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ABSTRACT

Tﬁe objective of warm rolling M-50 bearing steel is
microstructural refinement which may lead to iﬁcreases in
:olling contact fatigue life. A consequence of this
refinement is that the austenitizing temperature used in the
final hardeniﬁg cycle should be reduced. This is because
warm}rolling leads to faster dissolution of finer soluble
carbides at the austenitizing temperature. This thesis
effort détermined the temperature Qecrease that warm rolling
allows in austénitizing to produce a microstructure of finer
grain and carbide size but equivalent carbide dissolﬁtion.
Here, this has been inferred by measurement of ﬁhe volume
fraction of retained austenite in the as-hardened micrd-
structure, reﬁainéd austenite‘béing a function of the amount
of carbides faken‘into solution dgring austenitization. It
was found»that the standard éqstenitizing température of
'1106°¢ uﬁgdtto harden stock M-5C can be ‘reduced by 63 |

centigrade .degrees with warm-rolled M-50 steel.
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I. INTRODUZTION

As illustrated in Figure 1.1, the trend 'in recent years
has been to design gas turbine engine bearings on ever

increasing Dynamic Numbers, DN. It is readily apbarent that

for a fixed bors diametar, D, this equates to higher speeds

of rotation, N. Higher operating speeds, of course, results

in the development of graater Hertzian stresses within the

bearings, and as shown in Figure 1.2, shertened bearing 1life

3.0 ‘ ,l
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$
[ 2 4 ’
4 'Y
®
s [
- [ PPN
oy .
x 1.5 ‘ e L4
&
- 1.9 w——o
19%% 1900 1943 1370 1978 1330 198%
Yase ’

Figure 1.1. The trend in the Dynami¢ Number (DN), in

* bearing design has been uypwards. D i3 the
bore diameter and N the speed of rotation in

RPM, Bach point in this diagram reprasents a
specific engine design. Figure zourtesy of
" NAPC. :. ’ -




accompanied by a switch in the expected principle failure
mode from fatigue to fracture.

" Malnshaft Brearing Lives & Expécted Fallure
Mode as a Function of Speed
For a Constant Bore Size

I

Rof®ng Contact Fetigue | Mized| Fracture Modes
Fatigue Life Modes Expected — . == Expected
]
\\
[ ) " 1 ]
3

5.3 0
T - DN -~ Millions

Figure 1.2. Uperating at highe: DN has shortened pearing
life and switzhed the principle failure mode
from fatigue to fracture. Figure courtesy of

" NAPC. o T ‘
The problem of diminished bearing life with increasing
operatiag'speedﬁ has led to an interest in methods to

. 'improve the mechanical properties of AISI M~50 stzel from.

which gas turbine engine main shaft bearings are made.

‘SOmé methods have iuncluded powdet metallurgy: rapid

solidification grocessing, and carburizing. Of thase

methods only catburizing has shown. some success. The me thod

. hng
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chogen for investigation at the Naval Postgradua*e School is.

thermbmechanical processing. Through warm rolling, micro-
structural rafinement is developed in the matesrial before
the final hardening. It was expected that such a process
would result 'in an improvement in the rolling contact
fatigue life of gas turbine bearings made from this steel.
Sherby [Ref. l]lshowed that ultra~high carbon steels can
be superplastically deformed by warﬁ.rolling at temperatures
between 0.4 Tm to 0.7 Tm" This tharmomechanical process,
waich is essentially an annealing heat treatment with
concurrent plastic.deformation, was shown by.Sherby to
enhance spheroidizétion ard result in much vefined carbide
and ferrite grain sizes. McNelley, et. al. [Ref. 2]
applying this technique to 52100 bearihg steel, showed that
the resultant microstructura’. refinement led to an increase
in the yield strength and fracture toughness in 52100 steel.
At the Naval Postgraduate School, Larion ERgf.'SJ adapted
the technique'éo AISI M~50 steel aﬁﬁ showed tha; M=~50 sfeel
can be éuccesgfully warm tolied at 700°é to a true strain of
-2.0 and that the resﬁlting refined microstructure leéﬁe
to an ing¢rease ‘in its ultimate tenéilevstregqth. Bres [Ref.
7) continuing Larson's work at the NQval Pastgtaduate
School, showed that the micros:tuctutai-refinemént persists
through final hardanic; and that warmerolled is harder than
as-raceived M-30 for au;ténitiziqé temp;ratures up ¢o

1108%¢.

