
THE WORK-HARDENING OF STEEL 
BY ABRASION.* 

tic& will be mduced by placing the g a r  out of doorel, 
and nllowlng some drainage, through or off the ground, 
H hich will qulckly convey away any escaping liquid. 
I t  t~uuld be an advantage if a liquid could be produced 
hav~ng  the insultrting and preservative qunlities of 
011,' but less exploeive thnn the ~nineriil oih used a t  
pmscrnt. Fig. 6 is an illustration of a construction of 
t h ~ s  kind now in experimental servicc in 13radiord, 
and Pigs. 7 nnd 8 show a possibln dovelopmont of the 
type as it  might bo applied in tho future to  a large 
supr-power station. The entire circuit-breaker is the 
removsblo portion. I t  will bo rniwd as a whole by 
C ~ R I I O  or a truck for inspection and adjustment, when 
thescs &come necessary after it has opened on a short- 
circnlt. If two altarnative sots of 'bus-burs are used, 
the  vhange-over from one to the other will be effrctod 
by lifting the removable portion clear of the isolating 
contacts, giving it  a turn through a suitable angle, 
and then lowering i t  into its new position. The design 
must comply with the fundamental rcquiroment that 
all the conductors shall be metal-clad and imnlersod 
when alive. Further, in switrhgonr of this type each 
phnne must Ixr suparntely housed by tho metal framo- 
work; the largo metal-clad gear already working a t  
I)ulmarnock, Barking, and other siniilttr power stntions, 
la ~~ctunl ly  constructed on these Ilncs. In  addition, 
thc ~rrangcment now ~llustratecl is auch that  tl~ero is 
no place where condwtora a t  the potential of one set 
of 'bus-bars are contnrned in the same chnmlx~r as 
conductors cotmxted to the other set of 'bus-bars; 
in ot her J\ or& the 'bus bnrs and the individual ~ h a s e s  

here B is the Brinell number, T the time-harrincss 
dmbcr obtairied with the 1-mm. st,eel bull in the 
mduluni, and L) the t,irnt?-hardness n u i n h r  g i v c ~ ~  by 
ie pndu lum and 1-mnl. d i a n ~ ~ r i d  sphere. I n  Table 11, 
number of typical steels h a w  been placed in the? r~rdc!~ 
' 
their original hardness, thc rnaxiniurn iriducwl har(i. 

!ss bcing givcm together with tthe approximntcs Hriilc-)I 
i r d ~ ~ c s s  c:orrcsponding to each. Among t h t  un. 
~ rdcned  stcels, the  highest induccd harti1lc.s~ 
ven by niarigariese steel which was origi~lnlly vvry 
~ f t ,  whereas tile mild steel which was originally hnr<lcr 
%ti a nluch lower induced hardncss. The hrt~dest 
ainless steel (C)  showed only a moderate incmwsc~ of 
trdness, stainless stcola A and U, which wore originrtlly 
uch softer than C, becoming ron.ride~.ahly 1inrcic:r ;LS 

Ie result of rolling. 

THE present work d ~ s ( ~ i b ( ~ s  811 irivestigatmn into 
the hardncss induced by sovcre ubraslon 111 locomotive 
tyres and rails, and. in 11ardt'ned steel gears and cams 
from motor.cnrs. 'I'lie hurdnc~s induccd by wear is 
compared with thc. ' rnax~muni induced hnrdncabs " 
measured by a recerltly drvelopd test ~niidc wtth the 
pendulum hardness tcstcr. A somewhat similar 
comparison between the hardness induced by lathe 
tools in the procesH of cutting ccrtaln steels, and tho 
hnrdneus ~nduced by the pendulum in the sumc s t ~ e l s ,  
hw bwn previously destribed by tho f ~ ~ i t h o r .  

The Time Test.--Far the purpose of measuring the 
original hardness of the subjects investigated and for 
measuring the hardness of the worn surfaces, the time 
test of the pendulum hrtrdnt.su toster was usrd. The 
pndulum and the time test have been describetl by 
Bcnedicks and Christiansth11.t Briefly, the pendulunl, 
weighing 4  kg., iu platwd on the specimen, a hard sphere 
1 mm. in diameter, acting as pivot, and is caused to 
oscillate through a small arc. Tho timu period of 
oscillation, taken with I stop-watch, is a measure of 
the size of the indentation, ~ n d  thus of the hardness 
of the specimen. 

I enclosures the 
SECTION OF LOCOMOTIVE TYRE 

WORK-. HARDENING. 

The two hardened steels weru tested with the din~nond 
1 order to eliminate any effects due to  ~upc : r Iu~~ .c l e~~ i~~g  
f the bitll, and the Brinell conversion factor 1:I.s ~ a a  
sed. The herd nickel steel, though originally Icss 
ard than the  hard carbon steel, showed a much 
reater incrc:ase of hardness. I ts  mitxi~nurli inducy?d 
ardness was equivalent to nearly 1,200 Brinell, a 
cgree of hardness which has rareIy been excectleti in 
teel. The fact t ha t  articles of very hard ateel vnn be 
uperhardened by working was discovered by mcana 
f the pendulum work-hardening tests, and indc~~rn .  
ently by Hultgren, who'turned i t  t o  practical account 
I the superhardening of steel balls. I t  is p e r h a p  not 
ufficiently recognised tha t  this effect normally occurs 
ihen hard steel articles are subjected to  severe abrasion. 
'his subject is dealt with in the  next section. 

