcrature of the
low carbon, medium alloy, and qucnc“cd and tempered steels. Most prior studies have been limitcd ta the pro-
cess of characterizing spe-ific classes of commercizl steels by thelr expected NDT temperature frequency distri-
bution range. No previous studies have been made of the interaction of chcmlcal composninn mcchnmcal prop-
criies and microstructure with the NDT temperature of any steel. S

Studies of the notch toughness of higher alloy steels, such as those reyent]v performcd by U. S. Steel, have
concerned themselves with the fracture mechar s or cnt-ml flaw size approach that is morc appropnate for such
higher strength, low toughness materials. Previous ¢ studies of the hl"her toughncss stee‘s however, have always
concerned themselves with the effect of variation in a single alloying element and usually only with its effect on
strength or on some Charpy impac’ property, In addition, these previous : studies have bee?i concerned only with
the effects on a normalized stee! or on an oil quenched alloy steel of undetermined mlcrostructurc.

The normalized structura’ steels are gradually being rcplaced in critical, high toughncss low transition
temperature applications by the medizm alloy steels such as 1Y-80 and HY-100. Therefore, it is important that
the mechanisms controlling the interaction of composition, mechanical properties, and microstructure with NDT
temperature be determined. This is so, particularly since the NDT tcmpcrature is one of the 'most important
criteria for the selection of a steel for struciural application under severe service condmons.‘

There has long been an interest in the structural use of high touglmces low transition tempcra!urc steels,
and more recently with the higher strength, quenched and tempered steels such as the ASTM A543-65 (Class |
and Class 11), MIL-S-16216G, HY-80, HY-100, and HY-130; these steels are currently being used for the shells of
pressure vessels and hulls of oceanographic vehicles. The steel used in this study is a quenched and tempered
medium alloy steel having an 85,000 psi yield strength and the following nominal percent composition: 0.16 C,
0.36 Mn, 0.6G153,0.015 S, 0,25 Si. 2.75 Ni. 1.50 Cr and 0.35 Mo. This slccl is commonly classed as a low carbon
nickel-chrome-molybdenum alloy steel,

LITERATURE SURVEY

The impact transition temperature is some arbitrary p('fin'l in the temperature range over which the fracture
chaacteristics of a metal with a body centered cubic lattice, and sometimes with a hexagonal close packed lattice,
exhibit a marked loss in ductility. This change is evidenced by (1) a large drop in the ei-2rgy required to produce
fracture. (2) a marked change in the fracture surface appearance from a dull, fibrous-looking transcrystalline shear
fracture associated with high energy absorption to a bright, faceted cleavage or in(crcrystalliné fracture associated
with low energy absorption, and (3) a decrease in the amount of lateral contzaction at the bottom of the notch
vsed to initiate the crack, or a decrease in (e amount of lateral expansion at the “hinge” point of the impact
specimen opposite the notch. The temperature range sver which this transition from ductile to brittle behavior
oceurs is sensitive to test conditions such as strain rate, notch accuity, and residual or applicd stress levels, as
well as the toughness of the material at the time of testing: as a result the transition range is usually determined

by using a standardized impact specimen and test method to rest the material at a serics of temperatures,

*The NOT is the lunpu.smu' of initial transition from plane strain to mixed-mode fmuurc und represents the tempera-
tute at which very stmatl flaw sizes suffice for dynamic {racture initiation, ‘The NDT temperature is generally not indexable to
the sharply falling Charpy enetgy curve,

t2




- At " ' ‘
‘The “transition temperature” then is deﬁned as that temperature in thc tramiuon range at whrch some 'pccﬂ‘ ic
condition occurs such as:

. The fracture appearance transitlon tempcrature FAT’I‘ is the temperaturc at whreh the specimen is
SO or 100 percent fibrous and is called the 50 percent FAT’I‘ or the 100 percent FATT respccuvely

2. Th: fracture temperature is the temperature at whlch the Charpy V-notch (CV) rmpact specimen
absorbs some specific amount of energy. A common energy value used to charactenze mild steel shrp plate is
15 ft-b; this criterion would be referred to as the Charpy V- notch 15 ft lb transmon temperature

. The temperature at which the drop weight lmpact test spcc.men exhlbnts no ductrhty is the NDT
temperamrc and is the temperature of initial transition from plane strain to mixed-mode fracture The NDT
temperature represcuts the temperature at which very small flaw sizes suffice for dynamrc fracture initiation.

The drop weight NDT temperature is not generally mdexable to some cr)ecu”c pomt on thc sharply falling
Charpy energy curve.

An exten;i\'c body of literature exists on the effects of rnicrestrueturc, cvompdsiti‘on,r'hnd strength on the
impact transition temperature. The data are mainly concerncd with the effects of alloy additions to plain
carbon stcels_, or alloy steels having 0.30 percent ormore carbon, whose microstructures are frequent]y not
specified other thun as resulting from a normializing treatment, and these data often ignore the austenitic grain
size of the stee! prior to cooling, These studies ure scldorn based on the drop weight nil ductility transition
temperature. o

1

- GRAIN SIZE EFFECT

Changes in prain size have been reported to have a detrimental effect on the ductile to briime fracture
transition temperature of steels.! =32 Someauthors report the effect of change in the avcravge grain diameter,
otheiz in terms ef the change in ASTM micrograin size. Some authors report grain size in terms of: (1) ferritic
grain size as icasured on a polished and ctched section; (2) prior austenitic grain size, mc—asured using the
McQuaid-1:hn test method: (3) prior austenitic grain size as measured using an etheral pi.cri'r.:, acid etch to outline
the prios s tenitic grain boundaries on a polished specimen; and (4) fracture grain size as determined by com-
paring a speaimen broken at low temperature and exhibiting a crystalline fracture appearancc to the fracturc
grain size < a set of specially prepared specimens used as a standard.

The various methods of reporting grain size arc not independent. The ASTM micrograin size is related to
the average prain diameter as follows: ' ’

1. The ferritic grain size is highly dependent upon the prior austenitic grain size and 1o a lesser degree

2,4-7,13, 1719, 22, 24, 26, 28, 30, 31

upon other factors such as:

a. Cooling rate {rom the austenitizing temperature. The slower the cooling rate the coarser
the resultant ferrite due to fewer nucleation sites and more time for thnsc sites to grow,

b. Temperature at which transformation from austenite to fcmtc or some other product
tukes place. The higher the temperature the fewer nucleation sites and therefore larger grains.

¢, The amount of ferrite grain prowth that takes place after transformation while cooling,
tempering or stress relieving. Longer times allow growth of some grains at the expense of
smaller or less favorably oriented neighbors.

Vo terences afe listed on page 119,
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d. The quantity and dispersion of inclusions, oxrdcs and nitrides that may mhrbrt ferritic
as well as austenitic grain growrh

. Deoxication practice.

The fracture grain size of embrittled material is usualiy thc same as the pnor austenmc grain, 11,12
The strong dependence on prior austenitic grain size, all other things berng equal, is due to the fact that the
austenite to ferrite reaction nucleates at the prior austenite, gamma, gmm bound'sry The finer the prior
austenitic grain the greater the grain bounddry surface area and thus the more nucleatron sites available for the
camma te ferrite transformation. Slower cooling rates or longer times at tempemture '1llow growrh of existing
grains either from existing gami-a or at the expense of other smaller fernte grains.

Most of the investigators who have reported on the effccts of grain size have uséd' the Charpy V-notch im-
pict test to determine the fracture transition tcmperature'l' 3,4,7-11,13~21,23, 24, 29-31 orrly a few have used
the Charpy keyhole qpccimen 6 the drop weight impact test specimen, 21,24, 32 - or the crack or tear test speci-
men.S How the fracture transition tcmpcmturc is defined has a marked cﬂcct on the magmtude of the shift in

transition temperature caused by changes in grain size. 26 Some of the definitions of fracture transition temperi-
ture used in the literature are as follows:

I. For Charpy V-notch and keyhole specimens ,
a. Level of impact encrgy absorbed was frequently used to determine the transition tempera-

ture,> 8 13, 14,16, 20, 21, 24 ;0 valyes used ranged from & to 40 ft-lb, with pcrhaps the most
common value heing 15 ft-lb. The 15 ft-lb leve! is commonly used for plain carbon steels be-
cause it is the level found by the National Bureau of Standards and the Ship Structures
Committee to characterize the susceptibility of plain carbon steel ship plate 1o biittle fracture,
The higher values are associated with quenched and tempered alloy steels,

b. A specific amount of fibrous fracture appearance on the broken surface of the impact.

specimen is sometimes used to define the fracture transition temperature. 8 16> 21, 23,26, 27
This is usually referred to as the fibrous fracture appearance *-ansition temperature ([ ATT),
and 50 percent fibrous fracture is the most commonly used valae,

c. An amount of lateral expansion or contraction in the deformed area of fracture is
occasionally used to define the transition temperature, 2!

d. The inflection point or sharp drop in the encrgy absorbed versus tcrnpcraturc curve is
used 3 20

¢. A mean energy level such as the mean energy absorbed at +100 and — 196 C has set the
transition t(‘mpcrulurc,4 as has the temperature at which the Charpy erergy absorbed is one-
half the maximum energy absorbed at upper energy shelf.2 and as **. . . the middle of the
temperature range over which an impact value of 40 ft-lb was obtained,”? o

f. Sometimes just a visual comparison is made of energy absorption versus test tempera-

ture curves for one material or condition as opposed to another.!

2. For drop weight impact test specimens, the transition temperaturs is defined as the highest tempera.
ture at which the crack from the brittle crack starter weld will pmp.l;.,.nc across the surface of the specimen and
around the edge on at least one side, 11, 24.32

3. The crack artest or tear test transition temperature is the temperature at which a running crack is
halted or arrested by the material. In a specimen having a thermal gradient, the crack runs toward the warm
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Charpy Impact Tests

All Charpy V-notch impact tests were performed in accérdanCc with ASTM sm’}ldard E23-64 u,’ikng‘ a k
pendulum type of impact machine with 268 ft-1b capacity and a stnkmg velocity of 16 85 l't/sec. Energy losses
due to friction were negligible (less than 1.5 ft-1b) over the full range and thcrefore wcre dlsrcgardcd A Tvpc A
Charpy V-notch (simple-beam) impact test specimen 0.394 x 0 394 'x.2. 165 in. was used for thcse tests.

Most Chdrpy specimens were cut paranel to the § in. dimension ol‘ the drop weight test block and thue were -
transverse to the major direction of plate roll (see anurc 3). Transvcrse Charpy spcclmens wcrc sclccted for this
study so that if banding or nonmetallic inclusions were prcsent in the test specxmen they would be oriented in
such & way as to offer the least resistance to crack propag,atton and so as not to act as. crack arresters and thus

mask the pmpcrttcs being studied. However, a fcw coupons wure large enough to provtde cxtra ‘material to
make a few oversize 5/8 x 2 1/4 x 5 1/4 in, epccnmcn blanks (see Figure 4), These blanks were heat treated
and used to make a set of jongitudinal, 2.165 in. dimension pamlcl to the maJur direction of plate roll, «
Charpy V-notch impact specimens. Each specimen was identified before notchmg on both 0. 394 X 0.394 end
faces with the drop weight specimen number, test direction and specimen nuraber. All Cltarpy specimens were
notched so that the notch was perpendicular to the plate surface through. thc-'tltickncss of thé plate. .

The Charpy V-notch specimens were machined to closer tolerances than rcmmmended by the ASTM in

order to mininiize scatter in test results; the pcrmlsmblc variations used were as follows

Adjacent sidcs : . 90 deg £30 min .
Cross-section dimension +£0.001 in.

Length of specimen (L) .’rO.O(V)Vl in,

Centering of the notch (1L/2) +0.001 in. ,
Angle of notch V 45 deg +22 1/2 min -~
Radius of notch ‘ +0.005, —0.002 in,
Dimensions to bottom of noich i‘0.00l in.

Fmish requirements -3 uiu. all over

Specimens were cooled to test temperature using aliquid bath in an insulated container. Specimens were
removed from the bath and centered in the test machine using self-centering tongs similar-t2 those shown in
ASTM E 23; the tongs were chilled in the low temperature bath with the specimens for at least 1§ min and were
immesdiately returned to the bath each time after they were used. Bath temperatures were controtled using a
dummy specimen with an embedded thermocouple. The values of energy ahsorbcd hy the specimen reported
herein are usually the average of two specimens broken at the indicated temperature; mdtvndtml specimen re-
sults are plotted on the energy absorbed versus test temperature curves,

METALLOGRAPHIC PROCEDURES

Metallopraphic specimens were cut from the undeformed 2reas of the drop weight test specimen blank
and far enough from the crack starter bead to be sure that no ulluying clements had diffused into the specimen,
tongitudinal and transverse specimens were prepared and mounted in transoptic mounting resin. After the
specimens werz mounted, /8 in, of specimen surface was machined off in a lathe under coolani using a sharp
cuthing tool. The surlace was pregeessively ground using 180., 240-, and 600-grit silicon carbide papers.




least 45 minutes prior to test by manually ¢ stirring the bath and adding t‘ry ice or hquld mtrogcn as required.