11




Following Bfes' work, Buttérfield‘[RgfL 6] processed an@
then fatigue tested rolling contact test rods machined from
both warm-rolled and as-received M-50. 'Baséd on initial
investigations by Bres, a hardening temperature of 1036°¢
and a hardening time of first fivé'and_then.two minutes was
thought to be appropriate for use with warm-rolled M-50.
Until this research, no specific investigation'had beer made
to determine an appropriate austenitizing temperature. This
is where the work for this thesis begah: tte objectiv; of
this work was to find an austenitizing tempefature to use in’
the final hardening cycle of wafm—rdiled M;SO steel. It was
assumed in this work thatvaustenitizihg of the previously
warm-rolled material should be done at 21 temperéture such

that the same carbon content would be attained as in the -
as~-raceived material, This temperturé would be lower than
that used with as-received materia; aﬁd_would thus allqw
retention of the rafinement’due.to preVious rolling. The
principle experimental method'to accomplish'this task was
X-Ray diffractometry. The experimental method is based on
the aésumption that if two samples contain the same volume
' fractions of retained austenite in Fhe as~quénched.condt~'
tion, then those two samples took into solution équivglent
amounts of principally carbon .nd secondérily other alioyinq
elements during hardening. The experimental procedure,

then, was to austenitize test samples of warm-r~lled and

.12




as-received M-50 together over a range of austenitizing
temperatures and then to measur2 and compare the volume
fractions of ratained austanite between the samples.
Finally, hardness and tempering tests would be madé to

compara properties between samples after hardening.

13




II. EXPERIMENTAL PROCEDURE

The.materiai for this work was obtained from a
commerci&l bearing manufacturer as a bar from a vacuum-
induction‘melted,.vacuum;arc»remelted (VIM-VAR) heat of
M-SQ, hot rolled to bar of 44.5 mm diameter. The.as-
;eceived Sar of M-50 was iﬁ a spgeroidize-anneéled condition

and of composition given in Table I.

' TABLE 1

COMPOSITION OF M-50 STEEL

o s s W R TP D A A i S A T T > G WD W W Mo el i D s B P S P M S D A A P W D D s Atk A e e N M e WD P
.

c Mn Si Cr Mo v

L S Gy Sty R AU A D D U D Y S A D By gy, W BN D S SO i A D L W S ] A D T D > > S T i DD D A e W D D O S A W W W

. 0.80 1 0.30 0.25 4.10 4.25  1.10

'
Nl D A S P N T B W G o W D D o . A A o S0 A S N D W e A S U s Wh D B D By A WD -

Test saméles Qere réc;angular ééupénq transversely
Qectioned fégm the full Aiameger of the as-received bar and
from leng:hs of the thermomechanically processed material.
Nominal dimensions of all ceuéons.was 19 am by 16 mm by |
3.2 mm, with the long dimensiqn-loogitudinal ;o che

diréc:1¢n_ct’rdlling. A 1.6 mm diameter hole was drilled’

‘14




near ohe end so that coupons could be wired tﬁgether and
handled during héat treaﬁment.

Thermomechanicél proceséing is essentially a two-step
. operation, initial heat‘treétment and subsequent warm
. rolling. Follcowing the scheduled procedures developed by

Larson [R2f. 3] and given“by Figure 2.1, as-received bar was

ATTENTIING
thee ')
Y -
FRENTATING
pqo (35‘3 .;
WAFY ROLLING
VYV VWV
> ST‘ ;ul E r ( T\]c ’C
o (620 % =10
5 enou"z
=
[> 4
:;J
= 400
200
AR
gL
0] ' I 1 1 1

| I 3 4 v -
PRGCESSING TiNE | HRS. '

Figure 2.1. A schematic of the schecule of operations in
thermomechanical processing which begins with
an initial heat treatment to back the material
out of the spheroidize-annealed c.~dition and
then warm rolling to develop refined ﬁarbxde
and tertxte grain sizes,

15




heat treated to back it out of the sphercidize-annealed
condition and then isothermally rolled at 700°C, on unheated

rolls and with reheating between passes, to a true strain of

about -2.0 (86 pct reduction in area). As-received M-50

thermomechanically proceésed in this manner had a hardness

of 39 Rockwell C as compared to 19 Rockwell C for

unprocassed M-50.

A. HEAT TREATMENT

As-received and warm-rolled coupons were wired together
in pairs with Nichrome wire =0 that each.woﬁld receive
identicél heat treatment.t

1. Bardening
Coupon pairs were austenitized at §§3, 1006, 1043,
1053 and ;108°c; with temperature control to #* 15°%¢. .Each
‘pair was preheated for seven minutes at 850°C in an
electrically-fired box furnace. The pair was then trans~-

ferred to |a molten salt bath and held for 2 minutes 15

seconds for austenitization at one of the five above-

mentioned temperatures. This was followed by a 45 second

molten salt quench ac. 620°C to inhibit carbidz precipitation

along austeénite grain boundaries. Finally, the pair was

allowed to |lair cool to room temperature which was 20°%¢ in

‘all cases. | An identical procedure was carried out with -

as-received/warm-rolled pairs that were austenitized

concurrentl

with the samples just described éxcept that

16




this second set of samples was quenched directly into water’

at room temperature, 20°C. Where it is not otherwise

mentioned, austenitizing times were as stated here.