The process of work-hardening in unhardened metals 
.as been studied in some detail, and is known t11 be 
ccompanied by slipping of the metal along definite 
rystallographic planes. Whether the  ~uperhardcr i in~ 
which takes plnre ie hr?r.drnecl_ steels is st.rirt.!y u_r?rr!ogon:: 
3 not' known. Recent experiments suggest that  it 
nay be accompanied by a consolidation of the  mrtal- 
,n actual decrease of volume-but this is not yet 
ertain. As i t  is proposed to  consider the proccss o h y  
n relation to its practical effects, i t  will suffice to  say 
here that  the superhardening of hard steel is as curl- 
iderable in amount, as important in its practical 
esults, and as easily measured as the  work-hrtrdrning 
)f the softer metals. 

metill type. 
Although the cnll of economy is unrelenting, i t  is 

not only rcquircd in the initial cost ; i t  must oqually 
secured in maintcnnnce and running costs, and in 

thc  eliminntion of housing, of expensive protection 
a g ~ i n s t  fire and other hazards, and of risks to  life. 
Thc rncc*hanical construction of the moving parts, the 
tripping mechanism, and the weatherproof qualities 
of switchgear are becoming morc and more perfect ay 
a result of lengthening experience in the design and 
manufacture or both indoor and outdoor types, so that 
the  future should see a stage of development in these 
directions that will give practically ontire immunity 
from mechanical failure. Complete immersion in oil 
protects the insulation, and research will lead to  a per- 
fect understanding of tho exact clearances and othel 
features required under the practically stable con. 
ditions of oil immersion. The case is entirely differeni 
for conductors and insulators exposed in air, because 
tho dielectric properties of air are changeable, and thit 
ygrial.i!ity i3  t!y9 iT?B3!RtiEo v n l \ w  Of t!:% ajF C!stLrsnCsS 
together with the access c? d%tvand other extraneouf 
interference, is always apt  to weaken the insulation 
and thus to  lead to  breakdown. There must, however 

. I)(? no breakdown of gear which is itself to  be a protec 
tion against breakdown arid interruption of supply 
and the 'bus-bars, the current transformers, and all thc 
component parts of the gear, including the  insulator^ 
and the conductors of the circuit-breaker itself, mus 
be enclosed for protection against the elements. I t  i 
by working along the lines that have h e n  indicate( 
throughout this paper that security of life and property 
a s  well as safety, simplicity, and continuity of opera 
tion, will most certainly be ensured. 

I wish to acknowledge co-operation on this subjec 
hy my company, Messrs. A. fteyrolle and Company 
Limited, and assistance in compiling this brief papc 
from members of its staff. 

Passes of Ball : 0. 2. 4. 

Time Hwdness ... 25.8 35.5 3 5 . 4  - - A. l f ' o~k-  Hardening of Ruiluuy Tyres and Ra i2s.- 
i n  investsigntion was made into the  degree nf work- 
lardening that  had occurred in actual servico in a 
ieries of locomotive tyres and rails which had been in 
ong use, and had been discarded as worn out.  Fig,, 1 
ihows a section through a worn locomotive tyrc wh~ch 
xas tested for hardness with the  pendulum time test 
n the positions shown. The hardness of thc body of 
;he tyre was 2 6 . 4  (284 Brinell), and 1 .6  m m .  frorn the 
;urface 31 . t i  (316 Brincll). Tho highest, hard~lrss on 
,he actual worn surface was 34 .2  (312  Brinell). A time- 
~ork-hardening t m t  was made on a part of the. sc~c~tion 
vhich had nut been hardened by service condit.ions in 
,he posit,ion indicated by the elliptical impression 
Big. 1 )  with the following results :- 

Passes of Ball : 0. -. > 4. 6. 
Titne hardness 9 6 . 2  3 1 . 7  3 2 . 0  3 2 . 0  - - 

Th,e Time- Work-Hurdezing Test.-The work-harden 
ng capacity of the meta,l is measured by a succession c 
;ime tests on the same spot, each test being followe 
by a process of rolling cffected by tilting the pendulur 
;o the right, to  the left, s a d  back to the vertical positior 
rhis process rolls out the original circular impressio 
,nto an  elongated form (Fig. 8), and work-hardens th 
metal, the succeeding time test, made in the centre ( 
;he rolled surface, serving to measure the liardries 
Lhus induced. There is thus obtained a series of tirnc 
tlerdness numbers, of which the first gives the origini 
hardness, the second the hardness induced by tw 
passes of the ball, the third the hardness due to foc 
passes, and so forth. The hardness always rises to 
maximum-" the  maximum induced hardness "-an 
thcn declines with further rolling. Thus the timr 
work-hardening test measures two dist,inct propertit 
>f the  metal, i ts " original hardness " and its " max 
mum induced hardness." The former corresponds wit 
the hardness measured by the Brinell and other harc 
ness tests. The latter depends on and measures t l  
capacity of the metal for hardening by cold-work. 