Gloves were nsed to handle the specimens by the heat trealing loup welded to theé end (5/8 X2 in fncc) Inter-
pretation of the specimen fracture as to “*Break™ or “No Brcak" was as reuor'mcnded in ASTM E208. The only
*No-Test™ specimens encountered in these tests were a few that were cuta lnttle thin, less than lhe recommended
0.62 £0.02 in. thickness. These spuumcns were not includvd in the measurcment of the NDl‘ tempcramrc

Tensile Tests

All tensile tests were performed in uccord'mcc with ASTM Slandard E8- 651; ':'erision Tcst'ing of Metallic
Materials. A swall size specimen, 0.250.i in. dismeter with a 1+in, gagc length, proportloned {o the standard Type
1, 0.505-in. diameter tension test specimen was used. The spccimens were taken parallcl to thc original direc-
tion of plate roll, thus the overall Sength of the specimen was limited to 2 ir:: since this is the size of the P-3 drop
weight specimen in that direction (see Figure 3). The 2-in. overall length was acliieved by slightly reducing the
length of the threaded ends of the specimen. ‘ v

The specimens were tesied in hydraulically loaded universal testing machines calibfated in accordance with
ASTM Standard E 4-64, Verification of Testing Machines, using proving rings. The testing mvachin_cs were found
to indicate the correct load within 0.5 percent in the loading ranges used in these tests. Self aligning, spherical

. bearing devices were used to ensure axial loading of the test specimens. Load-strain curves were recorded for all

specimens using an averaging, 1-in. gage length, microformer strain indicator (extensometer), and an autographic
recording device calibrated over the range of the expected yield. Specimens were tested at a speed of 0.002
in.fin./mm or less, up to and slightly beyond the yield point. The 0.2 percent offset method was used ro de-
termine the yield strength, The values reported are the average of two specimens.

Compressidn Tests

All compression tests were performed in accordance with ASTM Standard E 9-61. The specimens tested
were §/2-in. diameter by 2-in. long cylinders made with special care to ensure that the ends were parallel to each
other within 0 002 in. and perpendicular to the long axis of the specimen within 0,005 in. The specimens were

taken parallel to the original direction of plate; thus they were machined parallel to the 2-in. dimension of the
drop weight specimen they were cut from (see Figure 3). ‘

The specimens were tested using hydrautically loaded testing machines wlnlmlcd in dCCOl‘d’m(.C with ASTM
Standard E 4-64, Verification of Tcstmg, Machines. The testing machines were verificd using proving rings and
found to indicate the correct load within £ 0.5 percent in the loading ranges used in these tests.

All compression tests were run using subpress with a spherical seated bearing block at the end of its shaft
to ensure full contact with the end of the specimen and to ensure true axial loading. Hardened steel bearing
blocks with smooth, ground, parallel faces were used in contact with the ends of specimen to prevent possible
damage to the faces of the subpress. The ends of the specimen were greased with lubriplalé 1o climinate end
restraints. Becausc of the shape of the specimen it was not reeessary to use a jig to prevent lateral buckling.
Load-strain curves were recorded foi all specimens using an averaging, 1-in. gage length, nicroformer strain indi-
cator (compressometer) and an antographic recording device calibrated over the range of the cxpected yield,
Specimens were tested at a speed of 0.002 in./in./min or less up to and stightly beyond the yield point. The

0.2 percent offset method was used to determine the yield strength. The vatves reported are the average of two
specimens,
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875 F Isothermal Treatment (Semi-Bainitic)

bpccnmm blanks that were lrc‘ucd isothermally at 875 F to ulumately give a mlcrostructun consisting of
a mixture of tcmpcrcd bainite and tempcrcd martensite were (rcalcd as follows. l640 F — 1/2 hr — transferred
10 75 F ~ held 152 (or 1600) sec-BQ;-110 F - 1/2 hr; temper 1150 F — 1 hr — BQ. Addmonal specimen
blanks available from coupons X-12, X-13, and X-15--X-18 were treated as follows: 2000 F ~ 1 hr -- transferred

to 1640 F held 5 min (mnmmum) — transferred to 875 F - held 1600 sec - BQ;-110F —-;Al/?. hry 11S0F — 1 hr

1200 F Isotheirmal Treatmeni {Semi-Ferritic) ‘

Specimen dlanks from all coupons were isothermally treated at 1200 F to ultimately gwe a microstructure
of tempered martensite and tempered ferrite. In several cases a little pearlite was found to have been formed
during the isothermal treatment. These coupons were treated as follows: 1640 F — 1/2 hr — transferved to
1200 F — held for 3350 sec (or extra sets 6fspccimen‘blocks from coupons X-1,X-2, X12, X-13 VX 15-X-18 and
Y-2, Y4, and Y-11 were also held for 8500 sec) ~BQ; —~110 F — 1/2 hr; 1150 F — | hr — BQ There was in-
sufficient matcnal to give any spccxmcns with a coarse austenitic grain size the 1200 F 1sothcrmal treatment,

TESTING PROCEDURES

In general an attempt was made to adhere to standard ASTM testing procedures. In a few cases it was
necessary to muke slight deviations from standard practice to take into account the specific conditions of these

_tests; any such deviations will Fe i dicated below.

Drop Weigﬁt NDT Tests

All drop weight tests were performed in accordance wnh A%TM Method E 208- 66T u iing the type P-3
specimen which is 5/8 x 2 x 5in. The specimens were qup’worlcd as a simple beam and subwctcd to an impact
load of 259 fi-1b produced by droppinga 223-1b weight 1 ft 2 in.; this drop energy was found to consistently |
crack the crack starter weld bead and to cause the specimen to consistently contact the én_vil stop.

As stated previously, the specimens were prepared with one, as rolled, 2 x S in. faéc. The Hardex-N crack
starter bead was deposited in the center of this face prior to heat treatment of the specimen so that the heat-
affected zone created by deposition of the weld bead would not interfere with the corect m91551lrcn1cnl of the
NDT temperature of the base material. After final heat treatment, the crack sterter weld beads were notched
as required in ASTM B 208, uring a thin abrasive disk. The combination of the isothermal treatments and the
subsequent 1150 F temper was not found to prevent proper f\mcliomng of the crack st.mcr bead; upnn impact,
a good crack formed in the bead in every case. ,

A group of four or five, usually five, specimens was given a selected heat treatment and used to determine
the NDT temperature. Smice tests weie conducted on a known material with a known thermal history, the NDT
temperature was determined within 10 F by three to five tests, the usual number being four, Prior to testing
cach spectmen was placed in a large insulated liquid, isopentane, jow temperature bath with at least in, of
liquid all around the specimen. A thermocouple embedded in a dummy specimen was attached to an automatic

tecorder and used to control the bath temperature. The bath temperature was maintained for a period of at




the table lists the identification numbers assu.ncd to each coupon. Coupons made by the Iargcst produccr have a
number startiug with an X and coupons made by the ‘other producer have been assxgned a number piefixed with
a ¥. To obtain the maximum use of each coupon and to make specimen location as unil‘orm as possible for all
specimens, specimens were taken from adjacent to the original plate surfaces (sce Figure 1).-In fact, to minimize
machining costs, the original plate surface was made one of the 2°x § i in. surfaces of the drop weight specimen
blank. The specimen blanks were 5/8 X 2 X § in. with the 2.in, dnmenmon in the dlrcction of plate roll and the
S-in. dlmcnsxor parallel to the plate surface and perpendicular to the direction of plate roll (see Figure 2). This
is the size of specimen required for subsize drop weight NDT temperature tests in ASTM Me!hod 11 208. Each
specimen blank was coded on the end with the appiopriatc number, loc:ition test d‘ire'clién and specimen
number. These specimen blocks were used for drop wenght tesm after that the brokcn spcumens were used to
make mechanical property test specimens, s '

HEAT TREATING PROCEDURES

The 5/8 x 2 x § in. drop weight spcumcn blanks were prcpared for heat treatment by (1) welding hand-
lig loops onto one of the 5/8 x 2 in. faces, (2) depositing a brittle crack starter bead on the 2 X § in. surface
of the specimen that reprcsentcd the original plate surface of the specimen using a 3/16 in. dmrncter Hardex N
hardfacing electrode, (3) normalmng the spcmmcns by hcatmg to 1650 F, holding for l hom and then air-
cooling, and (4) sandblasting the specimen prior to final heat treatment. ' l

The final heat treatment of the drop weight specimen blanks consisted of ausumtmng in a neutral salt
bath at 1640 F for 1/2 hour and then either water quenching in a brine solution or quenching into an isothermal
neutral salt bath, holding for a prescribed time and then brine quenching. After quenching, all epecimens were
immediately given a low tcmpcraturé (about — 110 F) treatment in a bath madé ofacc}tone' and chunks of dry ice;
all specimen blanks were given at least 1/2 hour in this bath to ensure that they came 'down to temperature and
that all ;cminéd austenite was transformed to martensite by the treatment, All specimens were subsequently
tempered in a circulating air furnace at 1150 F for 1 hour at tcmhcmturc and then water quenched in a brine
solution {BQ). In o few cases, where sufficient material was available, a few sets of drop weight specimen blanks ‘
were austenitived at 2000 F for 1 hourin a cnculatmg, air furnace, then tmnstcrrcd to the 1640 F salt bath for
S minutes, minimum, to standardize the temperature differential between the isothermal bath and the specimen
prior to immersion. Al furnace and bath temperatures are manually controlled using potentiometers to within
£5 F. Specimens were heat treated by suspending them by their loop from a fixture, tlm allowed them to ve

treated as a group. This fixture held the specimens 1 1/2 in. ap.m and <uspcndcd lhem vcmcally in the salt baths
to permit circulation of the salt,

Fully Quenched (Martensitic)

Specimen blanks that were Tully quenched to form a fine prior avstenitic grain size 1o ultimately give a
te.apered martensitic microstructure were tieated as follows: 1640 F — 1/2hr -~ BQ: ~110F - 1/2 hrg
tempet 11SOF - | hr — BO. Specimen blanks from coupons X-12, X-13, and X-15--X-18 which were quenched
from a coarse prior austenitic size were treated as follows: 2000 I — 1 hr — 1640 F § min (minimum) — BQ:
S0 F 12 hetemper TISOF 1 hr - BO.
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under & wide variety of conditions, .md tempering treatment. Increases in strength produce correspondmg in-

creases in impact transition temperatures unless other parameters are adjusted to compensate for the increased
strength level, 2738 Conversely, a decrease in strength brought about by a long time temper is no guarantee that
the impact transition temperature will i improve, since for a wide variety ofqucnched and tempered steels a 100
hour stress relief will reduce the strength and at the same time increase the transition tcmperature thns is attri-
buted to a susceptibility *o temper embrittlement. 38 .

