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Development of high-manganese steels for

heavy duty cast-to-shape applications in
rall transportation and materials

handling applications
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Dea, Choreshy,; DeMonte, Roeckay, T. Ssieh and
Viner are the Fesearch Asscciator of Profossor
R Smith of the Department of Metallurgical
Engineering, Oueen's University, Kingston,
Candada .

STNOPELS

In 1882 Robere Wadflald patented the steel which
hantu his name. Tt e the nominal coapasition
Pa=1.220=132Mn. Thias alloy has an  ofrormous
capacicy for sork-hardening wpon lopsct and s
Arill commonly waed for rallway compononts such
an lroge and  croselinge und also for
prock-handl fng equipment.  As such Lt can hacdly
he connidered to be an Madvanced matecial.
Aowevar, work at Queen’s aver the last six yesrs
haw  whowss  that part of this capacity for
wirk=hardening may be "craded" to provide alloys
which are appreciably stiffer, hawve
glgniffcancly fmproved wesr reolstence and may
be casc oo nesr nec ghape to produce components
which stlll possess remarkable touphoess. These
materials have heen produced by the addition of
mincr  amounts  of other cacbide-foroing and
golid-soluclon strengthenlng. elements and by
heart-treacing the ascast conponente. This has
nocossitated looking at the oxidation/decarbur—
laatlon  oceurring during heat-trestment and the
alffoct this has had on the results abrained
garlier by other workers. In addicion, becacse
the ss—cast components are bartered out of ghape
when used in the sslutionieed and quenchad
conditlon, they are often explosively—ardened
prior to loscallatlon, HApwever, even then, they
still.deform in order to provide rhe necessary
toughnese. As a resoalt  shey are often rebuile
by overlay welding. Thus part of the study has
been coocerned witch ansuring that aay oW
formilations /meat-treatment procedures ate
eompatible with ropaly pracefcos. A
ratl/loconecive wheel {mpact  simulator was
gongtructed to help Ln  the selection of alioys
moee -switable for in-track. testing. These
developments arée reviewed and mere recent work
describad.

LHTRODUETION -

Hadiield's aceel {Fe—i.2XC=1314n) 42" a remark-
ahle  wngloserbig alley [n thar dn  the fully
anetenitle solutionised farm 1t iz sofr  aad

duetile, Howaver, when deformed, 1t rapidly
work=hardens and so, cven thouph it =iy suffer
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cooniderable wear ln pon=lopact abranlve condi-
tione, lspact or gouglng deformartleon gquickly
caunas it to work-hacden. Tt [m the standaed
material for raileay froge <{wwltchasn) vhare
hoavy axla loads predominate e.p. M. Americo,
Australin, Afrlea amd ehe U S5.3.%,, Plgure |,

Thore has beon connldarable work condusted ro
axtend the proporry canges of Hadfield's dceal,
One of the most deralled was by Xrainer (1), who
fnvantigated variatioon of C, Mn, Si, HNi, Gr,
Cu, W, Ma, Ta, TL and Zr by means of hardnadn
gtatie and dynamic tennile costs, toughneos and
wark=hardening charactaristlon. fm all, he
cxaninod 79 experimontal hoats, Thess wers caut
as ns@all ingote and forged Into Ceat-ploced,
solatianised ar 993°C and warer-quanched. Tha
dynamlc testa were perforsed 4t 8 rveporred
elongation rare of 1% felmec., & value close To
the wsrrixlng wvelocley of che  usual {mpact
mechine. He faund that rche forged tonoile
specisen  4did nor aeck locally buk defocmed with
virtwally a unlform reduction Lln area  along the
gauge length. Thus, because the aramdavd alloy
wag Ffound to be relaclvely duerlile: Lo the
as—qguenched srate (reductlon Ln ares of 355 to
fracture) he proposed rhiEc rche toue raaslla
sfress 1s a more accurdte measure of propertloes.
He wasd abkle to show thac, Tor wome’ oaddlirions,
wirtlgt  the rominal  (engloeering) ulclmate
tansile stress . (UTS) cnangad licclae with
cospogition, che true UTS changed by almost 60T,

Weainer gshowed thar the true UTS peaked ab abowr
1.IX € f=sracte) and L.3% (dynamic) and £ell as
the Mn conrent excesded abour L2, Thus, by good
fortupe or careful teating, 3ir fobect mavaged
to bracker the more deslrzble © and Mn ranges in
hiz patent.