Time-hardness numbers are convertible into approx 
mate Brinell numbers, and for the convenience uf tho5 
more familiar with th,e Brine11 scale, the cquivaler 
Brinell numbers are given throughout the paper. TI 
conversion is effected bv the following f o r m u l ~  whic 

THE PROFEYSIONAL CLASSES AID C O U N L I L . - O I I ~ I ~ R ~ ~  
eatnl)l~shod In Ortober, 1914, as the l'rofeusional Cleqse 
War Rel~ef Counc~l, the Profesv~onal Clnsses Ald Counc 
la now a permanent lnst~tutlon for the relief of distrev 
among tine profess~onal and other h~gllly-educate 
rlasues. Arcordlng to the alxth annunl report, whic 
wtlr ~rsued recently, the number of appl~catlons receive 
ctur~n(r t l~o  ptwt year totalled 758. F~nanclal help wn 
glvon to  163 farnil~es and 369 lnqulrms were advise 
whore to apply for help, as were also many of ti1 
155 whoro needs were found not to be w~tllin the scop 
o f  the C o ~ ~ n c ~ l .  Tho subscr~pt~ons and donnt~ons receive 
du~ ing  192G27 tmiounted t o  8,3361. The oftice c 
t f ~ e  Counc~l 1s a t  251, Bronipton-road, London, S.W.: 
to  wh1c11 addreus all inqunrleu and subscriptloris shoul 
bo aont. 

Thc original hardness 3 6 . 2  increttsed to a masinn~m 
3'3 as a result of rolling four tirncs. It ,zppcTars from 
Fig. 1 that  the hardness induccd by wear was mthcr 
higher than the masirnum tha t  could bc induwtl by 
rolling. 

Two series of time tests were made on anothrr worn 
tyrr.  In  each case there was evidence of work- 
hardening, extending 3 mm. below the surfacr, but the 
hartlncss on thc actual surface was much higher.,  vising 
a t  one point to 64.8 (6.28 Hrincll). Timc-~rork- 
hardening tests in the two regions gave the following 

SHIPWRECK S T ~ T I S T I C ' S . - ~ ~ ~ O ~ ~ ' S  Reglster wrec 
rr-tn~ms, for tho  qunrtcr enrlmg March 31, 1937, shol 
thut, tt~ir,rrg t11nt pclricd, the number and gross tonnag 
of ~ J u p  of 100 tollr ~ I Y W S  nnd above totally lost c 
cor~denlned ln cwnac+q~ienr~ of casualty or stress ( 

woatlmr were, rospect~vely, 104 and 153,913. OL 
of t l : ~  tott1.1 7 :  ~ras~1.q tiggregt~tlng 128,519 tons we1 
ntet~niers H I I ~    not orsl~~ps, an(I 17 of ti1e111. totallln 
19,885 tons wore Ur~t~mli awned. Of the 29 sa111n 
ships wrecked, 3 were Brit~sh. Vessols to the nunlbc 
of 56,  totallmg 123,988 gross tons, were otherwis 
broken up. Out  of tills total 42 were stettrnerr an 
ruotorsh~ps huvmg an aggregate gross tonnnge c 
108,505, and 10 of thew, of 53,147 gross tonb, fie? 
the Br~tlsh flag. O f  the 14 sa111ng iil~ips broken u 
3, of 4,042 tons, wePo Brit~sh owned. 

- 
apply to  steel :- 

B = 0.3GT2, when T is 28  or less ; 
B = 10T. when T is above 28  ; 

results :- 
Passes of Ball : 0.  2. 4. 0. 8. 
T~mehardnoss ... 25 8 3 3 . 6  3 4 . 0  3 4 . 4  3 3 . 6  

I - 
28.b 3 3 . 6  3 6 . 2  3 0 . 0  - - 7 

In  t h e  caw t h e  maslmum hardness on the surface 
( 64 .8 )  was very much higher than the mawmum 

B =. 1 3  -5D on hard steel ; 
-- 

* Paper read before the Iron and Steel Inutitute 
Glargow, on September 22, 1997. Abr~dged. 
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A sirnili~r investigation \\-iLs rnath u,ith t\vo uorrl 
t * i ~ n ~ s  frotn au to r~ i (~b i lw .  l ~ i i ~ ~ n ~ ~ n ~ i  tir~~c~~.Iitir(in(~ss 
tes ts  w ~ r e  made with t h e  ~xwtiillum \In t Icc \rt,rn 
iurfac.c.s of the, c,nrns. 