2. Tempering

The as-received coupon austenitized at 1108°C and
the warm-rolled and the as-received coupons austenitized at
1043°C'wefe pempered.‘ These three coupons had been through
the molten salt quench at 620°C prior to air cooling to room
temperature. .The sécondary hardéning responsé of the,

as-received material austenitized at 1108°C, and the warm-

.rolled material austenitized at 1043°C, were compared

directly since both coupons contained about the same volume
fraction of retained austenite in the as-quenched condition.
The secondary hardening response of the as-received material
austenitized at 1043°C was compared with that of the warm-
rolled material austenitized at 1043°cC.

The céupons were sectioned into six p’ .ces nominally

6.4 mm by 6.4 mm. They were then frozen in liquid Nitrogen

- for one hour to decompose any retained austenite. The

pieces of ps-éecéived coupons austenitized at 1108°C" and the

pieces of warm-rolled material austenitized at 1043°C were

wrapped together in pairs in Nickel foil with fitanium

sponge added and foils sealed to help minimize decarburiza-

tion during tempering. Tempe;ing'was done at each of six

different temperatures for two hours at temperature in

17




electrically-fired box furnaces. Temperatures_were'lso;
350, 450, 540, 620, and 680°C, with temperaturé controilto,‘
+ 5°c. After tempefing, the -pieces were we t~-ground
‘successively on 240, 320, 400, and 600 gri* papers to .remove
gcale ana_the possibly decarburized surface layer.

Hardness was then measured on a Wilson Rockwell
Hardness testing machine. The resultant tempering response

was then displayed as hardness versus tempering temperature.

B. SURFACE PREPARATION
After austenitization and before X¥Ray'diffra¢tion} one
face of each coupon was mechanically and then electro-

lytically polished.

1. Mechanical Pclishing
Polishing began with wet grinding on a Buehler
motor-driven bel:t grinder using 180 grit paper to remove
scale and tne possibly decarburized surfacg layer. About
0.03 cm was removed by this coéfse grinding. chcessive wat
grinding by hand on 240, 320, 400, and 600 g;it paper - then
‘followed. éouéons were 'subsequently polished on motor-
driven polishing_wheels using a 1.0 micron and thén 5 0.5
micron Alpha Alumina micropolish_followed by}g 0.05 micron
Gamma Alumina micropolish to p:odﬁcega mirror finish. .

2.. Electropolishing

Thermal and/or mechanical stresses developed during

mechanical polishing can cause retained austenite to-

18 N




transformbinto martensiterin the near-surface layers and so
lead to inaccuratz2 retained' austenite measurements.
Electropolishing was done to remove the disturbed surface
layer that. is inevitable in even the most careful mechanical
polishing.

The backside and edges of the coupons werz masked
with teflon.tape to allow electropolishing of just the
mechaﬁically polished face. Iﬁ was observed that electro-
polishing occurs preferentially at edges. These areas_Qre
not scanned during X-Ray diffraction and do not need tc be
electropoiished; Conseqﬁently, masking the edges allowved

for a more concentrated electropolishing of the appropriate

surface. "In general, maskiné allowed the use of lowar

voltages and amperages .to produce adeéuate current densities
to do the job. Otherwise, overheating of the coupons and of
the electrolyte resulted. There was concern that such

overheating might decompose some retained austenite.

- Additionally, since the electrolyte contained perchloric

acid, it was advisable to keep ;ts temperaéure‘helow 29%¢c.
A 1.6 mm Type K Chromei-Alume; thermocouple connectéd'to a

Newport digital pyrometer was attaéhed to a .coupon via the

1.6 mm hole to check for the maximum temperature reached

_ duriné electropolishing. This maximum temperature of 75°%¢

along'with the short electropolishing time was not

considered sufficient to temper the retained austenite.