Ir  showld be noted that Kralner 1) testad
forged  saoples for which the salutionising
temporatura wag lower thon thak recommended Eoc
sast specizens. In addicion, {r 1Is not clear
whether “he used any protective abegsphere when
soluclonislug  Nis samples His use af  dynamis
cescing -to get more informative data |4 opon to
question =since the resulre are pubject ta ercroc
and the strain rate is much zealler than, for
example, the fmpact wvelecity of a wheel on a
caib#ay frog.

In afteaptiong to Find addiclons which wlll
[ncreage the wenar reslutanco and seiffness of a
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Hadfleld’s steel, it 5 impértunt to aote that
of  fnterest are the gurface hardoess  and
drrength after work-hardening. Since contact
Tarigne resistance 1s of primery {oterssr o the
degradation of a4 frog and Iz  detarsined by
strain  capaciey [.e. the differance betusen
0,22 yileld derems {since =he true point of
yielding da difficuly =p determime dicectly) and
the TS of the work-hardened srate, then Lt s
mogt  deslrable rhar  the addition{s]) fincrsase
both the ¥5 and UTE of che work-hardencd state,
without weriously iopairing the Coughness. oOf
the elements tested, Xralner Found virtually no
incranse fo Erun UTS  with  any slesent bur a
wignilfleant Inerease in nominal UTS for vanadius
addi bl ons, fle reparts  thar all olosenty
increame the work-hatdening rate to abous the
0. 3% addirion eoncentratlion. Howewer, [f should
be wotod that the low solutisntslag tumparalure
tﬂlr-l'unﬂcj would not b adequate to selutlontge
somp of Ehe  curbides and  go lead ro
embritt lomant and a roduced UTS with casr to
ahape, rather than forgoed COmpOnRALE.

In partienlar, we arg Invantigating applleat lony
lor roflway froge and other heavy ispact=vear
appilear{on., Harly in the life of a frog, it
experioncen adhenlve wear and deformation. Thun
LuPe  Rall umun exploalve  dupth hardening to
"prohacdan”  the frog. Usually three “phors"
Feom  plaskle explosives are used and glve o
surface hardopse of A50-400 UH, The value fulls
to 420 HE aboeut 1" from the upset surface (2).
Tayloe {2) alao roparcta that shot=peaq hardaning
win - mxamined by C.F. Redl but  wes foumd by
produce too  wapsrficisl 4 layer to be useful
In=tracks: Exploslve dajprh hardening Joes net
dintort rha [rop and  can lacroase life bty more
than 0%,  In  addftlon, 1t alwa provides an
ercellent qualicy conteal eheek on Eha tncegeity
of the castinga!

The sltandacd Hodfleld*s sresl {Fe=1.20C=13% Mn)
tn  the oas-cast condicvion confains actcular
carhldes of  (Fe Mnal.C. Preasnt  [ndustelal
procilce. IR to  heslr=trear Ehe materfal ar
LRH=R090°C for up to one hour followed by a
wialer quéneh. Thia procedure can noarmaily
olutipnise all rhe (Fo,Hn)d. carbides. Is this
cendition, the gtesl is very soft (190 HE). As
noted earlier,. {mpact deformaticn ean ineraade
the wurface hardosss to abour 500 na, The
wrchaniiam of such work-hardening depends on  the
local zomposition  bhuer it nermnlly  arlses from
deformatlon twinningfdvnamic scrain dgeing in
the scandard L2350 alloy. However, zomez
decarburisarion  uwsially takes place during
anneallng  and  then 4  low  carbon matrlad is
préaent which may well gshow deformatisa-indiuced
marteasite formaclon (41, Thas uny hear-srese-
MEnr neads g be: done as quicily as porilble asod
LE 55 [ow 48 4 Femperatare as poraible, oria o
wrotectivo atncaphere,

Ag aoted earlier, Arrampts  have baen mads
rhrougn rthe years to reduce rhe sasge af
deforsation and abraslee wear of the sg—guenched
srandatd  allav by =etallie additien {5=10),
fften  rthese modified alloys have heen Elven one
of @ serles of welahorare hear=t reating  cysles
15-10% to aptinise precipitace Form @nd disteih-
ution but the aceompanying decarbucisar lonfoxid-
atfon haw  nor been Teported. In sur” twm work,
Lo beying to Eind an affective heat=trenroent ta
eifsolve the pathides o udifled Hadfiald s
steela, it was lound that expusure ar 1250%C rg
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13007 for ¥ ro !0 hours in even a weakly
sxidislog atooaphare caused the gamples tn loge
a conslderable amount of carhan, Stmilacly,
emall speclmena held ae LISO®C in ate readily
ducarburised. Thus, the mic¢roscructure npo
Llonger confained carbides and,  in addiclen, was
mo Loager austendicic elther, ber Farplric, fda
result of ehese Fladings, o study of the oxeeat
of decatburisation Iz  tlhese nlloye under the
mors drastic heat-trenting cond i Lona wWia
undertaken (11,12), From this le I8 clear thar
the regulea obtalned by eaclier workurs who usind
small specimens and oo atmesphers eoncrol durling
heat-treutnont are highly sumpaee (12,097,