Thc. rc.sults of t 1 1 ~  I ~ A ~ ~ I I ( ~ s s  nn(1 i~ .ork . l~ t~rdf*i i i t~g  
tt:sts , 11 vams nrr s~imnri~riscd in  l 'ablr  I V .  In (.:LIH F 
t ht, hnrdntass intlric~c~d ern t 111. s l i r f i~(~<.  hy i veu  cv)rrt.- 
s ~ x ~ n d ~ ~ i  cl~rsely with tilt' ~ i i i~z i rn i rn~ hfirci~wsr; inciuccti 

the. pc~ndulurn. Chm (;, thk~ugh oripir~;rll)- Icxss 
hard, hitti i~ 1nuc>11 hiphcir work-hardvt~ing capacity. 
Thc. \vorn snrfa,ce was irlt.c~nsc.ly hard, but had. not 
rrn(.'hctl it,s ~ni t s i~nl ln i .  C'am (2 wns ~ ~ i u c h  Iws ivc~rri 
than cam 1.'. 111 this, as  in prc.vir~rls c:;~ws, i t  is eviticnt 
thatZ the  original 1larrlnc.s~ hitti n,, irnp:~rtiluc.c. in rvln- 
tion to wear rvsistsncc., sinc:e original hnrriness (lit1 I I I I ~  

exist in t h ~  ~vorii S I I~~ :L (TX.  
In vie\\, of t,liose resultu, sevcrt~l questions present 

themselves. I)oes wear alwtlys prodllw work-hurtfrn- 
ing 7 Whitt conditions i tre nlost favourablc fur i ts  

flow by tlic shock of engaging the  p a r s  (all the  teeth 
were from chnnge ge:irs, and had bPcn rountfed t o  
facilitatc cngagrmcnt), and  t,his f l o ~  is even marc 
clearly seen in Fig. 9, \\']rich sho\vs t h r  flonrcd steel a t  
t,he point of g w r  t~ :o th  shown in Fig. 5, and in  Fig. 10, 
which sholvs t.he pit cli poi~i t  on another gear tooth 
where the  principnl shock ocmxrecl. The results of 
this irr~rst.igaticrn artx s n ~ n n ~ i ~ r i ~ r d  in Tablr 111 :- 

Thc average original hardness of each tooth is given, 
tclpther with the highest hardncss rearling obtained 
on the  surface, and the  masirnunl induced hardness 
given by the  diamond t,i~ncwork-hardening test .  I n  
enc11 case the  diamond. time-hardness number  h;ts been 
multiplied by  13.5 t o  give t,he approximate Urinell 
linrc11rcss. From thew  figures i t  appears t h a t  :- 
( ( I )  The original hardness of i lic thrce gram was nearly 
ryuai. (b)  Thrir  cnpacit,y for work-hardening \\-as 
vcry different. (c )  The maximum hardness induced 
by wear and the maximum hardness induced by the  
p~ndu lu in  w're in the  same order and corresponded 

prod~~c:tion ? HIIIV tlors tht. r~lit.rnic~al rw~npositic,n trf 
the strcl t~fftsc.t its \ v c ~ r k - l ~ a ~ ~ t l ( ~ ~ ~ i ~ ~ g  propc*rti,c,~ :/ I t  
seems prc~l):~blc t h a t  \rork-hardc~irlg docs rrot o c ~ u r  
ill hmd  o r  strft nic,tals 1111lrss ahrnsion is sultic~ic~ntly 
s c~ -e r r  to  prc;tluc,e p ' r l l r i ~ n ~ ~ n t  d ~ ' f ~ ~ r m i t t i ~ i ~ l  01' plastic 
flc~w of the  su r fwr  1ilyc.r. It,  is k~io\vn thnt nliiripanesc 
ittvl hns a n  cxec~ptic;ni~l ability to wsist nbmsion in 
rail\r;ty points a n d  c:rtrssi~ljis, roc~k-c*rushilip nli~cl~iriery, 
&(. .. in n.liic.11 ( . i~scs abrasion is so se\-rJrv ns to cic'fc~rm t11o 
soft stc~i~l nr~d ~vc~rli-lrardcn $!IP S I~ I .~R(Y .  U i ~ t  man- 
g;lllc>scb stcc.1 givc~s ~ m o r  i ~ s u l t s  \vllc*n 11st~1 for grinding 
:IT. c~ixshing soft s~ibs t  ltric.c.s such iss c,t:~nent. I t  is 
\ \ V I ~ I I  away witlrc~ut dcforn~aticin of the. rvnininitig sur- 
face, and thcrcforc n~i thout  w~trli-li,zrdcning. 