19




An electrolyte of the following composition was

usaed: 70 ml Perchloric .acid (60%), 140 ml distilled water,

700 ml Ethanol (195 proof), and 70 ml Butyl Cellusolve. A

volume of 750 ml of electrolyte was placed in an 800 ml

Pyrex beaker, with moderate agitation provided by a maghetic
stirrer;

The starting temperature of the electrolyte was
nominally 20°C. It was observed that an electrolyte bath

temperature of 14°C would cause a transformation cf retained

austenite to martensite. This was observed as a significant

jecrease in the integrated intensities of austenite peaks

and a corresponding'rise in the integrated intensities of

martensite peaks on X-Ray diffraction patterhs as compared
' to the same sample that had previously been electropolished

in an electrolyte at a Qtarting temperature 6£ 20%c.

| A current density of 3.0 amps per sguare cm was
enough to remove 0.003 cm from the surface in 80 seconds.
Thinﬁing of the céupong by electropolishing could not b? '
méasured‘with a micrometer sb-‘ﬁ inéirect me thod waéﬂugggw;o
'estimate the amct, of asurface removed., A Metler balance
was used to find the masﬁ cf:the coupons before aﬁa’afteé
electfopolishing.. Then' with the dehsity'ofvm—so, an
és;imate was made of the thickness of surface hetal removéd
by elept;opolishing.
A stainless steel st;ip was used as the cathode. -tt

was separated from the ahpde or c¢oupon by about 2.5 cm.

20
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Direct current was provided by a Buehler Electromet polisher

machine.

X-Ray diffraction patterns were run on.several test
coupons before and after electropol%shiné so that quanti-
tative comparisons could be made of its effect on the
calculated volume fraétion of retained austenite. For
example, this was done with a warm-rolled test coupon that
had been austenitized at 1108°C and quenched in.molten'salt'
prior to air cooling to room temperatufe. Befbre electro-
polishing the measﬁreq volume fraction of retained austenite
was 15.8% as comparéé to 25.4% afterAelectrépolishing. This
is a difference of 9.6% and would suggest that meéhanical
polishing induces sﬁresses that causes decomposition of the
retained austenite in the near-surface lavyers.

Another bhenefit apparenti& attributaﬁie to electro-
polishiné is that it reduced the degree of prefefred
oriéntation‘on the poiished faces of the codponé; For
example, two Qarm-rolléd'cogpons sthed.65% and 33%
decgeaseé aftet electropolishing. This tesu;t ;ould suggest
that heéhanical pelishing may have induced a higher level o§
preferred orientation than had originally been caused by
rolling in the manufactu;efénd ;attétiby the e;tensive warm
rollingvin thetmomechanicgl ptbcessingQ |

fhe adequacy of the electropolishing qu'chéckcd by

cbmparing the X-Ray diffraction patterns produced by coupons'

21
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that were only mechanically polished with the same coupons

after one and

electropeolishing produced no change in the X-Ray diffraction
patterns so that the removal of about 0.003 cm of metal was

considered sufficient to remove the disturbed surface layer.

C. X-RAY DIFFRACTOMETRY

two electropolishing treatments. The second

1. Eguipment Description

X-Ray

coupons using-a Philips X-Ray diffractometer consisting of a
Model 3100 X-Ray Generator, Model 42267/0 Goniometer and

Philips Data Control and Processor. All patterns were run

~using a Model

Monochromator

diffraction patterns were obtained on the test

1601-4300 Graphite Crystal Diffracted'Beah

in conjunction with a Cu~target X-Ray tube.

The monochromator served to filter out all wavelengths

except for the Cu K, and was especially effective in

filtéring the
coupons. The

-8 ¢m, that

10
doublet.
Power

power of 1200

fluorescent radiation from the iron of the.

radiatioh wavelength was taken as 1.54178 *

is -the weighted average of the K, and K_

1 2

settings at 40 KV and 30 mA provided a total

VA that was well below the 1800 VA rating of '

the tube,  These setl.ings also procduced a véry good signal-

to-noise ration. The data processor was sat with a time:

constant of one second.
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2. Calculating Retained Austenite

Quantitative determination of volume fractions of
ratained austenite in the as-quenched tést ccupohs was by
the direct Comparison'method. Briefly, the method is based
on the principle that the X-Ray intensity diffracted from
.each phase present in a crystalline substance' is propor-
tional to the volume fraction of that phase. For materials
with no preferred or{éntatibn, comparison cfﬁtﬁe diffracted
intensities produced by singie {hkl) planes of one phase
with that produced b? a second phase will accurately
establish the volume fraction of each phase. vBecause of
‘prefe:red orientation in the test coupoﬁs in this work?
three éustenite peaks and_tﬁo rartensite peaks were uéed for
comparison. Through averaging, the error introduced by
preferred orientation is minimized by the use of multiple
peaks in the manner described in the SAE Manual SP-453 which
details the procedural techniques in ret&ineduaustenite
measurement through X-Ray diffractometry [Ref. 4].