In bainitic steels, increases in strength brought about by rcﬁnmg the balmtlc-fcrntc microstructurc will
have an adverse effect on impact transition temperature unless compensanon is made by rcﬁmng the prior aus-
tenitic grain size al\o 2T e dependence of the impact transition temperature of bainitic steels on prior aus-
tenitic grain size is attributed to the fact that the upper limit on the size of the bainitic-ferrite plates is the prior
austenite grain dia»mctcr.” Tempering bainitic steels at a tcmpcraturé'abovc the temperature at which the
bainite formed imbmvcs its impact transition temperature by lowering the stmngth.“2

EXPERIMENTAL PROCEDURES
SUMMARY

The general test program followed in this study can be summarized as follows. Test coupons were col-
lected from commercially produced plates made by the two major produccr.spf a low carbon, ni(lckevl-c’hromc
molybdenum stecl.* These coupons were selected to represent the broad range of chemical com;ﬁoﬁitioﬁ to
which this steel is melted in commercial practice. These coupons were slabbed to convenient si_7c; analyzed for
chemical composition, heat treated, and tested. All heat treating and'lcsling was'berformcd on5/8 X 2x 5in.
drop weight blanks heat treated so as to climinate the effects of variation in hardenability, plate thickness, and
mill heat treatment. lsothermal heat ticatments were used to pfoducc controtled microstructures, and a uniform
tempering temperature of 1150 F, slightly above the minimum value permitted by the specification, was used.
The isothermal holding times and temperature were tentatively selected to produce approximately 25 percent
10 pereent of each nopm:nrlcnsitic'product, bainite or ferrite, for an average composition, Microstructures pro-
duced by a given heat treat were measured for each coupon using microspecimens taken from the broken drop
weight test specinmens; mechanical properties were measured on these same test specimens,

MATERIALS

Coupons were collecte’) aver a period of years from plates made during actual mil} runs at the plants of
the two major producers of Jisis steel and represent only a small fraction of heats melted during this period.
The coupons were obtained after final heat treatment from the end of the plate when the plate was cropped to
ordered size. All coupons were cut from material adjacent to the ordered plate. The actual coupons selected
were chosen by the investigator on the basis of the producer’s chemical analysis to represent a fairly broad range
of the chemical compositions used lor this steel in commercial mill practice. A total of 27 coupons representing
22 heats were collected; 16 coupons were from one producer and 11 coupons from the other. Table 1 summa-

rizes the heat numbers, mechanical propertics, and chemical compositions reported by the producers; in addition,

(umm(mly called HY-K0 xlul and made in accordance with AST M Specification AS43-65 and Military Specification
MIE-S- 162160 (SIIPS), .

i




COMPOSITION

The effects of compositional changes in tempered martensitic and lowcr baxriuc microstruc(ures on impact
properties are threefold: first, the basic impact fracture transition tnmpemture is shlftcd due to the presence of
trace impurity elements; ;23, 36,37 second, the susceptibility to embmtlcment at low tempcrmg temperatures,
500 to 800 F, may be affected;!% 37 and third, there may be susceptiblhty to temper cmbnttlemcnt during
either long time teinpering treatments or slow coohng instead of quenching from the tcmperin;., tempera-
tures,? 10, 22, 23,34, 36,37, 41 addition, the composmon changcs may be dctnmental to impact properties if
they increase the strength markedly or if they tend to retard softf'nmg during tempenng 27,35,31

Teits on special high purity quenched and tempered steels ‘\ave shown that ccrtam minor impurity ele-
ments, some of which are invariably present in commercial steels and for which many are not routinely analyzed,
such as P, Sb, As, Sn, and N,,are primarily responsible for cmbrmlomcnt 23,36,37 The high purity steels show
very low impact transition temperatures and very little susceptsblhty to-embrittlement as a result of usually det-
rimental tempering treatments. Susceptibility to low tempering temperature embrittlement is increased by Mn,
P.Si, Cr, As, Sn, N,, not affected much by Ni, Cr and Mo, and seems to be inhibited by Al 10,37 The most
detrimental effects were observed for P and N,. Co

Susceptibility to temper embrittlement due to either long tempering times in the reglon from 900 to 1100 F
or slow cooling from the tempering temperature is increased by C, 9122 Mp,34, 36, 37 p,10.23.36, 37,41 g; 36,37
Ni, Moo 3 As, 36,37 Sb, 36,37,39,41 4ng Sn, 23,36,37.39 pq affccted much by Nz' Bi, Cu, Co, Ge, Ga, and
VAR 36.37 and inhibitcd by Mo, 10,34,36,39 4ng w39 There was no cvidence in studies of a quenched and tem-
pered Ni-Cr-Mo steel that there was any interaction between regu]ar alloying addmons and trace elements that
exaggerated their total effect. 39,41 For some hardcncd steels, there is evidence from the impact transition
temperature and the fracture appearance that some cmbrltﬂomcn; occurred during the initial tempering at an
clevated (1112 to 1202 F) temperature. 7,41 ‘

A ftudy of a quenched and tempucd Ni-Cr-Mo stee! that was not deliberately given an’ embmtlmg treat
ment shows that P, Sb, and $n have a detrimental ¢ffect on impact transition temperature, As had little or no
effect, and Al additions were actually beneficial.3? Phosphorus was the most damaging, and the effect of As,
which had heen shown to be detrimental to deliberately embrittled steel, showed little effect in the not deliber-
ately embrittled stecl. The effect of Al shifted from detrimertal in embrittled material to beneficial in non-
embrittled material; the benefit of Al additions was attributed to a decrease in the prior.gammd grain size. Other
effects reported are that the optimum carbon content in quenched and tempered steels is about 0.38 percent and
that this amount optimizes both NDT temperature and maximum Charpy V-notch shelf energy 30 Sulphur is
reported to have no effect on i‘mpact transition temperature but to lower the maximum Chnfpy shclfcncrgy.lO

B, C, Mn, Ni, and Cr additions can be detrimental to the impact properties ofl()w-carb(\n bainitic steels
if they reduce the austenite decomposition temperature and as 4 result either increase the strength excessively
or produce a mixed microstructure of bainite and martensite.2’ Sccondary hardening elements like Mo and V
have a tendency to reduce impact properties of low-carbon bainites, in that they increase the hardness of the

initial microstructure and they tend to precipitate carbides which retard softening during tcmpcring.27

STRENGTH

The effect of strength level on impact transition temperature is complicated by the dependency of strength
on the interaction hetween composition, grain slze, microstructure produced by the transformation of austenite
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In maricneitic steels transgranular and intergranular fracture refer to austenitic graihﬂ present prior to
quen<hing and not to the ferritic grain structure developed by tempering the martensite. 11.12,23,29,36,37,41

The r~lztive amount of transgranular and intergranular fracture deveIOpe:! by the :mpact l'racture of a tempered
marteasite depend: on tite followmg ‘

.. The relative temperature in the fracture transition rchon The lowest’ .emperatures tmd to give
more mtergranular fracture.!!

\

2. The amount of temper embrittlement. Certain comhmatlons of temperatures and long holdmg times,
will increase the tendency to intergranular fracture if the material is susceptible to temper cmbnttlemnnl 12

3. Blue brittleness, associated with a 500 F tempenng t°mperaturc This tends to gwe an mtergranular
fracture and shows a brittle appearance over a considerable temperature range and which slowly dnsappcars 2t
higher temperatures without ever exhlbltmg an abrupt transttron.“l ‘

4. Nonembrittling tempering causes fracture to show a progrcssmn from transgranular fracture aﬂcr
a 500 F temper, and a return to the lramgmnular fracture mode after a 1206 I temper. - Tempcrs from 550 F
to 1200 F exhibit brittle fractures compmed of a mixture of intergranular and transgranular brittle parnngs

5. High purity tempered martensite will exhibit only transgranular clcavage when it brcaks in a brittle
way whereas stecls containing 0.04 atomic percent phosphorus or tm showed at lea«;t some mtergxanular fracture
along the prior austenitic grain boundaries with the proportion mcreasmg with gram size and with embrittling
treatments.23 Phosphorus containing steel, 0.023 weight percent in 2 0.3 C, 3.0 Ni, 0.75 Cr stee], tended to
show more intergranular fracture than the same steel doped with C. 074 weight percent Sn.

Summarizing, the impact fra etre path is characterized by thc nansgranular or mtetgranular mode relative
to the ferritic grains in plain carbon steels having a microstructure consisting of ferrite or ferrite and pearlite,
and 1o the priof guatenitie grahs 1h rmeudwd and tempgred martensite which shows some degree of temper em-
brittlement. The mpact properties of bainitic steels are separated into two distinct types, with the }ugh temper-
ature bainitic structurzs behaving like ferrite-pearlite structures and Tow temperature bainitic structures behaving

like martensitic structures; the impact properties of the low temperature bainite ¢ mprovc with dccre:mng prior
austenitic prain wu Y

MICROSTRUCTURE

The general effect reported in the literature is for tempered bainitic steels to have impact properties inter-
mediate to those of tempered martensitic and tempered pearlitic steels of the saine hardness, with the tempered
martensitic steel having the lowest impact transition temperature and the highest level of energy absorbed above
the transition lcmpcra!urc.”' 33,42 The fine bainitic structure responds to tempering like a quenched steel:
the transition temperature steadily decreases with increasing tempering tcmpcraturc.”’ 33 Composition of Tow
carbon bainitic steels has litile effect on the impact properties if similar microstructures liaving the same grain
size and same hardness are cnmparcd.27 In order to get adequate impact resistance in bainitic or martensitic
steels, they must be tempered beyond the stape where maximum sezondary hardening takes place secondury
hardeninig due to the presence of other alloying elements has a deleterious effect on impact revistance.22

Fven after tempering, a portion of upper bainite is more detrimental to the impact properties of an otherwise
martensitic microstructure than is a portion of lower bainite, A2
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side of the specimen. These tests are not used extensively and apparertly are scldom used to evaluate the effect
of grain size on the transition temperature.

Otl\er parameters associated with the material, and its treatment and microstructure lmve been reported to

have an interaction with the grain size to change the magmtude of the shift in the xmpact transmon temperature.
These factors are: impurity level and composition changes S5 819,23 commercial size hcats as opposcd to

laboratery size heats or melts;? 3! straining or cold def‘orm:mon.5 12,26 thermal treatments lhat cause a
secondary effect te overshadow grain size effects, retention of austcmtc,3. tcmper embnttlemcntlo' 15,20, 23,26
and growth of grains; 2 3 7 23 and microstructure changes. 13,14, 17,20, 22, 26,27 e effect ‘of each on the
apparent shift in transition temperature with grain size (AT/AGS) may either be posmve or so ncgatxve in nature
as to make grain size appear to have no efiect, ,

As a result of these complications, each reported value of AT/AGS must be evaluated in terms of the

specimen used; the criterion defining transition temperature; the composition, including impruity levels; source

‘ul" the material, lab versus production melts, thermal treatment; straining; microstructure; and the range uver

which grain size was actually varied, If this is done, a few gcneral observations fnay be made on the s'pc"ciﬁc

effect of changes in grain size on the unpdct lr.msmon tempcrat'uc For convenicnce, this report will always '
refer to grain size as the ASTM micrograin size. The following equation represents the rolatlonshlp between the
number of prains per squarc inch (1) and ASTM micrograin size (V) : n = 2(N_"‘ ),

Ferritic Grain Size

The ferritic grain size is commonly used in the literature to report the effects of grain size on AT/AGS.
There are three reasons for this: first, ferrite is the major room temperature equilibrium phase in the hypocu-

“tectoid plain carbon steels used in most of the studics reported in the literature; second, ferrite with varying

amounts of carbide is the primary room temperature microconstituent of quenched and tempered alloy steels;
and third, the final ferritic grain size is readily measured using standard metallographic tgchniqucs.

Changes ir. the size of the ferrite subgrain size are reported to affect the impact transition temperature, 18,31
An increase in the sub-boundaries, 4 decrease in the ferritic subgrain size, raises not lowers the Charpy V-notch
15 ft-lb transition lcmpcr:iturc (20 F/per ferrite grain size number). The ferrite subgrain boundaries examined
with an electron microscope show a lower dislocation density than the boundarics associated with the true
ferrite grain bmmdmy.“ While these authors were puzzled by this effect, a possible explanation must be
pointed sut, Current dislocition theory says that the subgrain structure is caused by a preferential alignment of
dislocations having like signs. As the number of dislocations increases, the subgrain size would be expected to
decrease and the strain in the grain increase. The usual effect of straining is to raise the transition temperature
for ductile to brittle fracture. In fact, temper embrittlement has even been attributed to strain deve!oped across
prior austenitic grain boundaries as a result of the contraction of the ferrite lattice when dissolved alloying ele-
ments are removed from solution in ferrite by a reaction with existing minor carbide phascs;‘2 Thus it is logical
to expect that as the ferritic subgrain size gets smaller indicating increasing distocation densities and higher strains
in the lattice, the impact transition temperature would increase as opposed to the usual decrease in AT/AGS
associated with a finer true ferritic grain size.

References 2, 6,7, 13, 17, 18,24, 28, and 31 show that a decrease in the ferritic grain size of a plain
carhon steel sufficient to increase the ASTM grain size number one unit will reduce the transition temperature
22 on the average, the effect ranging from an increase of 9 F to a decrease of 39 F, The 9 F value,

h



Reference 31, is undoubtedly due to the normal variation in the measuremcnt of transition

reported by Gross?! and to the small varialion in grain size, less than one unit. 31 The —

is dillicult to rationalize since the author reports neither the type ohmpacl speclmcn he
used for determining the transition temperature.

temperature of 10 F
39 F value for AT/AGS
uscd rjor 'thc criterion
on content in thcse plam carbon steels. Itis reported
ferrite grain size, pearlite island size, pcarlitc spacing and amount of procutectmd femle s
it influences pearlite carbon content; only the ferrite grain size showed any dcgree of correlation with the Charpy
V-notch 15 ft-Ib transition temperatuze.!? The AT/AG.S value’s dependence on test mcthod is seen in Reference
24 where the author reports a value of ~18 F/AGS based on the Charpy V-notch 15 ft-lb energy transition
temperature and —11 F/AGS based on drop weight NDT.