All the  ge:Lrs and cams in t,lw forc.ge~inp inwstigation 
Iind certainly hecn subjccted to shock in ad(lition to  
frictional \war.  Trrvestigntion o f  a I ~ L J I ~  s(:~c\v gvar 
A,  as  used fol. driving aut~omobilc cnrnsl~ufts, showid 
t ha t  nonc of  t h r  worn surfa,cc*s were hartlrr t h m  the  
unworn. A t irne-work-harde~li~ig tcist n . ~ s  mndc o n  
this gear \\-it11 t he  following result :- 

Passes of Ball : 0. 2. 4. , 6. 
Diatnnnti time-lii~rdness 4 9 . 4  7 2 . 4  76 $ 2  70  - 6  - 

Pasacs r,J Ball : 8. 10. 12. 14. 
Dinnlontl time-hardness 77.8 82 . O  8'7.3 81  .i - 

Thus, screw gcar A h i d  a, high work-hardening c a p -  
csity; it was cnnsidcritbly W I I I ~ .  but hnd 11ot been 
hardened by wear, which in this case consisted of fric- 
tional abrasion between wlativcly large surfaces of 
contac+. The composition of the  various p a r s  and  



~d one wi~s  heated for three minutes a t  450 dcg c 
hey e-c:rv t h ? n  both hci~ted for one minuto atr 550 C:  
~d compared. - 4 ~  f t ~ r  c ~ i ~ l d  IN? judgod, tho illitial 
rwcipitat.ion a t  450 dog. C. did not CILIIW m y  
ublr retardation of the  migriition. 111 cnch c;rrr, tile 
rritu gri~ins wen: practicctll y f ~ t w  from visible cScluen. 
tc pirrtic:les. 
Thc aurprising rapidity of the  ct?~nentitfi mcrvc?mt:nt 

) the grnin Lx)undaries a f k r  prc?cipitation I Y V : ~ , ) ] ~ ~  
)me o h r v a t i o n a  recorded by t,he author in I& 1j;ipr 
rt rnartensito.* It WILS there shown t h t ~ t ,  on ~ ~ ~ h ( : i ~ t i ~ ~ ~  
t MX) deg. C., srnt~ll mild st,reI s~w:c.inlcns, which hid 
ren  rapidly coolcd in hyciropcri from 900 deg, C., the: . 
~rbidc. part,icles in t.hc snrbitic* g r i n s  very cluic.ltly 
)und thtair wtry to  tlw margins. 'I'hc aut l l t~~.  hiis 
!cc?nt.ly come across n striking iwitnnw of t h  S I L I ~ ~ ~  

lfect in s quickly-cooled, t ~ ~ i d - s t c t ~ l  hath sarnplv I ~ , , ~ , .  

lining 0 .20  per cent,. of c.arImn. ..2 spoonful of I I I C ~ , ~ ~  

rith a ltlyer of slltg o n  top was witl~drnwn f r o ~ r ~  the 
lmace and cooled by imn1c:rsion in water. \Vhen 
xtioncd verticelly, the  sample wns found to hrtvc: a 
niformly sorbitic structure for some distance Iw:l~\~. 
he upper surface ; then, for a short distance f u r t h ~ ~ r  ill, 
he retardstion of the rnto of cooling had h e n  ~ ~ f I i ( ' i ( : ~ ~ t  
J allow time for  the carbidc pwticlos of tho slrrI)it(> 
rains to  move t o  thc: huqdnries.  Sin(:(! tllc~tirnc 
%ken in cooling the sample WAS not mow L ~ I I ~ I  :& 
3conda, i t  is very evident t ha t  the oiwbide nlust 111tv(? 
loved to  the margins after precipitution with grcilt 

i t y. 
Anot,her instance, from which the snnrc r e n ~ ~ ~ - I i t ~ l ) \ ~  

peed of movement may  be inferred, wits noted durinl: 
he pmsent investigation. I t  was found thlrt i f  tilo 
pc imens  after t h r  first heating WCN* air-wolet! ti, 
bout 100 deg. C. ill one minuto or Iws, I ) O I I I I ( ~ ~ I ~ ~  
cmentite was usually produced, nnd a second hc , ;~ t iu~ 
?as not required. b ' i th this rate o f  c:oolirtg, t h e  
emporature rclngo, in whit:h rapid movc.~nent oc~~~urwd ,  
ionld b pnpced in a few swonds, yet this wiry c>vitic.ntlp 
uffieient for i ts  complt~tion. 

In  the  experiments so far  dcsr:rihd the tc~nlpcrntum 
,f the firnt heating lay  always Imtwcn (380 d ~ ~ .  C : .  
,nd 720 dog. C. The n e s t  s tep  wax to itsc~rf,air~ the 
owest temperature nt which cernrntitc would dissolvtb 
n a-iron in sufficient quantity tu produce a visih]e 
~ o ~ i n d a r y  deposit. Several spec:irnons of different stsch 
verc hedted for four hours a t  C W  dcg. C:., so its to H ~ ~ O W  