Throughout this, work extensive use was made c¢f this manual

-for guidance on the standardized methods in these type

measurements. B. D. Cnullity's text, Elements of X-Ray

Diffraction, was the source of Tables, Appendices},and
Figures of data required in the calculation of thecretical

ralative intensity factors, R,
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a. Integrated Intensity from Diffraction Peaks
A range of 26 from 49 to 93 degreeg was scanned
to obtain Bragg reflections from the desired crystallo-
gréphic planés. These were the {200}, {220}, and {311}
austenite and the {002-200}, and {112-211} martensite
planes; The peaks produced by :hese planes were well

defined and separated and except for the {002-200}

martensite doublet, free from overlap and apparent carbide

interference. This, of course, made them especially’
convenient for area measurements by planimeter. 1In the.
as-quenched condition, carbide intarference with the-

{002-200} martensite doublet caused an asymwmetry in the

shape of the peak that was at first thought to be caused by

‘overlap of the {002} and {200} reflectioné. As such,

tempering would have eliminated the asymmetry as the body-

centered tetragonal martensite relaxed into a much less

strained body-centered cubic arrangeﬁent. Subseguent
tempering, in fac¢t, pvoduced thé expected {200} boady
centeted‘cubic martensite peak and,_unexpectedly, an
unidentified but‘distinét carbide peak immediately‘aloﬁgsiée‘

tha martensita peak. Apparently the asymmetry in the

. {002-200} martensite doublet was caused by carbide

interference and not by the ovetiap of the {002—200}'§eak3

of the doublet,

As was expected, tempering resulted in a

measurable narrowing of the relatively broad-based
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diffraction peaks of body-centeréd tetragonal martensite.
This was useful in ascertaining whether other carbide peaks
might have been buried under that portion of the body-
centered tetragonal martensite peaks uncovered by tempering.
No other such carbides weve evident. Tempering for this
purpose was done for two hﬁurs at 540°C with an as-received
coupon tha*t had been austenitized ;t 993°C for twd minutes
and then quenched in molten salt at 620°c prior ﬁo air
cooling to room temperature at 20°C. The coupon contained
only 6.72 volume percent retained austenite and no
measurablé amount afterwvards. The apparent iréedom of the
{200}, {220}, and {311} austenite peaks from cartide
interference was evident cfrom the lack of carbide activity
at the‘29 positions previously oczcupied by the austenite
peaks. |

‘The integrated intensities of the three
austeﬁite and'Lwoimartens;te peaks were determined by
measuring the arzas above background with. a planimetér.
Background levels wera.tYpicAI;y 5 counts as oppused to
40 éounts and greater for the-austenite.and martangite
peaks. |

Elactéopolishinngas ablé to partially resolva
the ca:bide intecference with the {002-200} martensite
dadblet so that accurate measurement ¢f that amount of area

direcrly actributable to just éhe doublet could be mad».
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The {002-200} and {112-211} martensite doublet could not be
resol&ed into their component peaks on the X-Ray diffraction
patterns.
Scanning was done at a rate of one degree in 26
per minute and full scale was set at 500 counts per second.
b. Equations
The following equation was used to calculate the

volume fraction of retained austenite:

o
3>
il

{(/n, £ (I,o. /Riiy ))/(1/n, T (I,., /R )
A hklA hklA é hklA hklA

)} (egqn. 2.1)

/R
hklM

+ 1l/ny 2 (IhklM

IHkl ' Ihkl integrated intensity of each austenite
A M or martensite diffraction peak:; equal to
the area under the peak above background

Ruki ' Rhki theoretical relaiive intensity factors used’

M to scale IhklA and IhklM :

Nas Ny number of austenite and martensite peaks
Equation (2.1) is based on the assdmption that

“only two phases are prasent in the as-quenched material,

namely, austenite and martensite, according to the relation:

Vit vy =1 - (egn. 2.2)
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where

Var Vi are vclume fractions of austenite and
martensite.

The carbide fraction was neglected because
carbide peaks could not be identified on the k-Ray
diffra¢£ion patterns. A discussion of the praobable
magnitude of the resultant error in ﬁhe retained austenite
figures is included in later text. It is believed that the
figures are juSt nominally higher than>is actually  the case.
IEor the purposes of this investigation, since telative
voiume fraétions of retained austenite in as~reccived as
compared to warm-rolled material was ‘what was sought, the
assumpﬁion of a two phaSe composition'waslconsidered

appropriate.

Theoretical intensity factors of R-factors, for

each diffract?ou péak used.was calculated from:
R ti}/vz(fF * p * Lg)e'zu"' | .‘eqn;'2.3)
where:
1/v? reciprocal of the sqqatevot the voluhe of

a unit cell -
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FF = {E(f - Af)}2 structure factor
f atomic scattering factor
Af correction for anomalous scattering

E # atoms per unit cell, 4 for FCC

2 for BCC
P multiplicity factor of the (hkl) reflection
_ 2 2., .2 I
LP = {(1 + cos“2Acos“28)/(sin“8cos®(1l + cos“2A)}