ERFERIMENTAL DETATLS, YESULTS AND DISCUSS LONS

a) Sample Praparatlon

The  samples wora  abtalned by et L& L1
pradotarmioed amounts af the componants glven {n
Table | in n "Tocco’ Inductlon furnaceé,  For
these alloyw, Ehe  pouriog tempuraturn  wag
determlned by Ehe  uue  of n Pe=PtIIkn
tharsocouple.  The molean meral was pourad into
hoated Lovestmone soulds  (700°C)  wo. char only
a ltecle grindlog had to be performed to obtaln
the requlired dimsnalons of the specleonn  {or
sechanic tentling. Bafore  prinding, (AT
woaplos Cwere henc-crodted in a “Lindbarg Hanwy
buty Furnace® e which a  chambar hnd by
adapted to provide an enclosure bn which «
flowing argon araonphece  could  be Introduced,
The alleys examined {n this phase of the projoct
are whown fn Table 2.

8} lmpact Serength

Stnce a large Lapact sErength wad consldeced roy
be an laporzant allay praperty, At wan declded

Lo examing o nusbar of factars

shich may adversely Lnf luence Impace  scrangeh,

manely grata dlae, phospliorun and cappal

coptent, The luatter {8 o ateady  Increasing

component in steel serap.

le waz  Zound thar (1) adequace graln size
control would be obtalned by uslng suicabiy
heazed ealds (7007C)  (11) phospharus  lavels
below 0,05% P were perntaslble (Table 1) &nd

(1L} capper 1ia amounts up to 1T wece uor
beneflcial (Table 43,

¢} Mechanical Prapertiea

The effects of wvarlous heaf=credfments Werd
follaved prisarily by matillagrashiic and mechan-
ical cesting atudiea. After fear=trearment, the
alloys were geound to the desirod glze om am
aptomarie grioder equlipped with coolant, Charpy
V-norches wers cut Ty spack-machining, folilawing
<hich the notched Lmpact dpecimens were bafled
in water For two ‘hours o rescve any realdual
bydragen (I4).

Beformation srodies on  the pew alloys were
carrled=our In two ways: a) regular mechanical
testing (Table 2); und b) uslng 8 rallflocenan—
ive wheel lmpact aimalator (15).

An inspectiaon of che pyailabie phase eqgullibhelun
dizgrams showed char tha splubiliey of vanadium
in the austenite macrix [neressed wWith  reduced
carban  content. Mg o cesule, alluys with rwn
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carbon levels wete examined., Table 2 shows cthar
the yield pteengeh falls markedly as the carbono
level da  reduced in the gtandsrd alley,
Tungsten promotes 8 momewhat  increased  yleld
astrangth, toughness and hardoess. A& simllart, buot

less dramatic offeoct haa  besn seen with single
addicions  of molybdenum {16}, A well,
additions of vanadium markedly reduce impact

atrength bubt promote a significant Inpredee in

work hardening cate (13).

The rallflocomotive wheel fmpact eglmulator is
shown in Figure ‘2. Here the specimen, usually
nn undamaged soctfon of a Charpy speclmen bar,
fa  placad fn the poriphery of a large flywheel.
Thin 1s then rotated and brought inte contact
with a pressure~loaded roller. The hardneas ia
then mespured as a function of pumber of fmpacta
hy n;np?ing the machine periodlically and
Tahimmi ng" Fhe apecimen to maintaln
approxlmately 4 lmm  projece above the rie.
Figure 3 phows how the various experimental
alloya work=harden ap a fungtifon of rnumber of
fmpacta, Figure 4 shovws siwllar tests done on o
vortical aection wepacimen through o Wadfleld’'s
atenl component which had been overlay welded.
The Ce= and H-Cr=boaring welding rods were
commerclally avallable avd found by C.P. Rall ro
be of wimllar utilicy for rebuilding froga. The
Me=bearing rod was devised by us ond in  seon to
offor commarciol prospects.