These AT/AGS values seem to be independent of carb
that of the factors:

Austenitic Grain Size

Increases in the prior austenitic grain size have usually been associated with i increasing impact transition
temperatures. ! 3,4,8-14,16,19,23,27 fact, as temper brittlencss increases in martensitic-ferrite, the fracture
paths become increasingly intergranular and follow the prior austenitic grain boundaries, 1, 12 29 36,37, 41
The relationship between the Charpy V- notch 10 ft-Ib and 50 percent FATT transmon tcmpcmtures and pnor
austenitic grain size was lincar for hardened 0.84 and 0.95 C steels. ' ~

1t was reported for tests on SAE 1045, 2340 and 3140 having various microstructures and tcmpcrcd to the
sami hardness, that increasing the prior austenitic grain size increased the impact transition temperature of air
cooled and tempered (pearlitic) material (AT/Av(;S from ~25t0=_120F ) but had the opposuc effect (+5 to
+20 F) on quenched and tempered material. 3 e slight improvement in the quenched and tcmpered steels as
austenitic grain size increased was attributed to the increase in hardenability as the grain size increased and to the
resultant increase in the amount of martensite formed during quenching. The impact I‘ructxb\;c transition temper-
ature of the tempered martensitic structure was always better, i. e., lower than that of the tempered pearlitic
structures. Increasing gamma grain size also increased the notch sensitivity of the pearlitic microstructure.} In
a later study it was reported for 0.80 percent C plain carbon steel that as the hardness was increased, pearlite
spacing decreased, the impact transition temperature went up, more so for fine than for coarse prior austenitic
grain size material; in fact, there was a minimum in the pearlite spacing (hardness) versus impact transition

temperature relation for coarse material whereas the finer prior gamma grain size material showed a continuous

im:rc:nsc.N

Prior austenitic grain size is also reported to have a controlling effect on the mean impact energy absorbed
transition temperature of 0,12 C bainitic steels, but the effect is lessened as the strength increases with increased
dispersion of carbides.2” The prior austenitic grain diameter, which is directly refated 1o cither the rolling finish-
ing temperature or the rehcating temperature used during austenitizing, has been shown to strongly affect the
average Charpy encrgy impact transition temperature of 70,000 psi tensile strength bainitic steel, with the
transition temperature increasing in an S shaped relationship with increasing prior austenitic grain diameter.2’
The transition temperature of the bainitic steels reportedly ranged from —76 F for an austenite grain diameter
of 29 x 10" Yin. to 140 F for 2 22.3 x 1074 in. diameter.

Grain refiners are (requently cited as and demonstrated fo have a beneficial effect on lowering the impact

4,517

transition femperature and even materials which are not specific grain refiners, such as lead, but which

react to inhibit grain growth, will show a beneficial effect, especially when added to normally coarse grained

‘stccls."
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Petch is reported > to have shown that the Charpy V-notch 15 ft-1b transition tempcrature (7') of ferritic

steels is linearly related to the natural logarithm of the square root of the recxprocal of the mcan grain diameter
(d) in the following way: T=A + BIn (D"”z) If one uses n = 2N-1) here ; n is the number of grains per
square inch and N is the ASTM grain size number, and notes the fact that n is propomonal to d?, one can re-

write the Petch relationship in terms of the ASTM grmn size and show tlm 1mpact transmon temperaturc should
be a direct linear function of N, T'= A +B (N). '

An investigation of unhardened C1095 and Ct080 plain carbon steels shows that a coarser prio. austenitic
grain size raises the impact transition temperature, regardless of the tcmperature at which the austenite is trans-
formed to pearlite.® In addition, it was shown that while lower transformation temperaturcs raised the ultimate
tensile strength, it also lowered the impact transition temperatures by refining the microstructure. The data be-
low shows the observed range of change in Charpy V-notch impact transition temperature AT per. unit change in
prior austenitic grain size, AT/yGS and demonstrates thc dependcncc nf AT/‘rGS on both the criteria used to
measure AT and the stec! composition.

Steel Cy (10ftdb) | €y (50 Percent FATT) -
C1095 46-35 F/vGS 17-19FNGS

C1080 © 27-29 F/7GS . 133-22 F/7vGS

Studies of the effc - s of various factors on the impact transition tempcrature‘ of pl.;in Eé‘rbdﬁ‘slecl ship .
plate have shown that the higher transition temperatures associated with thicker plates are more closcly'relatcd
to differences in the ferrite grain size resulting from rolling finishing temperature and coolirig rate than to differ-
ences in chemical composition.l3 The Giner the grain size, the higllér the ASTM grain size number, the lower
the impact transition temperature. The ﬁmgnitude of the effect of grain size on AT/AGS depends on the method
used to measure grain size; based on ferrite grain size the AT/AGS for ship plate was —14 F/AGS and based on
fracture, which may partially reflect prior austenitic grain size,11+ 12, 29.36,37, 41 ATJAGS was —9 F/aGs.'

In a study of the effects of impurity level on the way changes in prior austenitic grain size influenced
Charpy V-notch 100 percent FATT transition temperature of a 0.3 C, 3.0 Ni, 0.75 Cr steel, it was observed that
the relative effect of grain size was strongly influenced by both impurity level and thermal treatment, 23

As Dil Quenched and Oil Quenched und Tempered Plus
Tempered at 1112 F 168 Hours at 842 F

High Purity ~ 4,1 FlAYGS - 59 F/AYGS

Ptus 0.023 Percent P* ~13.6 F/AYGS ~19.8 F/AYGS

Plus 0.074 Percent Sn* ~28.5 FIAYGS -42.3 F/AYGS

These data show that the impact transition temperature of high purity alloys is affected by ch.mbss in gamma
grain size; that tin is more detrimental than phosphorus at equal atomic percénts; and that the detrimental effect

' of increasing pror austenitic grain size is greater after an erabrittling treatment than after a simple tempering
treatment.

*Fach about 0,04 atomic pereent,



Microstructuro

The interaction of microstructure and grein size appears to bc rather straightforward; the finer the micro-

structure for any given prior austenitic grain size, the lower will be the impact transition tempcrature The finer

2,4-7,
the ferrite grains in ferritic steels, 15,18, 22,24, 26. 28,32 0 finer the pearlite colonies and the finer the

interlaminar ferrite-carbide spacing, " L3, 14,16,17 4, finer the bainitic- ferntczo 22,27 304 the finer the

martensitic-ferrite, 22 27 the lower will be the impact tiansition temperature. It should be remembered that the
finer the prior austenitic grain size,2' © the lower the rolhng ﬁmshmg lcmperature.13 the faster the cooling

rate,2 5 28 4nd the lower the tempcrature of transformatlon from austenite, 8,28 the ﬁner wnll be the resultant
final grain size,

Because of the increasingly acicular nature of the ferrite grain size as thc microstructure is changed from
polygonal ferrite to bainitic-ferrite and then to martensitic-ferrite, it becomes increasingly difficult to make a
change in ferritic grain size and as a result, ferritic grain size can hardly be considered a variable.22 As a result of
the increasing acicular nature of the microstructure and the fracture path following the embrittled prior austeniiic
grain boundary, 11,12, 29,36,37,41 ;ne finds the tendency is for researchers to report the effects of grain size on
AT/AGS in ternis of prior austenitic grain size when dealing with tempered bainitic and martensitic
steels.3 20. 22,27 Rescarchers also tend to report ferritic grain sizes when dealing wnh plain carbon steels where
the structure is essentially ferrite or some mixture of ferrite and pcarhtc .

For 0.02 percent carbon, plain carbon and alloy steels there is reported to bc a shght increase in Charpy
V-notch transition temperature due to the acwular shapcd ferrite grains over what might otherwise tvc expected
from simple changes in ferrite grain size alone.% This may be duc to the fact that the identical grain sizes were
developed by a combination of furnace and air cooling from different austenitizing temperatures, which means
that prior gamma grain size differences or embrittlement during cooling m:iy have caused the differences rather
than simply the differences between polyeonal and acicular ferrite grains. '

For 0.32 percent carbon, plain carbon stee!l, it was found that of ferrite grain size, pearlite island size,
peailite spacing and amount of procutectoid ferrite as it affects pearlite carbon content, only the ferrite grain size
showed any degree of correlation with the Charpy V-notch 15 fi-1b transition lcmpc:ramre.‘7 As the pearlite
spacing is decreased in u 0.80 percent carbon, plain carbon steel, the hardness is increased and the Charpy V-notch
8 ft-Ib transition temperature increased, more so for fine than for coarse prior austenitic grain size materials.!4
In tests on SAE 1045, 2340, and 3140 having various microstructures tempered to the same hardness, the
Charpy V-notch transition temperature of tempercd martensite was always tower than that of the tempered

pearlitic structures.?

Fracture Path

The sudden decrease in impact-energy shown by the truly ferritic, low carbon, little or no alloying steels
is accompanicd or brought about by a marked increase in the amount of cleavage fracture and by a marked re-
duction in the plastic defurmation accompanying fracture b 71315, 20 pe cleavage fracture of the ferrite
grains initiates at the ferrite or ferrite-pearlite grain boundaries.2? The properties of the ferrite rather than the

pearlite control notch toughness in killed and semikilled steels 31

The low temperature brittle fracture in these
ferritic steels is primarily transcrystalline cleavage of the ferrite grains, though there has been reported an in-

creased tendency to mtcmmnulur brittleness with increasingly coarse grains as the nxygcn content is raised
. I5 18, X

alove 0.001 percen




Final polishing was performed in two stages using 60-cycle automatic vibratory polishers. The semifinal poi- -
ishing howl was covered with bleached silk cloth and a slurry of Linde A, distilled water, and aerosol wetting
ageat. The tinal polishing bowl was covered with Gamal cloth and a slurry of Linde B, distilled water, and
aerosol. All specimens were lightly etched in 2 percent Nital and repolished several times during the final stages
of polishing to ensure the removal of any smeared structure and correct development of the microstructure.

The inclusion content of the specimens was measured in both the longitudinal and transverse, through-the-
thickness planes in accordance with ASTM Standard E 45-63, Deiermining the Inclusion Content of Steel.
Microscopic Method B wis used to determine the length of the longest inclusion, the number and average length
of all inclusions over 0.095 in. long and the background rating including all inclusions less than 0.005 in. long.
The vibratory polishing technique was found to Jeave the inclusions intact and in the specimen.

The prior austenitic grain size was measured on fully-quenched specimens taken from the quenched and
tempered fully martensitic specimens in accordance with ASTM Standard £ 112-63, Estimating the Average
Grain Size of Metal, using the intercept or Heyn procedure. The prior austenitic grain size was revealed by the
use of the etching reagents described in Appendix A. Comparisons made on several different specimens from
different melts showed that both etches indicated the same prior austenitic grain size.

The percent of isothermal transformation product resulting from the isothermal treatments was measured
for each treatment. The microspecimens were each etched in three reagents. Between cach of the reagents, the
specimens were 1insed and dried. The triple etch consisted of (1) a saturated picric acid solution to develop the
prior zustenttic grain boundaries, (2) a one percent nital solution to develop the structure in the areas of temp-
ered martensite, and (3) a 20 percent solution of anhydrous sodium metabisuifite for staining (darkening) the
tempered martensite areas. The last etch leaves the areas of the tempered bainite or ferrite white, in sharp con-
trast to the darker areas of stained tempered martensite. The details of these etching solutions and how they
were used are given in Appendix B. The percent of transformation product was estimated by superimposing a
grid on the specimen and determining the percentage of the grid intersections that fell over each microconstit-
uent. Because of the finely banded nature of £3e transformation product and the high magnification (500X
J1000X) needed to resolve the structure, extreme care was taken to systematically traverse the specimen and

read at Jeast 10 areas so as to get a representiative average value to report,

7 EXPERIMENTAL RESULTS
CHEMICAL COMPOSITION

The actual chemical compositions of the coupons tested in this study are listed in Table 2. These unalyses
were made by a commercial testing laboratory on material located adjacent to the original plate surface of the
coupen. The material analy zed caime from the top §/8 in, of the plate but did not include any heat treating scale
or decirburized plate sutdace which would have inftuenced the analysis.

Wet chemical analyses were performed for pereent Carbon (C), manganese (Mn), phosphorus (P), silicon
{(S1), nickel (N1), chiome (Cr), molyhdenum (Mo), copper (Co), and acid soluble and total aluminum (Al).

Spectrographic analysis was performed to determine the pereent present of the following trace elements:
vanadmim (V). dead (Ph), tn (Sn), magnesium (Mg), cobalt (Co) and titanium (Ti). N values are reported for
Pb, St and My Table Y ance they were not found to be present in detectable amounts. After several samples
haned been analy zed 1 was found that Vand Co were present in negligible amounts and therefore, analysis for

these elesnents was discantinued, The peoducers infrmed the author that the Co was a tramp element
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introduced by the nickel addition. The Co was left in with the nickel since it was too dif ficult to remove and
since they found that it had essentially no effect on the hardcnabilltv or properties of the steel. The V was also
present only as a tramp element but it came from a variety of sources that went into the make up of a given
heat of steel.