A = 13.305 angle of graphite monochromator
crystal

LP = Lorentz Polarization factor

e;ZM Debye-Waller. or temperature factor

Sample calculations of the R-factors for the-
{002~200} martensite doublet and {200} austenite peak are
given in Tables II and III..

sincelﬁhe martensite doublets {002-200} and
{112-211} could not be resolved into their compénen; perSJ.
structure factors and multiplicities were calculated onrﬁhe
bésia 6£va body-centered cubic mafténsit;ﬂ Tnis is standard
practice in these cases and in'efféc;, adés togethét the
'integ;ated inteﬁsitiés ofitﬁe two peaks'of'the,doublet
tkefg 5]. Experimentally,‘this is exactly whét is done when
the integrated intensity of an unresolved doublet i§
measured. '
| The cell lattice parametef; a, was packed'outlof

the X-Ray diffraction patterns. For the body-centered éﬁbic
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TABLE II

R-FACTOR SAMPLE CALCULATIONS: MARTENSITE

{002-200} Martensite doublet
(Calculations based on BCC cell structure)

26 = 65.1 from diffraction pattern

8in®/X = (sin 32.55)/1.54178 = 0.349

Element  Wts Cf o+ Af ‘ WE. Frac  A/A,
Mn 0.30 13.82-0.6 = 13.22 0.040 0.813
Si 0.25 7.69+0.2 = 7.89 0.020 0.229
Cr 4.10 ©13,17-0.2 = 12.97 0.532 0.745
Mo 4.25 25.59-1.5 = 24.09 - 1.024 2.488
v 1.10 12.52+0.0 = 12.5%2 0.138 0.679
Fe 90.0 14.47-1.2 = 13.27 11.943 0.884

£' = 13.697

FF = {E:(f')}-2 whsre E = % atoms per unit cell = 2

{2(13.697)}1° =-750.43
e™M 2 0,92
p =6
2 2 L2 2
LP = {(l+cos“2Acos“26)/sin“8cose(l+cos“2a)}
A ‘= 13.305 angle of graphite monochromator crystal

24 = 26.61
LP. = 2.60
" 1/ve = 1.798 * 1073

-3

R- = 1/vi(rFeprLp)e™® =1.798+1073 {(750.43)(6)(2.60)}0.92

= 19,365

Similarly R{112<211} = 37.556
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TABLE 111

Lp
‘ 1/v2 & 4 53 « 10-4
.R. "4.53*10b4 ((3976)(6)(4 4689)}0 , 95 = 45, , 891

-Sxmzlarly R{220} = 25 559
R{311} = 30. 350

30

R*”ACTOQ SAMPL& CALCULATIONS‘ AUSTENITE
{200} Austenijte peak
20 = 30.50 from dlffractton Pattern
szne/k = (sin 25.25)/1.54178 = 0,273
Element Wwea £+ af Wt. Frac RV
Mn 0.30 15.81-0.7 = 15,1 0.045 0.812
Si . .25 8.53+0.2 = 8.73 0.022 0.229
Cr 4.10 15.08—0.2 = l14.88 0.610 0.744
Mo . 4.25% 28.98~l.5 = 27.48 l.168 2.486
v ' 1.10 l4.35+0.0 = 14,35 0.158 0.67y
Fe 90.0 16.49-1.2 = 15,29 13.760 .0.884
f' = 15.760
FE = {4(15.760)}2 = 3974
e~ _ 0.925
P =6
A =

13,305 angle of, graphite monochromacor crystal

= ((vaOSZZAcos 29)/sxn ecose(lfcos 2A)} = 4, 4629

—.
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martensite, data for this calculation was taken from a
hardened coupon that had also been temperad.f The following
equation, wl.ch is simply a rearrangement of Bfagg's Law,

was used to calculate a:

a = {1.54178 * (n®+k%+1%)/2)/25in(20/0) (egn. 2.4)
where:
1.54178 wavelength in angstfpmé of Cu radiation
h,k,1 indices of appropriate reflecting planes
29 ' angular position of the reflection

from the diffraction pattern
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III. RESULTS AND DISCUSSION

Laréon tRef. 3] éhowed that‘thermomechanical brocessing
by warm rolling refines the‘microstructure of M-50 steel.
His work in conjunction with that of Butterfield [Ref. 6]
has shown that carbides may be refined to-a size of 6.2 um
and grain size to approximafely 1.0 um as compared to
typically 3 um carbide and 16 um grain sizes in the
as-received, spheroidize-annealed‘ma;erial. Such a
microstructure is a refined versibn.of,the as~received,
spheroidize-annealed material and for an application such as
in a beariné, would need to. be hardened. |

A direct result of this refinement is a much increased
ferrite gfain boundary area and interfaéial area between
carbides_aﬁd the ferrite matrix. Since austenite nucleation
occufs‘pfeferentially albné grain boundaries, austenitiza-
tion would.bg”exéected to be accelerated [Ref. 8]. Larson