,mplc time for solution and diffusion of the c:~~rl~idt.. 
if ter quenching, the pieces were heated for two  hour^ 
,t AIM) drg. C. I n  no instance could cxitht.r I ) o ~ ~ n d ; i r ~  
emerit,ite or a cloud pre~ipi t~at ion  de t~cto~! .  Hy 
.radually raising the tompera tu~c ,  distinct c \fitic.nc:o 
,f solubility was fi~.?it otservcd in  st~rnpic A i i f i ~ t r  it 
~ n d  been hei~ted  nt 630 deg. C., but with o t h ~ r  \t~,r,ls, 
uch as samples B and C, i t  aras not until u temp3r;it urr: 
,f 650 dog. C. was re;tchc~f tha t  any  Imundary cbrarucX~l- 
i te appeared. These tcsts proved conclusiv(*ly thi~t.  tho 
olubility range for a-iron cstends co~~siderably i ~ l o n  
he 81 point tlnd thttt its range viwies somewhiit. for 
Lifferent steels. The purer the forrite the grc!nt.c.~. this 
,ange appwrs  to  be. Further,  i t  wns clearly SWII  t h ;~ t  
,he-solul~ility increased wit,h the  temp?rt~ttirc!. l o r .  tho 
 mounts of c:r-mcntitc d(1positcd a t  the boundar.ic:w in 
,he above tests were much lcss t,luin thc qu;~ntit.ics 
~reviously observcd, w hc.11 higher t i . ~npc rn t . i ~~w IVPYR 

~mployod. 
C!arbide dissolved irl a-irnoi~ tlifiu.qc*s v ~ r y  cll~ic.l<ly ; 

~ n d  i t  is for this reason t,hat spwin~ens  must 11r ~.;~pi(l ly 
:ooled after tho first heatinn. Othcrwise, tlurirlg ~~oc,litig, 
LB the  solubility diminishr.s, pr,c~.ipit~citiou will orcur 
In the  c-emcntite enclo~ing t h ~  ~x't~r.litc. itlr.:~s, ;tntl  IT, 
f any,  new crystals will form. The rntu of c:oolinl: 
~ n d  grain-size are thtl t\vo ftt(.tol.s, whivh i~pp:~rr~rit ly 
letermine the  p s i t i on  f i~~i i l ly  oc4c:upied by tho prc,(.ipi- 
;ated cementite, for, obviously, tllc. grcnt,chr thc~ tlist:ince 
t must travcl to ~ v a r h  a prtlrlitc' grain, the mow l i  licli- 
~ o o d  t hew  is of now w n t r ( ~  uf growth :ip~n~iir~irifi, 
:specially if the c.ooling is rnpid. 

As previously stated, t)oundary c:ernc.nt,itJc~ W;LS tirst 
iccn in specimens, which had k e n  qucnchcd t8wic:ca from 
580 deg. C. The esplnnntion of this can now I)c givc'l~. 
In t,he first heating c c t ~ ~ r n t i t e  \vns clissolvc~cl in tllc 
Z-iron, and  was retained in solid solution 1)). (~u('r~~'liitifi. 
During the  scconcl heating i t  W:LS j)rci~ipiti~t,c~tl 111 the 
xu ly  stages, and  t,hen rapidly miprntcxl t.0 t llc, glxin 
boundaries, as  the  t,ernyx>rnt,ilrv ir~c~rc~;~seti tr!\v;irtls 
600 deg. C. The speed of this tnovcmcnt is suc l~  ttllnt, 
there would be ample t ime for t h  1)roccss to I J P  oom- 

citnls tire given in 'l'nblc IVa. I t  will be ohserved 
t hut gr:trs 13, C, and 1) wcLrc supposcd tu bi: nletlt: of 
the. ham(: s twl  similarly hnr(lcncfit!, but the gears w r e  
niitclt~ at  vcSry ilitTt~rent, jxriocis and must hnvc: 1rt~~a11 
~iltfcrc,ntly ;I.(-atecl, a . ~  sht~\vri iry tlw w o r k . l ~ ~ ~ r d c ~ ~ l i ~ i g  
tcist, ancl t hc, ~ilic~rc,struc~t urc. Their original hard- 
1lcasc.s w r i S  nt-iwly cyuiil. 

cooling to room t e m p r a t u r e  w a  sufficiently ritpld. 
Thls was found to be a11 esllential condltlon ; wlicbn 
the  rate wm such t ha t  the  specimen reached approw-  
rnatcly 100 deg. C. In less than  orlo mmutr ,  t hew  
(-cmcntrte particles ucare to be nlxi tvcd  bctwccn thc  
RTalns, but  not when the  t ime was intreascci to tw(1 
rnlnutes. Further, the pffect was produced etluitlly 
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te l l ,  wherl the  spcc:imens were quenched the  first time 
rom temperatures somewhat above Acl, but  for the  
econd treatment i t  was found necessery to keep below 
hat point. Only very short  heating8 were then 
equired, a pause of onc minute a t  between 660 deg. C. 
nd  680 deg. C. being sufficient. After a prolonged 
ccond heating no increase in tlhe quantity of thib 
enientite could be detected; the  particles were larger, 
lut lese numerous. 

These facts having kwn established, the  problem was 
o discover the  nature of the  change during the  second 
mating, which caused the  rapid appearance of cementite 
, t  the  grain boundaries. The solution of carbon in the 
:-iron seemed the most probable explanation, but  110 
lear picture of what took place could a t  fiwt be formed. 
2vcntually, an insighl; into t he  processes a t  work was 
lbtained by heating t he  quenched specimens the  second 
irnc a t  progreesiveiy lower temperatures, us indicated 
)claw, and then making a very careful examination 
if the  ferrit,e grains. 