Gaseous analysis was performed for oxygen (0,), hydrogen (H2) and mtrogcn (Nz) 02 and N, are re-
ported as a percent and H, as parts per million (ppm) in Table 2. : :

A review of Table 2 shows that in general the range of the alloying clements found in the samplcs selected
for this study almost completely cover the full composition range permitted for nickel-chrome- molybdcnum
steels such as ASTM A 543 and HY-80. The only element that falls outside the combmed range for the two
steels is Mn; coupons Y-8 and Y-10 have 0.49 percent Mn. This is only 0.04 percent over the 0 A5 percent

(0.40 upper limit plus the allowance of 0.05 percent vanatmn over the upper llmnt) max1mum allowed for
these steels.

METALLOGRAPKIC ANALYQIS

The results of the mctallographlc analysis of coupons used in this study are gwen in Tables 3,4,and 5.
Table 3 presents the results of the inclusion analysis of these coupons at the mid-thickness and adjacent to the
surface of each coupon in both the longitudinal and transverse directions on planes perpendicular to the plate
surface through the thickness of the plate. The reporting method recommended in ASTM E 45-63 is used 1o
describe the inclusion content. The length of the longest inclusion at IOOX is reported in‘units equivalent to
0.005 in. on the specimen along with a superscript describing whether it is grouped (g), very disconnected (vd),

‘or disconnected (d). The average length of all inclusions over one unit long and excluding the longest is reported

with a superscript denoting the number of inclusions averaged. The background rating'A,‘B‘ C or D corresponds
to the sample photographs in E 45 with A being a rather clean steel and D a rather dirty stecl. Tigures 5 and 6
are photomicrographs (100X) of representative samples and will give the reader a better understanding of the
significance of the data reported in Table 3, '

" The prior austenitic micro-grain size of cach coupon is reported in Table 4. The grain size is reported for
the as-received coupon and for the coupons after heat treatment. This table shows that the coupons austen-
itized at 1640 F had a slightly finer prior austenitic grain size than as-received coupons, and a slightly coarser
grain size after the 2000 F treatment, ' :

The percent of isothermal transformation products produced by the various isothermal treatments are
summarized for each coupon in Table 5. The large variation in pereent transformation product resulting from a
given heat treatment reflects the large range in chemical composition and hardenability of these coupons. The
high hardenability, rich composition coupons had the least transformation take place for a given isothermal
treatment, .|’hm()micmgrap|m of typical areas of each coupon for cach isothermal treatment are given in
Appendix C. The dark areas arc tempered martensite that has been darkened as deseribed in Appendix Band
the light arcas are tempered isothermal products. ‘

MECHANICAL PROPERTY TEST RESULTS

Table 6 summarizes the mechanical property test results for each heat treatment; the corresponding micro-
structures are also included for reader convenience, The table lists the longitudinal tensile and compressive
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propertics, the NDT temperature, and the transverse Charpy V-

! notch impact properties at the NDT temperature,
—120Fa '

nd +212 F (representative of the maximum energy shelf). All values reported are the average of two
specimens.  Also longitudinal Charpy data are reported for the few cases where it was mezislired',- Appendix D

contains the full Charpy V-notch curves for most of the coupons.* The Charpy curves show the energy absorbed,
the lateral expansion at the notch after fraciure and the perce ‘ )

nt fibrous fracture appearance of the fracture
surface, o I

DISCUSSION

A comparison of Tables 1 and 2 shows that there are some significant differences bcthen the producer’s
reported chemical composition of the heats and the actual composition of the‘coupnns. The biggest differences
arc in C, Mn, P, and S with the coupon values generally higher than the producer’s valyines‘. , fhcse variations are
slightly more tham what might be expected from normal variation in analytical results and:fror'n variation caused
by the differences in the position of the sample in the heat of steci, and point up the need to check the actual
composition of coupons being evaluated in iaboratory cxpérimcn?.s rather than to reiy on the producer’s data.
Table 2 shows a geod compositicnal rahge for the usual alloying elements and a fair sp}cad for most of the rest
of them, | : R ' , ' .

Table 3 shows the mid-thickness and su'rfacckinclusion content of the coixpons. In gcheral, the material
adjacent to the surface is cleaner than at the mid-thickness of the coupon. Even though a good range of in-
clusion sizes is “rcprc.s'cntcd in these samples, it must be pointed out that no large continuous inclusions were
found. “ | o

Table 4 compares the prior austenitic grain size of the as-received material at mid-thickness to the prior
austenitic, gamma grain size that resulted from the austcniti'zing treatments used in this study. While the as-
received gamma grain size was fairly coarse, rarging from ASTM 8 to 4, the treatments used in this study
brackeied an equally wide range in gamma grain size of ASTM 9.5 to 3.0,

The isothermal holding times referred to in Tables 5 and 6 are time in the bath, not actual holding times
at bath temperature. Appendix E gives a comparison of the actual time-temperature history of 5/8 X 2 x 5 in.
drop weight specimens when they are transferred from 1640 F into either £75 or 1200 F salt baths and com-
pares it to the cooli: g curves predicted using the method of Sinnott and Shyne.*” The mid-thickness of the
drop weight specimen 1s +vithin 20 FF of 875 F in about 120 seconds, a considerable portion of the 152 second
treatment at 875 F but a reasonable fraction of the 1600 second treatment. The data indicate that the mid-
thickness of the specimens is within 20 F of 1200 I in about 90 scconds, which is 'ncgligiblc compared to the
3350 and 8500 second holding times used at 1200 F. The important matter concerning holding times is that
they produced a reasonable range in the amount of microconstituents.

Table § icpurts the amount of hainite produced during the 875 ¥ isothermal treatments and the amount
of ferrite and pearlite produced by the 1200 17 treatiments. The balance of the austenite that was untransformed
at the end of the isothermal treatment was completely transformed to martensite by the brine-water quench and

120 F treatment. The amoumt of bainite produced by the 875 F treatment ranged from 0 to 76 percent and
wvaried with the hardenability of the particnlar steel and the isothermal holding time. As would be expeated, the

*Afew coupons (X-4 X6 and Y-8 and Y-6) only had a pair of Charpy specimens tested at each of the three indicated

temperatures, NDT, - 120 1 and ¢+ 212 ¥, This was not enough data to draw a meaningful Charpy data curve so they are
not shown,
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steels with the highest hardenabilities transformed the least. A similar effect was observed for the 1200 F
isothermal treatment, the amount of ferrite ranging from 0 to 69 percent. Only four of the 1200 F treatments
produced measurable amounts of pearlite, ranging from ¢ 1o 32 percent; these steels were low hardenability, low
Ni, and low Mn compesitions. The fact that only four samples had pearlite in the microstructure must be con-
sidered during the subsequent discussion of the effects of microstructure on the NDT temperature. There are so
few points that not much confidence should be placed on the estimated effect of pearlite as opposed to the other
microconstituents. It must be pointed out that one normally would not find pearlite in the microstructure of
this low-carbon, Ni-Cr-Mo alloy stecl unless something were grossly wrong. Any discussion of the effect of
pearlite is of academic rather than practical interest.

Table 6 gives a summary of the microstructure, tempered-bainite, -ferrite, -pearlite, and -martensite, iongi-
tudinal mechanical properties, the drop weight NDT temperature, and transverse and longitudinal Charpy V-notch
impact properties resuiting from the various heat treatments. Because of the uniform 1150 F temper, the
strengths reported here are more characteristic of an HY-100 steel rather than an HY-80 steel. The variations in
strength reflect the variety of chemistries studied and the different initiai hardnesses, the slightly different re-
sponses to tempering, and the different microstructures. The mechanical property data in Table 6, the chem-
istry data in Table 2, the inclusion content data in Table 3, the prior austenitic grain size data in Table 4 and the
microconstituent data in Table 5 were combined to form the set which is the basis of this analysis. In summary,

the 115 data points represent the 27 different coupons and constitute the sample used in this analysis.

INDEPENCENCE OF VARIABLES

When performing a regression analysis 1o determine the functional relationship between a dependent vari-
able and more than one independent variable (in this case NDT temperature and such things as compaosition,
microstructure and strength), it is obvious that the magnitude of each independent variable must be randomly
distributed relative to the magnitude of each other independent variable; otherwise it will be difficult if not im-
possible to apportion a part of the observed changes in the dependent variable to one or another independent
variable. In experiments where the investigator is melting his own material he can ensure independence between
the independent variable he wishes to study by careful randomization in statistically desipned experiments. In
this case we have 27 coupons with a wide variation in chemical composition and mechanical properties. In this
study to ensure independence, or at least to ensure that there was not a strong correlation between the variables
considered, the data making up the sample (115 data sets) were run on a correlation matrix as described in
Reference 43.

The results from this correlation matrix are summarized in Table 7, showing the cross-correlated vanabies
with a correlation coefficient from 0.85 to 0,994, Jable 7 gives a numbered list of the 83 variables considered
and indicates which variables are related to another Tor three ranges of correlation. The identification number
of the variable having the indicated level of correlation is listed next to cach. For example VI-Sample Number*
is strongly related (correlation from 0.900 to 0.949) to variables 10 and 15 (amount of copper-and amount of
cohalt). Allook at Table 2 shows that this is indeed the case. Producer X has much less copper in his melts than

producer Y and cobalt was measured only on coupons from producer X,

* Sample number was dertved by numbering the coupons from producer X in the one hundreds and those trom produces Y

as the two hundreds, For example, matersal from coupon X-3 was identificd in the data setas 103 and matenal from coupon
Y-t as 204, ‘




Of the lndmdual alloying elements, V8—Amt. Cris slightly related to V|5—Amt Co, rclated to
V50--V7xV9-NixCr, the product of Amt. Ni times Amt. Cr a variable representmg an lnteraction effect, and
highly related to V79-V8x V8~CrxCr, a second ordcr el'l'ect in this variable itsclf. Table 7 shows that many of
the interaction effects and higher order effects using a ;,lven vanablc are strongly correlated to that variable and
mey not be capable of being properly evaluated using these data.. For cxample thc effect of total alummum may
not be separable from the effect of acid soluble Al in these data, Vil and Vi2. Stmllarlv, ultimate tensile
strength, V27, tensile yield strength, V28, and compressive yield strength V3| are so strongly correlated as to
be difficult to evaluate individually, and thus each must be rcp,ardcd asjust a drfl‘erent way of quanttfymg the

“strength™ of the sample, Lo SR

Of interest in Table 7 is the faiture of most of the C.mrpy V- notch propertres at +210 F --120 F and even
at the NDT temperature itself to correlate with the NDT transition temperature of this steel. It is not surprising
that Gross?! was able to obtain only a £50 F correlation between Charpy V-notch and drop weight NDT transi-
tion temperatures for the variety of steels he was using, since the Charpy transition properties measured in the
present study did not correlate very well with NDT temperature: Of the Charpy impnct proportics, only V36
— 120 F Pct Fiber has a correlation coefficient greater than 0.47, and it was 0.82. Gross did not try to correlate
this with NDT. The present study'was not able to relate Charpy and NDT transition temperatures even though
this steel (a) was a single grade, (b) had carefully controlled heat trcatmcntc (c) had the drop weight specimen
crack starter bead deposited before heat treatment to eliminate the el'frctﬁ of a heat affected zone under the
brittle bead, and (d) that the Charpy spcumcns were taken from thc drop wer;,ht specimen used to measure NDT.