Comparative  wenc teswtn wers wmade by beinging a
#tandard-alze spocinen, wnder a wvarlety of given
Llondn, Into contact with an abrading wheel for
Mired tines. Reproducible resules could b
ohtalned Lf the whoel was re-dressed betwsen
mamplon. It wam Found that a 13 additlon of
vansdiua to the atandard alloy would reduce the
nbrawlon rate by twe thirds, presusobly due o
fhe provence of wear-resiscing carbides.

dy  Near-Treatment

Signilicunt decarhurisation can oeeer 1f the
atundsrd Hudfiald’s solutlonlsing rrearment g
followed (12) (Flgure 5). A5 noted earlier,
this fs partleularly weriocus i1 small castings
of experimental allovs are hear-treatad. In
practicee, with a full-sized frop, some of the
decarhurised layer 18 ground-off bafore Ticting.

Tha eegolar heat-treatment folloved for rhe
standard Wedfield’s areel 1.e. one hour at
1010-1090%C 12 wsot adequate genarally whensver
carbide-forming additions are a@ade. The
carbides  are noe fully dipaclved and
sonsequently  the marerfsl loses some fapace
dtrength. Varions “beneflicial’ treatmencs have
been ‘teperted. by others, of which a procedurs
mentioned by Middlehas (5} and Horman (10} was
claimed to be che most successful, In this
trestment, the alloys were heated to 10503 for
twa hours, water—quenched and then heaced to
650°C far two Thours, hested ro FOOPC for siw
hours and  Eindlly  water iuanched. This
procedure, LE was reported, did pot dissolve
vathidag but dispecsed them. In fact, our gork

Indlcates Lhat the carbides are pot dispersed by

rendad o
The

thia bheat-treatment,
appricially  ecoalesce
carbldes ware ound

rather rhoy
lnto. near-gpheres.
to be atill located aleng
the graln boundacies with very [ew disparsed
within the graiws:  Since the cyelic-type of
beat-treatment  did noer prove effective, a
conpronlso waE attempred, Tha mod LT fed

BE7
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moterfals were heated ro (1130°%C)
In-an Inart stmosphers

for twe haourn
and then Hater—quonched,
This process did not dissolve the carbldes an
the present work and that of Brekel (1LY
indicared, but, at least, the hoawily cored cast
structure was partially elimimared snd agpe
graln  groveh cccurved  ro leave eapliar
graio-boundary preciplitates within ehe graina.

GENERAL DISCUSSION

As aoted, the additlon of vanadium Improwved che
yleld strength, hardnose and welc-ceslatance
qualicies bur rhe resultant loss Ln Eoughnass
had to be overcome. One appraach rhat suggenced
irgelf was the posslbllity of vweducing the
carhon content thus deprevsing the formution uf
A large volume fraction of cardldes. Thin waas
reasonably effective Eo malncaln good iapace
strength and produce a wear reslstance nor much
different from the IX ¥V additlon to the weandard
alley (16). Some wmultlple addiclong
producad an fncresse in yleld steengch.

aluo

In nddicion o laproved meclhanleal propartles (t
ls  mdvantageous fo go to 4 reduced  carhon
content In cthe alloy for (laproved waldabllley
slnce, with a larger cuarbun content, thers 1w o
groeater chance Lor the pracliplentigh of carblden
In the hest-affecked =one, rhuo lum:rj'.n.g Ehuw
toughness of the materfal (177, th'l)t.lur. 1
sleernacive additlons acé mude, then g lavgar
carbon content can bo tolerated becaume of rhe
changed carbide distelbublon and socphoiogy.
Smnll asounte of molyhdanum weem fo help (n shin
respect while copper additions do nat. it was
found thar an alloy wieh 1, 2EC-132Mn=280r =1 ¥My—

=236, when heat-<tradtoed ar Lisoop and
vater-quetchod, showed pne  dendelile seryerpre
Prut large gralns. Thin material Ahawadl

nignificantly greater work-hardening helavioue
than the atandard Hadfield’s steel. [n add{tlan
an. alloy with L.2NG=13EMa-1XHo=0. JEKE-4, 12T
0,38¥, when heac-treated and water-guenched
produced a relacively Flradinpersion of carbides
tona Fine gralned marcix {18},

lna questlon stlll ro be answered la whar impact
strength ds adeaquate for 4 heavy hag] rallway

frog. Hopefully, this will be answered short Ly
whien wo  ceceive the results from .0, 2all af
the in=tcack €esting of & nogher of  modlfled

Hadftsld s sceel frogs.