' [Ref. 3] and.Butﬁerfield [Ref. 6] also showed that warm
tolling refines residua;‘carbides to a minimal extent.
. Bres [Ref. 71 showed thét for austenitiz;ng temperatures
up to 1108°¢c, ;armnrolled.is ﬁarde; than as-received M=50 in
the asfquenchéd‘conditipn; This result-would follow ffom
more rapid dissolution of the soiuble_capbides in warme-

rolled material,
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From Figures 3.1 and 3.2, it can be seen that for all
austenitizing temperatures shown, there is a greater volume
fraction of retained agstenite in the warm-rolled than in
the'as—recéived material. This again would suggest that
carbide dissolution is occurring faster in warm-rolled
material. It is well known that the austenite retained
after hardening is a function of the amount of carbon and
alloying elements taken into solution during austenitization
and of the lowest temperature reached during quenching which
was fixed at 20°C in all cases. Additionélly, the data from
Figures 3.1, when compared to that from Figure 3.2, would
indicate that interrupting the quench to the lowest finai
" temperature increases the voiume fraction of retained
-auStenite. This may possibly be explained as resulting from
an athermal stabilization of the austenite by interfupted
quenéhing through a Cdttrell-atmosphere dislocation pinning
mechanism’discussed by Woehrle, et. al. [Ref. 9].I

Carbon and mosﬁ alloying elements seyve t6 stabilize the
.austenité phageﬂby lowering thevmartensiFe start

temperatura, Ms, according to the relation [(Ref. 10]:

Ms(°C) = 539 - 423C - 30.4Mn = 17.7Ni + 12.1Cr - 7.5Mo
l | | | (egn. 3.1)
where the elements represent their respective'weight'

fractions. From this relation it is appdrent that carbon
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Figure 3.1.

RA VS AUSTENITIZING TEMPERATURE'

/
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!.

980 ‘000 . 1020 1040 '.OOOl 1080 1100 120
AUSTENITIZING TEMPERATURE. €

Retained Austenite {(RA) as a function of
austenitizing temperature for test samples
quenched into molten salt at. 620°C prior' to air
cooling to room temperature. Warm-rolled
material retains more austenite in the asg-
‘quenched condition than as-recejved ma:erxal
for all austenxtxzxng temperatures.
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VOLUME % RETAINED AUSTENITE

Figure 3.2.
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Retained Austenite (RA) as a function of

. austenitizing temperature for test samples
directly quenched in water to room temperature.
Warm~rolled material retains more austenite in
the as-quenched condition than as-received
material for all austenitizing temperatures.

—

35




is the single most important factor in the Ms. For this

steel, carbon can theoretically lower Ms by as much as 338
centigrade degrees.. On the other hand, though there are
appreciable amoﬁnts of Molybdenum and Chrom;um.in'M-SO, khey
can at,mosﬁ, lower Ms by’only as much as 22 and 50
centigfade degrees respectively. Nevertheless, the data of
Figure 3.1 and Figure 3.2 may reflect increaSiné solutiqning
of Molybdenum and Chromium as well as Carbon with increasing
austenitizing femperature. For this work, the meéns to
separate thé effects of Molybdenum and Chromium from Carbon
was not yet available. | v
 From Figure 3.1, it can be inferred that equivalence in
retained austenite in the as—quenched condition equates fo
equivalent carbon and allcy solutlonxng during austenitiza-
tion. Accordingly, 1t can ke seen from Figure 3.1 that the
warm-rolled test coupon austenitized at 1043°C and the
as- recelved coupon austenltxzed at 1108°C reta1ned the same
_'amount of austenite, apprqx1mately 17%. | '
Hardnesses of 65 Rockwell ¢ for the as-teceived and 64.5
. for th§ wa;morolled.test coupons would inaicate,~to within
. the acéﬁracy.ot the wilson'ﬂérdnegs testiﬁg_machine 154 1'
Rockwall C), that both coupons are of the same hardness and’
that they prbbably contain the same amount of carbon in |
martensite since the as-quenched hardn:ss is a functionlénly

of the garbon in.the martensite. ({Ref. 11]
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Butterfield [Ref. 6] expressed concern that austeni-
tizing wérm—rolled material at around 1040°C might have ied
to possible overheating. However, the impliéétion of the
data presented in Figure 3.1 is that austenitizing of warm-
rolled material near 1040°C is not in fact preducing this
result but rather an eguivalent retained austenite volume
fraction and therefore similar catbon in the martensite.
Butterfield's micrographs indicate a finer matrix structure
for this lower austenitfzing temperature as compared with
the microstrucfure of the '‘as-received material austenitized
at 1108°c.