SINGULARLY SIGNIFICANT VARIABLES AFFECTlNG ’NDT

The correlation matrix ¢an pcrform an important function for the data analyst by giving an indication of
those independent variables that by themselves have a linear relationship with the dependent variable. The
correlation matrix, Table 7, showed that only three variables have a fairly high linear correlation with NDT
temperature; they are: '

1. V20 - Prior Austenitic Grain Size, r = --().78
V306 - Percent Fibrous Fracture at 120 F,r = —0.82
V64 - Gamma Grain Size X TYS, r=-~0.77

w ot

The next seven best variables have correlation values with NDT temperature ranging between 0.4 and 0.48; the
rest of the variables were lower, These seven variables and their values were:

V33 - Cy, Energy absorbed at the NDT Temperature, r = 0.48
V21 - Percent Bainite, r = 0.47
V24 - Percent Martensite, r = -0,43

W -

V4 - Amount of Phosphorous, r = 0.41

V37 -- Cy, Encrgy Absorhed at +#210 F,r = 0.41
6. VOI - TiXxNy.r=-041

7. V45 - (Crx Nz" = (.40

b

The correlation of come of these factors with NDT temperature is understandable. V20 = Prior Gamma

Grain Size has been reported in the literature to be a significant variable affecting the transition temperature of
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tempered martensitic and bainitic steels, 1,12, 29 36,37, ‘“ 44 o5 has strength a. 35 38 42 44, 4 Howaver, the

correlation between NDT temperature and the interaction between austenitic grarn size and tensile yield strength
(T'¥S), V64, is more than likely due in this case to the dominating effc'u of ch-mgcs in ASTM grain size number

on a relatively constant 106 £10 kst tensile yield strength and, as shown later, will not Prove to be statisncally or
practically significant in the multiple variable analvsis ‘The Charpy V-notch ﬁbrous fracture appearance at —12 20 F,
V36, has a strong correlation with NDT temperaturc Ttis logica] since —120 Fis close cnough to the NDT ~
temperature of most of these samples for the percent fi Fbrous fracture appearance to give a good indication of the
change in impact ductility. It is interesting to note that the Charpy V-notch energy absorbed at— 120 F, V35,

has only r = —0.37 in the correlation matrix, reflecting the fact that the produccr s onglnal mrll rollmg practice

has introduced a large variability in the energy absorbed and markedly reduced its level of correlatron with the
NDT iemperature, ’

The seven variables with correlation values betwccn [0.40 and 0.48] are obvxously not dommant factors
affecting NDT temperature and require evaluation in terms of multiple regression to see 11' they still contribute
significantly to the observed variation in NDT |qmpcraturc when they are included with a more dominant factor
such as prior gamma grain size. As will be subséqirénﬂy shown, the inclusion of a singularly dominant variable
in 2 multiple regression analysis will eliminate almost all of the variables that show a markedly lower singular
correlation, ‘

RESULTS OF ﬁEGRESSION ANALYSISON NDT

Almost 100 computer analyses were made using the regression atialysis program XIRE and the statistical
methods described in Reference 43 to evaluate the functional relationship between the NDT temperature, V32,
and the other 82 variables listed in Table 7. In the initial computer analyses about 15 variables sclected for their
mutual independence were selected to determine their functional relationship to NDT temperature. The Charpy
V-notch impact values were not included since they are just another aspect of the transition from ductile to
brittle impaét fracture characterized by the NDT temperature itself. One criterion for selection of significant
independent variables was that the term coefficient, Bi in the computer output, consistently demonstrate that it

=

was statistically significant, i.e., not likely to be zero in several regressions with a varicty of other variables. As
described in Refererice 43, this requires that the term regrission r:ocfficicn( divided by the standard deviation of
the coefficient, T in the output tables, be greater than some value of *¢,” Student **¢,"” based on the degrees of
freedom* (DF7) for that particular run and a confidence level of at least 90 percent. Because of the larpe sample
’ ‘ size (here 115 data sets) the usual value of acceptance was about {7 >1.70 since smalt changes in a large value
DI do not affect the value of *¢” much. Another requirement for acceptance was that additional terms should
significantly improve the functional relationship as evidenced by statistically significant improvements in the
mu'tiple correlation coefficient R and the standard deviation Sx.p, i.c., reduce the residual variance not accounted
for by the terms in the regression equation. It was noted that if an additional term or terms significantly im-

proved R it also significantly improved Sx. y: see examples 4-11 in Reference 43.

¢ .
DE = Sample size minos number of terms in regression, Including the dependent vatiable,




Composition and Producer

The results of many regression analyses can be summarized by sayrrg that most of the alloymg additicons
and alloy interaction terms failed to indicate a consistent and stahstrcally sxgniﬁcant relationshjp to NDT temper-
ature. This is not surprising since the range, minimum to maxrmum of each element prcsent is a result of com-
mercial melting practice specifically aimed at trying to stay within procurement speciﬁcalron limits* as opposed
to an artificially large range as would be the case in l.rboratory melts desrgned to explore the effect of a specific
alloy addition. ‘ ,

The enly element that displayed a measurable effect was hydrogen; Table 2 slrows,_thet rt ranged from 0 to
12 ppm with a typical value of O to 2 ppm. As a result, even though hys‘rogcn content is statistically significant,
its total effect is small, about 2F/ppm H,, resulting in a Oto+24 F change in NDT transition temperature,

The producer also turned out to be a statistically signifrcant variable, The produccr was coded as 1 for
producer X and 2 for producer Y for the regression, and the results indicate that the NDT ‘temperature of mate-
rial made by producer Y is about 24 F less than that made by producer X, everything else being equal. In the
sample of 115 data sets, 76 represent matcnal made by producer X and 39 represent material made by producer
Y. The reason underlying this observation is not simple chance and may be due to‘either some compositional
difference, such as amount of P or Cu which by themselves were not consistently significant, or some difference
in mill practice. In any case, the summation of differences is great enough to make the producer a significant
variable that must be included in the regression analysis equation,

Prior Austenitic Grain Size

As indicated in Table 4, the prior gamma grain size represented in this sample ranged from ASTM 9.5 to
ASTM 3, and was varied by changes in austenitizing temperature and holding time, in this study 1640 F for
1/2 hrand 2000 I for | hr, as well as by changes in composition from heat to heat, The regression analysis
confirmed the importance of grain size reported in the literature and showed that adding a second order grain
size term did not significantly improve the correlation,

It is interesting to note that these results indicate that the Petch linear reiation between the 15 (t-1b
Charpy V-notch transition temperature T and ferritic grain diameterd,i.e.. T=A4,+ A4, In D=2, of ferritic
steels has a linear corollary for martensitic stecls and drop weight NDT tcrrrpcra(ure.30’ 46 As shown previously,
the Petch relationship can be expressed as a linear function of ASTM grain size (N), T=C + D (N). In terms of
NDT temperature and prior austenitic grain size, it can be written NDTT = B, + B, (YGS); this is iirs form of
the regression results given in Table 8. The correlation matrix and the regression analysis both indicate that this
simple lincar relationship will acount for about 80 percent of the observed variability in drop weight NDT
temperature of the HY-80 steels studied. '

An additionzl factor that must be considered when discussing prior austenitic grain size is that final gamma
grain size prior to quenching reflects the interaction of a number of variables such as: ‘

1. Austenitizing temperature, The higher the temperature above the upper critical, the coarser will be
the gamma grain size with controlled grain size steels tending to retain finer grain sizes until their grain coarsening
temperature is exceeded.

*HY-RO ateet is melted to ASTM A 543-65 and MIT-S-16216G (SHIPS),




2. Compositional variations. If, as in the present case the austemtizlng time and temperature are fixed,
compasition changes will cause the difference between the upper critical temperature (AC3) and the austenitizing
temperature to vary slightly, Composition changes that i increase this dtfl’ercnce will result in a coarser gamma
grain size.  Increasing C, Mn, Ni, Cu, N2. B Cb, and Zn or decreasmg Cr, Sr Mo Ti, W, V, Sn AL P, and Zr will

tend to increase the prior austenltic grain size if the austenltizrng trcatment is held constnnt for a hypoeutcctoid
steel. 48-54 .

3 The longer the time at the austenitizing temperature the coarser the gamrna grain size, especially at
temperatures atove the grain coarsening tempera'ure for controllcd gram size steels.

4. Deoxidation practice or addition of grain rcﬁners such as Al Si, V Ti, Mov, W, and rare earth addi-
tions will affect or inhibit gamma gram growth, S

Such compositional variations would account for the range in gamma grain size rcsultmg from the 1640 F
for 1/2 hr austenitizing treatment; Table 4 indicates that gamma grain size ranged l‘rom 7 10 9.5 for this treatment.
No aitempt was made to pinpoint a specific compositional variation for this drfferencc rn grain si.e, but a quick
review of the chemistry data in Table 2 indicates that the two heats that resulted ln grain sirc 7 (X-3and Y-11)
had the lowest nitrogen contents, 0.003 and 0.002 percent, respectwcly vcrsus an avcrage value of 0.007 percent.
Whether or not this is the undcrlymg cause for the difference can not really be scttled from these experiments,

However, it has been reported in the literature thatAl additions combine with mtrogcn to form aluminum
nitrides that inhibit grain growth.52

Microstructure

The prcvious studies reviewed herein showed that the tempered martensitic structure generally had the
lowest transition temperature and that bainitic structures arc intermediate to those of the same steel treated to
produce martensite or ferrite, Hall indicates that gra'in size has an cffect on transition temperature of the same
order as that of degree of lrardcning.Sl The data in Table 5 show that the steels tested had heen treated tc'r pro-
duce from 0 to 69 percent bainite with the balance martensite and from 0 to 67 percent ferrite with the balance
martensite, except in four cases where there was some pearlite formed during the final part of the 1200 F treat-

nt. Up to 32 pereent pearlite was found. ' ‘ ‘

Table 9 gives the regression results for the effects of percent microconstituents on NDT temperature
allowing for the effect of prior austenitic grain size, expressed as ASTM grain size number; 100 pereent tempered
marfensite is the imnplicit baseline. Linear regression terms are used since highcr order and interaction terms were
not found to statistically improve the relationship. The results show that: (1) lminlleraiscs the NDT transition
temperature about one-half a degree per percent: (2) ferrite lowers the NDT transition temperature about three-
fourths of a degree I per percent; (3) pearlite raises the NDT temperature about 5 FF per percent; and (4) refining
the prior austenitic grain size lowers the NDT transition temperature about 20.4 I per unit increase in ASTM
grain size number. Thus, one sees that changes in prior austenitic grain size expressed in terms of ASTM grain
size have an effect on the NDT temperature that is about an order of magnitude greater than the effect of
pcrccntagc changes in microconstituents of the 11Y-80 steel studied here,

A quest:on might arise as to whether there is a change in controlling effect on NDT temperature by the
type of grain size, i. ., prior austenitic or ferritic, as the amount of isothermally produced ferrite increases.

This question can be answered either by metallographic examination of the fracture path in the hroken specimens
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or by a graphical analysis of the difference between experimental and calculated values of the NDT temperature
as a function of the ferrite content, The latter method has been selected to nnswer this question since such a
graph can be quickly prepared from the back calculation data in the regression analysts computer output, whare-
as the former would require the laborious preparation of a series of metallographic sp..clmens

Figure 7 is a plot of the difference between the experimentally observed NDT temperature and the calcu-
lated value (DE = Y - Y() using the regression results of Table 10 for those speumens which’ contamed a‘meas-
urable amount up to 69 percent of ferrite. This shows that there is a sltght tendency for the calculated value of
the NDT tcmperature to be high, but this tendency is eseentnlly conﬁned to those very ﬁne prior austenitic grain,
8.5 10 9.5, specimens containing only a trace of ferrite. Exammmg this figure shows that there does not appear
to be a systematic difference beiween experimental and calculated value as the femte (and pearl:te) is increased
to large amounts, until as little as 8 percent martensite remains in a matrix of 69 percent fernte and 23 percent
pearlite. See Figures C1,.C16 and Cl17in Appcndtx C for the photomlcrographs of th° predormnatcl vy ferrite
and pearlite inicrostructures. . PRI

Judging by the results of repression annlys_is of these data, it is iikely that prior auétenitic grain size remains
the dominant factor controlling NDT temperature of this steel, even as the amount Of‘ferrltc is increased to over
50 percent and significant amounts of pearlite are found.. This is confirmed also by the relative magnitude of
the term cocfficients for prior austenitic grain size and percent ferrite in Table 10, which show that a change of
one ASTM grain size number has about 100 times as much effect in detcrmmmg the NDT tcmpcrature asa
change of one percent ferrite, — 19 F/ASTM G. S. number versus 0.2 F/Percent Ferrite.

No attempt was made in the present study either to dcltbcratcly vary ferritic gram size or to deliberately
vary the prior austenitic grain size before the 1200 F transformation, even though the prior gammu grain size
ranged from ASTM 7 t0 9.5. While Geil et al.# have reported some data on the relutlvc cchcts of fertite and
prior gamma grain size on the Charpy transition tcmpcraturc of 0.3 C stecis; they came to the conclusion that
ferritic grain sizc is more important. 1t must be pointed out that they only changed the gamma grain size from
50 percent ASTM 4 plus 50 percent ASTM 6~7 to ASTM 7--8 with few 4-35 in three heats of an unkilled steel.
Neither of these experiments has varied the prior gamma grain size cnougls to say with certainty that cither pre-
dominantly controls transition temperature in ferritic steels. A definitive set of experiments remains io be done
on the relative effects of prior austenitic grain size and ferrite grain size of the ferritic stecls.

Inclusion Content

Examination of Table 3 and Figures 5 and 6 shows that the inclusions observed and measured in these
samples were small and uniformly dispersed in a way that should not have affected the measured NDT tempera-
ture. This was confirmed by the regression analysis, which showed that the inclusion content of these samples
did not correfate with the observed variations in NDT temperature of the HY-80 steel studied.

Strength

Reference 44 shows that the strength level of HY-80 steel, varicd by tempering at various tempcratures for
one hour and then quenching, has a strong correlation with the NDT temperature of the steel. The NDT temnera-
ture increases as the strength is increased. The tensile yield strengths measured for the 115 data sets that mak
up the sample being analyzed have an average value of 106 ksi and s standard deviation of 10.2 ksi. Oversuch a
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restricted range a linear approximation should adequately describe the effect of strength on NDT temperature
#+en though a higher order function would be required for a wider range.