Rotween 650 dog. C. and 550 deg. C., i t  wise found 
)hat the  i:ffect could tgtill be produced in  one minute, 
~ n d ,  moreover, a distinct i n c m a . ~  in the amount  of 
' boundary cementita "* was noticeable nt the  lower 
;emperatures. When a specimen of sample I3 was 
,lentfed for 20 minutes a t  150 deg. C., boundary cemen- 
i t e  was again fo~mtl  t o  be pwsent, but to  a leseer 
:xtent. At this stage i t  wcts noticed t,hat a large 
n u n ~ l x r  of particles too small to  ?M ident,ified we1.e 
present in the ferrite grains. I t  was further seen tha t ,  
% t  places adjaccnt to  the pearlite areas, these particler! 
were much less numerous, for the ferrite there was 
dmos t  clear. On heating specimens of steel C a t  350 
ieg. C., p.  ti]! grep-tec q ~ ~ _ n t i ? y  of theso fine prt,icles 
was seen, while boundary cementit,e wns now nlmost 
.:ntirely absent. This discovery a t  one(> suggested 
that n cloud precipitr~tion of cementite, dissolved b> 
the a-iron in thc first heating a t  680 drg. C., had 
xcu r r ed ;  and tha t  it, was the  movement of this p r c  
cipitnted cement,ite out  of the grains a t  higher t e rn  
peratures, which caused the  formation of the  boundary 
cen~cnt.it,e. Evidence obtained by further exp r imen t i  
with different steels fully confirmed this conclusion. 

P ~ c i p i t a t e d  cementite could be seen in the  ferrite oj 
Ypeclnwnn, which 11n.d. been heated for four honrr, a1 
2M d ~ g .  C., but no indication of any out\vard move 
mcnt a t  t,hclt low ternjfirntxre could be detected. Thi 
n~inut~e  particle8 nppeared t o  I,c very uniformly dis 
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111 urtfer to nscertc~in the effcct of the  composition 
of stecl on its aupvrhnrdening properties, a ~pecimen 
of plnin cnrbon steel (1.25 5 r  cent. carbon) was 
hartlt.~ted uut.vt:niy and sputs were nclccted, the  hard- 
ness of which c:orrtqx>ncIed wit,h tiit. original hardness 
of cmsh of t<hv gears und cilms. 011 the selected spots 
t imc-\vork-hardt!r~i~~g t,csts were mndc. The original 
nnd rnltsimurn induced hardness of esc:h spot is given 
in Tnhlv V., togt1thc.r with the  original and maximum 
inducrd harritlcss ,of the  corresponding gears and 
i'iLrIlS. 

From this ~t a p p a r s  that in every case the  hsrd 
d l u y  &eel was cnpable of a t tu~t lmg a hlgher ~nduced 
hardness th~.11 plaln carbon s t ( ~ , l  of equal or slightly 
greater hnrdrlcss. The superhardenlng of hard steel 
demands much mole e x t t d c d  study than  ~t has ye t  
rccwved, but ~t 1s hoped t ha t  the present resertrch 
may serve a useful ~n t rodu~ t io r l  to a subjc( t  of great 
p r ac t~c i~ l  mpclrtance. 

THE SOLUTION OF CEMENT 
x-IRON AND ITS PRECIPITA' 

By J .  H. WHITELEY, F.I.C. 

TITE rxtcnt  t,o which cttrl>on ix soluble in u-iron 
is IL qwst.ion which has, so fm-, not  bwn  satisfactorily 
sc!t.tlcd. \Vllilst nd~nitt,ctily i t  (*annot in any  cave bc 
Inrgc, mctiillurgists arc I)y  in means agreed on  the 
t ~ x i ~ c t  i~nlount.  K(~ccnt1y Sauvrur stated tha t  in  
crrtlinnry s t ~ c ~ l s  f(wit.c ccintnins 0 . M  per crnt,., and 
Hntfivlti si~itl tha t  hc~tivcrn 0 . 0 4  anti 0.05 per cent,. is 
p ~ ~ s c ~ r l t .  130th t hew  statemrnts \\.c.rcA based on the  
~ ~ c ~ n - o l ~ s e s v ~ ~ ~ ~ c c .  of ccnwntite in s t c ~ ~ l s  of them c n r k ~ n  
c~~ntc.nt,s .  In tho p ~ w c m t  pnpcr it 1111mbc.r of obsewa-  
t irrns nrv rword(d .  which indicate very definitelv that,, 
nt any r i~ to  :tl)ov(> (i30 dog. C., a-iron dues dissolve 
;in itppr(~cii~l)la qlli~rltity ~f cc~n(*nt.ite. I t  is sonlcwhitt 
surprisl~ig th i~t .  the' r fm. t  prtrtfucwi by thc  prc.cipitation 
of this cli~solvc~tl c~nrbirlc~ i ~ t  l ( ~ w r r  te~rlperaturcs npp(LarE 
hithvrtc~ to I I I L V ( \  ~ ( Y ' I I  c~verloolrrtl. , 