Heavy alloying in espeéially Molfbdenum makes M-50 a
secondary hardening steel. The possible deleterious effect
on the secondary hardening respbnse of the proposéd 65
centigrade degree decrease in the austenitizing temperature
for the warm-rolled material was a cause for concern. 1In
tﬂis reggrd, too low an aus;gﬁitizinq~temperature.may nce
allow sufficient solﬁtioniné of Molybdenum, whose ptecip;-
tation 'as an MZC type temper carbide is associated with
secondary hardening [Reff 12J. It is known, for e*ampley
that a Mbiybdenum—rich carbide, M6c.jd§es not solution‘until
about 1088°C. On' the other and, another Molybdénum-ricﬁ
carbide, metastable M2C, dissolves at 1040°C. The tempering

responsas of the tes; coupons of . interes: are shown in

_ Pigure 3.3. The data shows that to within the experimental
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TEMPERING TEMPERATURE, ¢ ,

Tempering cesponses of the warm-rolled sample
aystenitized at 1043°¢C. and ghe as-raceived
azmple austenitized at 11087C. To within
experimental accuracy, they are identical
especially where the secondary hagdeninq peak
occurs at 61.5 Rockwell C and 3407°C. :
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ac:uracy, both the as-received material austenitized at

1106°C and the warm-rolled material austenitized at 1043°C
had identical secondary harde.ing of 61.5 Rockwall C at
‘around 540°C.‘ This may again be explained by the faster
carbide and possibly faster'alldy solutioning in,wafm—rolled
material. |

The as-received and warm-rolled samples austenitized at
1043° aid Aot show as big a difference:in their tempering
responses as was expécted. However, the essential point to
brihg out from Figurc 3.4 is that although the as-received
material is only'slightly softer, it is.consistently 30 up
to and through the secéndary hardening peak.

When the volume fractions of,fetained'austenite wera
calculated, the carbide phasé was ignored aﬁd a two phase
microstructure of just martensite and austenite-&as assumed.
A probable range for the magnitude 0of the resultant error
wasréstimatad for the series of as-received test coupons
with intetrupted quenéhing.

To eslimatélthese errvors, the vélume fractions qfvthe
phases weré needed. Data on the véluﬁe fractieons 2f the .
carbides of M~50 was no£ avAilable but the weight ftacﬁions
as a function of austenitizing temperaturs was available in
the literature from an analysis by Bridge, et. al. [Ref.
12]. An assumption was made that the volume and weight

fractions of the carbides are approximataly the same. This,
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of course, preéume; that the density of the‘carbidés is
equal to that of the steel. It is believed that in reality,
the carbides are not as dense as the steel and so the
estimates of the error in the calcﬁiated volume fractions of
retained auétenite would tend to be on the high side. 1In
point of fact, an analysis of the carbides in M2 and
VASCO-MA' steel as a function of austenitizing temperatures
performed by Kim, et. al. [Ref. 13] showed that volume
fraction parallels the plot of the data of weight fraction
over the entire range of austenitizing temperatures.

The érror:in calculated volume fréctions of retained
austenite was approximated for the lowest and highest
austenitizingEtemperatures to give an upper and lower limit
on the error.  The percentage error was greater at lower
austehitizing:temperatures because there is a‘larger
fraction o: uhdissolvéd carbides after hardening at 1ower‘as
. opposed to higher temperatureé{ Sample calculations are
shoWn'in Table IV. " An dpper limit of +7.6% and a lower
limit of +2.9% was set for the error in the retainéd

austenite figures.
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TABLE 1V
SAMPLE CALCULATION OF ERROR IN RA
From the calculated volume % RA assuming only two phases:
Va =i17.33$ so Vy = 82.67%

then

I
[
~
L

w
W
(o]
N
»

[0}
~

l

'or v =

<
©
N
.

O
~

Then assuming a three phase microstructure:

VA + VM + Vc = ]
from Bridge [Ref. 14], Vo = 2.8%
’ ' ‘
so
. 82.67 ..
VA ‘4 1733 VA + 0.028 = 1
Solving for V v, = 16.84

Al 'A
So |[the percentage aerror is

16.8?6~827.33 x 100 = =2.91%
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IV. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Warm rolling enhances austenitization and carbide
dissolution during final hardening.

Interrupting the quench from the austenitize
stabilizes the austenite phase and results in greater
volume fractions of retained austenite in the as-
quenched condition.

Warm-rolled M-50 can be austenitized at: 1043°C to

produce equivalent as-quenched and secondary
hardnesses as as-received M-50 austenitized at 1108°cC.

RECOMMENDATIONS '

Use TEM to characterize the microstructural

constituents, particularly the carbides.

Use X-Ray techniques to determine the amount of carbon
in the matrix.
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