Table 10 shows the resalts of linear regression analysis for the effects of producer, gamma grain size, per-
cent microconstituents (hainite, ferrite and pearlite) and tensile yield strength in psi. These results show (or
these d2ia, after uccoanting for the other variables, that tensile yield strength contributes to determining the
NDT temperature only in a minor way, about 0.68 F per 1000 psi increase in tensile yield strength. This is
slightly less than the 3 to 4 F per 1000 psi shown graphically in Reference 44 for the range in tensile yield
strength (TYS) from 100 to 120 ksi for coarse and fine grained material respectively. The reason for this
difference in AT/ATYS between the two studies is that this study covers a slightly wider range in tensile yield
strength, from about 86 to about 126 ksi, which includes the range from 80 to 100 ksi that Reference 406 shows
has little or no effect on NDT temperature, as opposed to the 100 to 120 ksi range where tensile yield strenpth
has about the maximum effect on NDT temperatures.

Analysis of other computer runs shows that higher order strength terms and terms expressing an interaction
between austenitic grain size and either strength or microconstituents do not significantly improve the correlation
for these sets of data  Correlations based on ultimate tensile strength {UTS) show no statistical or practical im-
provement over those hased on tensile yield strength.

The datz in Reference 44 shows that strength level, as changed by variation in tempering temperature, has
a larger effect on NDT temperature than is indicated in this study. This is due to the fact that in Reference 44
the strength was varied by tempering for one hour 5t temperatures ranging from 400 to 1330 F to produce a
tensile yield strenpth ranging from 161 to 81 ksi in the tempered martensitic structure alone; in the present study
the tensile yield strength ranged from only 107 to 122 ksi in the 100 percent martensitic structure tempered at
1150 F. Reference 44 also shows that the functional relationship between strength and NDT temperature can-
not be represented over the full range of strength by a simple higher order polynomial and thus does not lend
itself to regression; in fuct, it would appear from Reference 46 that even higher order interaction terms are re-
quired to represent the interaction between strength and microstructure. Such a study is not warranted here

since the graphs shown in Reference 44 clearly demonstrate the complexity of this interaction.

Summary of Factors Controlling NDT Temperature

Figure ¥ gives a series of graphs showing various aspects of the function refationship between the signifi-
cant variables and NDT temperature of HY-80 stéel given in Tabie 10. The range of cach variable shown in these

plots is limited to approximately the range of the input data used to develop this refationship. These plots are

intended to give the reader a visual understanding of the significance of the relationship and a feeling for the

relative effect of small changes in cach variable. Figure Ba shows the functional relationship between NDT
temperature and prior austenitic grain size in terms of microconstituents and producer when the tensile yield
strength is fixed at a typical value, 100 ksi. Figure 8b shows the functional relationship between NDT temper-
ture and refative amounts of nonmartensitic mictoconstituents in terms of prion austenitic grain size for one
producer and a fixed strength level, 100 ksi. In Figure 8¢ the relationship between tensile yield strenpth and
NDT temperaturc is shown in terms of amount of nonmartensitic microconstituents and prior austenitic prain
size; the range in tensile yield strength has been limited to the range observed experimentally in Table 6.

This study has shown that under carefully controlled conditions which eliminate the possibility of retained

austemte and of temper embrittlement due to slow cooling after tempering, the dominant factor controbling the
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NDT temperature of a low-carbon, Ni Cr-Mo steels* such as HY 80 is the prlor ausicmtic gram size, The results
in Table 10 and Figure 8 show that prior austenitic grain size has from four to 100 times as much effect on NDT
temperature as either the percent nonmartensitic isothermal products, petccnt balmte ferrite and pearlite, in a

tempered martensitic matrix or the tensile yield strength, The sngmﬁcant vanables and the relatwc effect they
had on the NDT temperature of the Ni-Cr-Mo steel used in this study are:

* Variable - . Range Effefc‘:t‘bn NDT -
Producer | (Codedlor2). | —219F .
Prior Austenitic | (3109.5) | —~192F/ASTM

Grain Size e Grain S:ze Number R
Percent Bainite ’0 to 76 pe'r”cént). 0. 62 F/Perccnt B
Percent Ferrite (@to 69'1 pércen't)‘ -0 23 F/Pcrccnt Fo.
Percent Pearlite (0 to 32 percent) 54 P/Pcrccnt P e
Tensile Yield (61.5t0 124.7 0.68 F/Ksn

Strength ksi) ‘

The r»qressvon analysis equauon is expressed mathematncally under Tnble 10

The standard deviation (S‘x ) of this correlation is 18. 3 } "and the mulnplc correlal:on coefﬁcneni {R)is 090
with an associated degrees of freedom of 108. hlgher order terms and interaction tenm did not sngmﬁcamly
improve the correlation. ‘ ;

The value of the standard deviation for the mrrelanon reported herc.Sv y = 18 3 F is close to the theo-
retical limit of the best possible correlation based on the %10 F repeatability of the drop wcnght test determina-
tion of the NDT temperature and the repeatability of mkeasurcmcnt of the supposedly fixed valued independent
variables.** For example, a repeatability of £1/2 in the ASTM prior gamma grain size measurements would
indicate that the best possible value of Sx.y for the regression would be about £15 F. Because of the small con-
tribution of the other variables to NDT teinperature variation, small errors in their mca\uremcm would not con-
tribute as much to the magnitude of the standard deviation for the repression as would an error in the measure-
ment of the prior austenitic grain size. However, the effect of the errors associated with each of the independent
variables plus the variation in the experimental determination of the NDT temperature indicates that the value
of the standard deviation associated with the final regression equation givcﬁ in Table II‘O, S;x.y = 18.3 F, is close
to the theoretically best possible functional relationship between a set of variables and the ND'T temperature;
lower values can bhe a‘tained but only by using a set of dummy vartables that would have no true significance.

The producer who melted the stee) and rolled out the plate is & significant variable when unalyzing the
variahles affecting NDT temperature, This is attributed to hasic differences in compnsition‘und mill practice that
could not be quantified by themselves but are Jumped together in this variable. '

No chemical composition terms (other than amount of kydrogen) weic tound to éonkistcntly correlate
with NDT temperatures, and the low level of hydrogen found in these tests, typically Oto 2 ppm, results in

*ASTM A 543-65 and MIL-S-16216 G (SIHIPS),

** Regresston analysis programs such as the one used to analyze these dnm“ assume the eeror is associated with the depen-
dent vartable and that the independent variahles are exact values, While thic is not the true case, itis a mmmunly used assump-
tion, “The more rigorous technique has computational and analytical disadvantages that are discussed by Gross in Reference 21,




little practical effect on NDT temperature, 2 F per ppm Hz' The farlurc of ather alloying and trace clements to
significantly affect NDT temperature is attributed to the effect of these elcments on the prior austenitic grain
size which in itself is the dominant factor controlling NDT tempcrature ':.easured in these tests. In addition,
the alloying and trace elements affect the mlcrostructure and strength throvgh therr lnﬂucnce on quantity and
iype of transformation product produced by austemte decomposltlon ferntc strength te'nperabrltty, sccondary
hardening and susceptibility to temper embrlttlemcnt and through their el‘fect on strength and microstructure
exert an effect on the secondary factors that determine NDT temperature L 2

The steel used in these studtes was relatively clean and free from mclusrons lnclusron content was not
found to be a significant vanable affecting the NDT temperature. T

The range of tensile yield strength produced by this study was rather hmtted by the dccrston to use a single
(1150 F) tempering treatment for all samples; the mean value was 106 ksi and ranged from 124.7 ksi for the
highest strength tes: npered martensitic structure to 61.6 ksi for the lowest strength structure containing large
amounts of tempered ferrite and pearlite and the least tcmpered martensrte Refcrcnce 44 indicates that the
rather small effect of strength on NDT temperature (0.68 F/ksi) is related to the hr_mt_ed range of strengths ob-
tained in this study. Reference 44 indicates that there should be an interaction between strength level and migio-
structure in their effect on the NDT temperature; thrs was not observed to bc tlre casc in the present study, again
probably due to the limited strength range. ' ,'

The order of magnitude of the effect of prior gamma grain size on the NDT tempcrature found in this
‘;tudy, ~19 F/(vGS), is of the same order of magmtudc as that n.ported in the lltcraturc for both ferritic,
bainitic and martensitic steels, in terms of ferritic and prior austenitic grain sizes respectively. In plain carbon
steels a unit increase in the ASTM ferritic grain size, AaGS, will reduce the aansition temperature 22 F on the
average with the change ranging from +9 to -39 F, 2.6,7,13,17, 18, 24, 28, 31 Dron weight NDT test of a
ferritic stecl gave - 11 F/AaGS. 2 Pearlitic steels® (C1080 and C 1095) and steels air cooled and tempcred
(SALE 1045, 2340, and 3146) had AT/AYGS ranging from - 17 to =<~ 125 F per unit changc in pricr austenitic
grain size. In a study of the effect of impurity, P and Sn levcl AT/AYGS ranged from —4 to - 42 F per unit
change in prior austenitic gmm size ina 0.3 C, 2.0 Ni, 0.75 Cr steel with the value i mcreasmg with impurity level
and embrittling treatment, 23

The lincar dependes:ce of transition temperature of ferritic steels on ferrite grnin size, T'= Ay +A4,In p-i?,
reported by Petch, 30,46 4nd of pearlite, 0.84 and 0,95 C, steels on prior austenitic grain size reported hy Gross
and Stout! € is in agreement with the linear dependence of NDT temperature on prior austenitic (ASTM) grain
size observed for the martensite HY-80 steel used in this study. Irvine and l’ickcring” report that the transition
temperature of low-carhon hainitic steels increases in an S shaped relationship, third order, with increasing piior
gamma grain diasmeter as varied by reheating to various austenitizing tcmpcraturcsl. Replottting their data on
semijog, y,ruph“pupcr shows that the transition temperature of low-carbon bainitic steels also varies in an approxi-
mately linear manner with the logarithm of the grain diameter, The results of the present study indicate that a
fow-carbon tempered martensitic steel such us HY-80 also has a linear relation between NDT temperature and
prior austenitic grain size as expressed in ASTM grain size numbers. This relationship is not affected by appreci-
able armounts of isothermally produced bainite and ferrite in a structure tempered at 1150 F.

"o
-3




B

~ CONCLUSIONS *

The following conclusions are based on the results of a studyf:on the effvcc&»“"(‘iﬁi;thé NDT temperature of:
(1) commercial variation in compositxon and inclusion content (2) variatlon in microstructurc prior austenitic
grain size and microconstituents produced by qucnﬂhmp and by pamal nsothcrmal transformanon at 1200 and
875 F to produce ferrite and bainite prior to quenchmg, and (3) variation in strength lcvcl afteran 1150 F
temper for one hour followed by a water quench to prcvcnt cmbnttlumcnt wlule coohng from the tempenng
temperature, ;

The steel used in these studies is a hngh toughncsq low xmpnct trammon tcmpcrature quenched and
tempered Ni-Cr-Mo steel of the type made to AQTM Standard A 543-65 and Mnhtary Specification MIL-8-16216G

(SHIPS). Sixteen coupons were obtained from one producer and eleven coupons from another. The average
composition of the steels uscd in this study are given below

0.18 Percent C 0.i0 Percent Cu . :
0.36 Percent Mn 0.032 Perceni Acid Solublc Al .
0.016 Percent P ¢ | 0.040 l’crccntToulAl

0.019 Percent S~ | 0.002 Percent Ti

0.30 Percent Si 0.014 Percent O,

2.75 Percent Ni 0.007 Percent N,

1.51 Percent Cr 1 ppmH, S
0.38 Percent Mo LT ’ '

FACTORS AFFECTING THE NDT TEMPERATURE

The results of this study show that the NDT temperature of the low-carbon Ni-Cr-Mo steel tested is prima-
rily determined by a single variable and that the other significant variables act in a sccondary way. The conclu-
sions drawn from this study are as follows:

1. Using a tempered 100 pereent martensitic microstructure as the bascline, the significant variabies
acting to determine the NDT temperature measured i this study and their relative (from Table 10) effects are*

Variable ; Range © Effect on NDT
Producer (Coded 1 or'2) ~219 F
Prior Austenitic | (3109.5) ~19.2 F/ASTM
Grain Size , ' Grain Size Number

Percent Bainite
Percent Ferrite
Pereent Pearlite

Tensile Yield
Strength

(0 to 76 percent)
{0 1o 6Y pereent)
(0 to 32 percent)

(61.510124.7
ksi)

0.6 F/Percent B

-~ 0.23 F/Pereent F
54 F/Percent P
0.68 F/Ksi
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The etfect of a unit change in prior auslenmc grain sil,e on' NDT temperature is onc and one-half to two orders of

mapnitude greater than the effest of either a percentage change in the amoum nf 1solhermallv Produced bainite
and ferrite or a 1000 psi change in tensile yield sircngth

NDT Temperature (FF) = F =77 - 22 (l’mduccr | or ”) ~19. 2 ('y(‘S) S

+0.62 (Percent B) - U 23 (l‘ercem l‘ +54 (Pcrccnt P)
+0.68 (TYS in ksi)

N

ye

2. Alincar function of the significant terms gives the best "c‘kpressivn of the functional relationship be-
tween these variables and the NDT temperature since it was tmmd that higher order and mtemuwn terms did
not significantly improve the correlation. ‘ '

. No chemical composition terms were found to conﬁﬂcn!ly correlate with measured NDT tempera-
tures in a st'xmm.ﬂly significant manner, except for the amount ofhydmgcn in the stccl ‘and the low leve! of
hydrogen found in these steels, typically 0 to 2 ppm; results in little pmcucal cffcct on NDT temperature, 2 F
per ppm H The failure of alloymg and trace elcmcnls {¢] sngmf'namly affect ND’I tcmperalun. is atmbutcd
¥ primarily m the fact that these clements interact with: (a) the auszcmtmn;, trcalmcnt to control prior austen-
itic grain size; (b) the transformation product; () 'ﬂmpcmbllll\"ﬁud imal strength of thc stccl. and (d) basic
suseeptibility to embrittlement during normal lcm; aring, as wcll as the fact that ranges in llu amount of each
element were so restricted by the specifications and ce: s ncrcml mellmg pr.\bncc as to make it impossible to
detect their relatively weak effect on a sound \l.l!‘ol" al bagis.