' S ~ P  observi~tion, whic'h first clil-cc.tcci t l ~ c  ;~utllor ' t  
i~ t te i i t io~l  t ~ i  t h e  subjrct ,  \\.as made whilr exanlining n 
spccin~c.n of niilti stuel \vhich had, for a c r r t ~ i n  purpos(~. 
Iwc~n t \ \ . i c , c s  hcnt'cvl to W O  (leg. C!. mid qurmchcd i r  
\vnt,cbr. JIinritc partirles of w~ncnt i i ,e ,  rcadily st:~inc.c. 
with hot scldiurn picwtca, \wrcLsticn under a, high nlt~gnifi 
t i  t I : I  1 1 i i 1 ~ 1 i s .  l'llis ~ f f ~ ( : t  \vi~s quite 
~lnt~zl)wt.c.rl l)rc~ni~sc~, it lviis co~nplc~t (~lg  rtbscnt after tllc 
tir.st cli~twc*h, nnrl a c~irlsid(~rithlc. ammount of work \vni 
rloncl bt.fo~'it it* ltccnmc~ c>lrnls tha t  solutitrn o f  ccn~entitc 
i l l  C L - ~ ~ I I L  nt. /;SO dcg. (I.. J V ~ S  thv ronl cause.. During thc 
i ~ l v ( ' s t i $ . t i ~ ~ l  iL d~tzcn  111. ~llol'(: diffcrent stcclii werc 
~~s~ ) (~ r i rnvn t r~c i  \vith, Iliit,. 11s ~i~l l i l i t r  r(:sults W C ! ~ C  obtainec 
with all, i~ttc.lltiori ne id  only bcs dirr~ctrd to those mos. 
t'r~c~q111~11tly i~.;(*cl. A drsc*riptiun of thrsc is given i~ 
T;Ll>I(! 1. 

Vig. 1 sho\\.s thcl s t ~ ~ ~ l c ~ t i l r ~  of a n  ct,cIlc*ci specirncr 
ili sampl(> 1< itftc.~' i t  had brcn hcn. td  for one. hour a. 
f iS0  C I L , ~ .  C. ill1rl cl~r('nchct! in watc~r. On r e p t t i n g  thii 
I ~ ~ * i ~ t ~ t l v r ~ t ,  t t i ( '  ~'t 'fls~.t sho\v~i  in Fig. 2 \vna obtained 
I t  will Iw S(Y>I I  t . l ~ : ~ t  t I I P  ftb~.~,itc gr.ain boundaries wcrt 
i:lcnt~rly oiitlincti tI)(, prcscL~~c.c, of n ~ i n u t e  ccmentitc 
p~rtic*lc~s. T'III. s i ~ n l ~  iLl.thili. ; t f t .~r  st,aining with sodiun 
i r i  is s h  in Fig. 3 Ciooling the  piece dowr 
in thc furnwc. to  6HO 11t.g. C frilln nl!cl\,e A,,, b d o r r  t,hc 
first qrlc~n1.11, rnntlc no c!~l-flwnw, provided the subsequcil. 
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tributctl, and boundary cementite was compIetel: 
absent. A similar effect; was olttibincd by heat,ing fo 
i~ short  time a t  350 deg. C., but after 20 minutes n 
Lhis tcmpcrature, a little boundary cemcntite appeared 
-4s the  tempercltme was raised further, the  tin1 
rccluired for the  whole of the precipitated cemcntite t 
move to  the grain boundaries iiteiuiily diminished unti 
when 500 dcg. C. was3 passed, the movement becam 

pleted within twc; minutes, the t~rnc. occt~~pirt! in 
reaching 680 deg. C. I t  might be expcc~trd t h t  tht? 
minute boundarv  articles would divwlve mow ~c.,itl~lv 

estrcmely rnpid. -4 few tests \vere made in  order to  
determine whet,her in~ltial precipitati~n a.t a low tem- 
perature seriously interfered with the rate of the  
subsequent movement a t  a higher t,emperature. Two 
pieces of the  same stecl were quenched from 720 deg. C. 

* The term " bormdrwy cementite " is used tllrol~ghout 
to  denote the minute cementite particles, which appear 
rtt the grain bounctsries under the conditions of hoating 
described. 

* A 

ln t h ~  a-iron on passing 650 deg. C. than thr  mut h l,Lrg& 
masses of cementite enclosing the penrlitc giainr. In 
the  present case this effect appeared to  be outwc~gllrd 
by  the  extremely rapid rate, a t  w h ~ c h  the driiolred 
cnrbide diffused i n  the a-iron. Even after a prolonpd 
heeting a t  a temperature just below the Arl pn~nt ,  
the boundary cementite showed no tendency to 

* See Journal of the Iron and Steel Iwt.ttute, 1925, 
No. I. page 329. 

* Puprr rt.nt1 before tlir i ron nnd Stiael Ilistlt~ite 
Cl~ibgou., on Scptoulber 22, 1927. Al~rlcigrd. 