Cf parcicular tnrecest ro che foundrysan du
exteat to which the purchaser of (savy} froge 1
Likely ta pay an appropriace premlum Far
suparior froge., Mosr cortainly C.F. Rall would
like to procuce 4 frog with & 30T Llneveuse o
the service Life from the presanc Slgure of, for
example, 130 million gross fonnes.  The mose
expensive alloying addizions ased fn gur
progrimme to date oJould Llneesiase tha charpe
costs by 200-300%, Howewer, many of rhe
elemears are now relarively abundant, Bag.
tungsten, and W the prige would Eall
d:‘;nﬁrlcally with Increased canspoptlan. A
deratled cost  henefit analysis of using 4 200
allilion gross tomnes Trog: os comparad wich Bl
gpresent one ls being propared. Te I8 eluase Ehap
the Ilnitial casting price ls a saal} part of the
totel cost . of a Frog f.8. purchasesd casting,
stralghtening, prinding off che dacarburised
layer, E€lzring, Installacion, cebutlding and,

Fhi
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iable 1. Tha chemical composition (%] ot gach charge matertal.

[ - T 1

| Charge | Chemical conidtlEbusnts Lbalance Fa) |

| mMatertat | %€ XMn ®Y Mo % St wWo |
Rall stock | o.78 | o.ma | == | —— | 0.2 I |
Armeo lran o.04 § 0.086 fp == -— = § ==

| Low-L Fe-Mn | 0.08 .8 § T | S e
High-C Fe-Mn ; 6.4 5. | == [ == ¥ == -

| Cacbon L. | === | B3 | == — i ==

| Fe-Mo e )l 5 = | mraz - --

| Fe-w | o.o1 o.@4 | -- ; - 0.03 | 91,39

: I ! | A
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fable 2. Charpy impact toughness (H-m), Brinell nardness and
comprassive yleld (MPa) for new alioy serles.

Al lery i k10 By Mo kW Toughness | Hardness } Tield
[ 4R3 1.2 - - - 61 | 138 | 327
b S5R1E 1.2 = = 2.0 290 | 152 331
aR2R 1.2 0.7 0.7 2.0 71 | 162 ] aug
SR30 1.2 1.0 1.0 2.0 I B | 207 Loans
5R31 1.2 1.0 1.0 1.0 4 i 192 | a7a
i
6RG 0.8 - - - 258 | 130 266
GR35 0.8 - - 2.0 | 250 137 290
GR33 0.8 0.7 0.7 Z.0 108 167 386 |
BRA2 0.8 1.0 1.0 2.0 [ L] 186 all
GR 34 0.8 1.0 1.0 1.0 | 3 r 188 A9 |
Tebip 3. Charpy impact toughnoss Table 4. Charpy lmpact toughnoas (M-=m)
(H=m} and Brinell hardoess of B3 and Brinell hardoess of Hadfleld Stoel
Hadfield stoel (1.2% C, 13% Mn), o= (1.2% C. 13% Mn). with and without
o functlion of phosphorus contant, agditions of vanadium ahd copper.
Alloy L I Toughnosa | Heardnass |Miny I wY kMY Ilnuqhnnuu Hardrnmsy
LT 0,018 *3587 170 | ! "3 i - g 190 1
QR AD 0.020 »357 143 1 | JR2S == 1.0 | 212 149
Iy 0,040 351 143 i i i |
| | | 2820 | 1.0 - ¢ 76 187
ARLE 0,085 b1 ¥ 148 | | 2R21 | 1.0 Q.5 | B 183
SR27 G.066 266 | 150 2R22 | 1.0 1.0 | 83 119
3RZ8 | 0.090 296 | 156 J !
- e { 2ha I 2.0 I 217 217
| #R23 | 2.0 0.5 28 207
| 2R2a | 2.0 1.0 | 33 207
| i 4
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Fig. 1: Tllustrarlon;of a railway crossiag
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Flg. 3+ Work-hardening characteclotles aof
Hadfleld steel and Hodfleld seaal
A modifled wieh Yo, ¥ and W
(a) 1.2LC
tb) 0O.BIC
Fig. 41 Hork=hardening choracteclatlon of weld
=] overbayn on Hadflelds stesl basa
Pig. 53¢
Decarburlsarion of Hadfield w sceel during
heat-rreatmént, Carhon concuntraclon ds
& functlon of depth from-surface Ln
Fe-l, JXC-130Mn, heat—treaced abk 1150°C far 1, 2,
3 ond 10 hours
fa} in alc and (%) Ln argon
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