4. The inclusion content was not found to 5¢ a \lyurc:mt factor .lffcctml., lhc NDT temperatures
mc.mucd in these studies.

The weak u)rrcl.nmn between tensile yield strength and NDT tcmpcraturcs observed in this study,
as upposcd to the strong effect reported in References 44 amd 45 is attributed to the limited range of strengths
produced by the 1150 F temper used on all material in the present study. ’ '

6. The lincar relationship hetween ASTM prior austenitic grain size ;md‘Nl)T‘ temperature of the low-
carbon Ni-Cr-Mo steet used in this study is similar to the linear dependence between: (a) prior :mx'lcnitic grain
diameter andd the transition temperature of fow-carbon bainitic steels reported hy lrvmc and l‘ukcrm;,.

(b) prior austenitic grain size and the transition temperature of pc'lrhuc 0.84 and 0 95 C stecls reported by

Gross and Stout:} ¢ and (c) the In;,.:mhm of the ferritic grain diameter and the tr.msn'mn temperature of ferritic

steels reported by Petch, 30

The results of these studies indicate that the steel producer is a sl:\tisticzilly significant variable that
can acconnt for gbout 22 F of the ohserved variation in NDT temperature, depending upon which producer
made the steel; this is attribusted o a combination of small compositional differences, such as amount of P or
Cu which by themselves were not consistently significant, and to differences inemill practice. In any case, these
tesults indicate that the producer is a significant variable that shoulg ke considered ia any analysis of variables
affecting the ND'T temperature of low-carbon Ni-Cr-Mo steels,
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Figure 5a — Mid-Thickness,
Longitudinal

- Figure 5¢ - Adjacent to
Surface, Longitudinal

Figure 5b — Mid-Thickness,

Transverse
Reproduced from
best available copy.
? N

Figure §d ~ Adjacent te
Surface, Transverse

Figure 5 - Photomicrographs of the Inclusion Content of Coupon X-18
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; Figure 6a — Mid-Thickness, Figure 6b — Mid-Thickness,
Longitudinal Transverse

Reproduced from
best available copy.

it

Fgure 6 - Adjacent 1o Figure 6d - Adjacent to
Surface, Longituding Surface, Transverse

Figure 6 - Photomicrographs of the Inclusion Content of Coupon ¥-1
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 TABLE 4

Prior Austenitic Grain Size

B ' SPECIMEN  AS RECEIVED MATERTAL ; Ausrenxrxzxns TREATMENT

NUMBER MID=THICKNESS 1640 F~1/2 HR-V.O. "7 2000 F=1 HR=WeQs
X= 1 6  :8.5‘
X= 2. 6
X= 3 5 7
X= l.“ 6 98
X= 95 b . ;845
Yo & 7 B
X~ 8. s - 8e5%.
X= 9 6 B8e5 -
X=-10 L - 9e5.
: Xe1l! & " 8e5
X=12 8 ~ Be5 -3
X=13 6 8 3
X=18 5 945 s
X=15 7 .85 5
X=16 5 - 945 6
X=17 -] 85 ‘ ]
Y=1 7 . Bab
Y= 2 7 9e5
Y= 3 7 ~ Be5
Y= & 5 945
Y= 5 6 8e5
Y- 6 5 9¢5
Y= 7 5 8e5
Y- 8 7 8e5
Yo 9 8 - BeS
Y=10 7 8e5
Y=11 4 7

s AFTER AUSTENITIZING AND QUENCHINGy =120 F 1 HRs
TEMPERED AT 1180 F 1 HR THEN WATER OUENCHEDS




TABLE §

Percent Microconstituenis Produced by Varlcus Isothermal Treatments -

AUSTENITIZING
TEMPERATURE = 1640 F 1640 F 1640 F : 1680 F .. - 2cO00 F
TINE ~ 1/2 MR . 172 KR 142 HR CIZZMR LU L LOHR
ISOTHERMAL ! ‘ ‘ ‘ .
TEMPERATURE 875 F 875 F 1200 F - 1200 F . 875 F
TINE 152 SEC 1600 SEC 3350 SECc 8500 SEC 1600 SEC
MICRO- Lo : S
CONSTITUENTS . BAINITE BAINITE FERRITE PEARLITE FERRIVE PEARLITE  BAINITE
COUPON NUMBER
X- 1 29 54 31 0 67 11
X=- 2 (14 54 TRACE 0 2 0
x- 3 ‘21 3 0
X~ & 2 11 0
x-S 1 a a
CX= & 0 1 0
x- 8 1 5 ‘0
X~ 9 7 26 o
x=10 1 -TRACE. . o
x-11 0 , o - 0 ,
x-12 1 S0 TRACE 0 1 0 63
x-13 I 60 TRACE ‘o TRACE 0 67
x-18 TRACE 21 0 g .0 v . 56
X-15 1 27 o o -0 0 S8
x-16 0 16 TRACE 0 - TRACE 0 58
x-17 0 32 ] 0 TRACE 0 30
Y- 1 53 50 32
v- 2 9 41 22 o 53 )
y- 3 76 69 23 '
Y- 4 1 39 7 0 21 D
Y-S 3 17 a \ :
Y- .6 1 12 0
Y- 7 1 3 o
Y- 8 1 1 0
v- 9 6 2 0
Y-10 ) 1 0 ‘
‘ v-11 27 63 3 0 L1 0
! B
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b. Bainites will exhibit ragged grain boundaries, with this becoming moré p‘ro'ri'_éﬁ'ncc'd at. the lower
transformation temperatures. in general, it may also be said that thie bainites will not exhivit the large flat
blocky areas of the ferrite but will be smaller and peppered ’wi‘th darker areas of martensite or precipitated
carbides; this becomes more pronounced as the transformation temperature is lowered.

3. A smeared structure or an oxidized surface will make proper evaluation of the results of this tech-
nigue impossible.
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Figure Cla - 29 Percent Bainite - 71 Percent Martensite Figure Ctb - 31 Percent Ferrite - 69 Percent Martensite
B7S1F - 152 See 1200 F -+ 3350 Sec

Reproduced from
best available copy.
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APPENDIX E

TIME-TEMPERATURE COOLING CURVES FOR DROP WEIGHT SPECIMENS WHEN
: TRANSFERRED FROM 1840 F FURNACE TO MOLTEN SALT BATHS
| j ‘ AT EITHER 1200 F OR 875 F

1
|NTRODUCT!ON
|
| The actual time: ‘emperature history vras dcsircd for the low-carbon Ni-Cr-Mo steel (5/8 X 2 x § in.)
dmp weight impact specimens used in these tests when they were tramfcrrcd from a h)b,h temperature salt

m!h at 1640 F to a salt bath at cither 1200 F or 875 F. In order to dctermmc this thermal hlst()ry a speci-

nun was instrumented with a thermocouple at its center as recommended by ?mnou and Shyne and the
mm -temnperature history of the specimen and the bath were recorded at leasi every five seconds on a strip

Lh.lﬂ tecorder. The experimental cooling curve is compared to the curve calculated using the method of
\u wntt wnd Shyne,

SPECIMEN PREPARATION

A 0.087-inch diameter hole was drilled from onc end, 2 1/2 inchies deep into the center of the specimen.
The hole was countérsunk and tapped for 1/4--28 threads to a depth of 3/& inch. A 7 inch length of 1/4
innch high pressure steel tubing was screwed tightly into the hole.  An insulated 28-gauge Chromel-Alunel
thermuocouple was inserted in the tube and forced against the specimen at the bottom of the well. Another
thermocouple was positioned in the low temperature salt bath :ulj‘accm to the specimen. Both thermocouples
wese attached to a multichanne! recorder to alternately record the temperatures indicated by both thermo-
couples  The specimen was sand blasted between cach run to remove all scale and salt and return it to a

representative condition,

HEAT TREATMENT

The specimien was suspended vertically in a high temperature salt hath and allowed to come 1o 1640 F.
v held at 140 F 415 for 30 minutes, minimum. The 215 F bath temperature tolerance was used
Fsctc and for the low temperature baths because it represented the tolerance of the commercial temperature
m»em!!cr used in tlm test as opposed 1o the closer 45 F manual control used for the actual specimen heat

1rr atrents From d tn 5 nuhm of the thermocouple tubing was kept below the surface of the molten salt

'L» rretssing s heat hmm trom the tube,

! The g amen was tamderred Tram the (0480 F bath to the Jow remperature bath within one or two
feconds The wpeotmen wis aenched vertieally inta the center of the low temperature bath and mildly
pettated near the thermocouple recording ibe bath temperature. Multiple tuns were made to allow for

{hyfrt varmone wy the badhy fompesainres hetaeen runs,

1S
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RESULTS

The results of the cooling rate studies are plotted in Figure E1 and are compared to the salt-bath cool-

ing 1ate predicted wsing the instantancous film coefficient method of Sinnot and Shyne” with the following
parameters: ' ’

{

Spccimen‘ Area - 0.200 sq ft
Specimen Weight 1771 b
Mean Specific Heat, C» o
1640 to 1200 F 0.127 BTU/Ib/F
1640 to 875 F : - 0.128 BTU/Ib/F
Table Elisa listi}\g of the computer program used to predict cooling rates.

The variable names used in this program and their significance are given below:

IT8 Temperature of low !empc-ramvre bath, 875, Y00 or 1200 F.
ITS | Initial temperature of specimen, 1640 F
HF Instantancous film coefficient based on the difference between the average

surface temperatuze of the specimen and the bath during the time inter-
val THETA.

QTH Average cooling rate in BTU/sec when cooling from M1S1 to MTS2.
THETA  Time 1o cool from a temperature MTS! to MTS2, seconds
SUMT” otal clapsed time to cool from ITS to MTS2, seconds.
The Jats \:Im-:r. in iure B indicates reasonable agreement between experimental and predicted

cooling rates. The low bath temperature experiments were run with an initial bath temperature of about

900 ¥ rather than 875 F because of the characteristics of the commercial salt mix that was available in the
salt bath when these teats were run.

The data show that it takes about 125 seconds for the center of the specimen to cool from 1640 F to
1210 F and about 140 seconds 1o cool from 1640 F 1o 8RS F when a drop weight specimen is transferred
to 3 1200 F and an 875 ¥ bath respectively,

*fsedd o data fram U S Steel Corporation,

16
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) BATH TEMPERATURE
: © SYMBOL INITIAL FINAL
i o 163F  1200F
o 166 N%F
o 163F  1200F
x 1635 1190F
~ — | 640F 1200F
1200 r—o—-

A A L A A

0 2 0 60 80 00 12X 1%
ELAPSED TIME, SECONDS

MID THICKNESS TEMPERATURE, F
2

Figure Ela — Cooling Rate from 1640 FF to 1200 F
(Average Cp = (0,127 BTU/IB/F)

BATH TEMPERATURE
SYMBOL INITIAL FINAL
° 1640F  910F
o 1633F  905F
-===16480F  GIOF
— 1680F  BISF

_— . o @

—_— 0

WID-THICKNISS TEMPERATIRE. F

0 Pl L) 60 80 100 120 140
CLAPSED TIME, SECONDS

Figure E1b - Cooling Rate from 1640 F to 875 F
(Avess e €, = 0128 BTU/ID/E)

Figure E1 - Comparison of Actual Ceoling Rates with Computed

Cooling Rates for the Centerof a 5/8 x 2 x 5 Inch
Drop Weight Specimen
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