
Estimating the Hardenability of Carbon Steels 

R.A. GRANGE 

A new hardenabi l i ty  tes t  for sha l low-harden ing  s tee ls  was developed which allows the p r e -  
cise m e a s u r e m e n t  of the ha rdenab i l i ty  of " p u r e "  Fe -C  al loys.  The quant i ta t ive ha rdenab i l -  
ity effect of va r i a t ion  in the aus teni te  gra in  size of carbon s tee l s  was found to va ry  l i nea r ly  
with d-~ ~/2, where d~ is the mean  aus teni te  g ra in  d i ame te r .  Using h igh-pur i ty  s tee ls ,  the quan- 
t i ta t ive hardenabi l i ty  effects of C and the common al loying e l emen t s  Mn, P, S, Si, Cu, Ni, 
Cr, Mo, V, Ti, and Zr were de te rmined .  F rom these data, the ha rdenab i l i ty  of carbon s tee ls ,  
with and without r e s idua l  e l ements ,  can be es t imated  f rom chemica l  composi t ion  and gra in  
size by a new and r e l a t ive ly  s imple  method. 

S E V E R A L  cons ide ra t ions  suggest  the des i r ab i l i t y  of 
r e t u rn ing  to bas ic  p r inc ip le s  in o rder  to unders tand  
and es t ima te  r e l i ab ly  the ha rdenab i l i t y  of s teel  f rom 
its chemical  composi t ion and aus teni te  gra in  size.  Cur -  
ren t  methods of e s t ima t ing  ha rdenab i l i ty  a re  not an un-  
qualified success  over broad  ranges  in chemica l  com-  
posi t ion and gra in  size.1 The quant i ta t ive  hardenabi l i ty  
effect of each e lement ,  as documented in the l i t e r a tu re ,  2 
va r i e s  subs tan t ia l ly .  The quant i ta t ive hardenabi l i ty  ef-  
fect of va r i a t ion  in aus teni te  gra in  s ize  has not rece ived  
adequate at tent ion.  In terac t ion  effects among al loying 
e lements  a re  not fully understood.  Most ha rdenab i l i ty  
inves t iga t ions  have dealt  with m e d i u m - c a r b o n  s tee ls ,  
although in r ecen t  yea rs  sha l low-hardening ,  l o w - c a r -  
bon s tee l s ,  which can be wa te r -quenched  with l i t t le  l ike-  
lihood of cracking,  have often rep laced  m e d i u m - c a r b o n ,  
o i l -ha rden ing  s t ee l s ;  it is unl ikely  that quant i ta t ive 
hardenab i l i ty  effects of chemica l  e l emen t s  and g ra in  
size a re  exact ly  the same in low- and m e d i u m - c a r b o n  
s tee l s .  For  economy, carbon s tee l s  with ha rdenab i l i ty  
enhanced by higher manganese  or  r e s idua l  e lements  
a re  i nc reas ing ly  rep lac ing  low-a l loy  s tee l s .  Es t imat ion  
of ha rdenab i l i ty  in sha l low-hardening ,  low-carbon  s tee l s  
should be more  re l i ab le  than in the more  complex low- 
al loy s tee l s ,  but the opposite is usual ly  t rue ,  at leas t  
r e la t ive  to the more  p r ec i s e  knowledge and control  of 
ha rdenab i l i ty  r equ i r ed  in the f o r m e r  for the i r  eff icient  
use. 

These considerations led us to attempt a reassess- 
ment of the quantitative hardenability effects of carbon, 
individual alloying elements, and grain size. The obvi- 
ous starting point is with "pure" Fe-C alloys since the 
effect of carbon is basic in understanding and estimating 
hardenability. Emphasis in this investigation is on low- 
carbon (~0.2 pct) steels, rather than on the medium- 
carbon steels which heretofore have been favored for 
hardenability studies. 

THE "HOT-BRINE"  HARDENABILITY 
TEST 

Reliable  m e a s u r e m e n t  of the ha rdenab i l i ty  of Fe -C  
al loys,  as well as many low-carbon  s tee ls ,  r e q u i r e s  a 
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p r ec i se  and rep roduc ib le  tes t .  Commonly  used ha rden -  
abi l i ty  tes t s ,  which ut i l ize depth of hardening  in a spec-  
imen too la rge  to harden  throughout,  do not provide the 
des i r ed  high p r e c i s i on  and reproduc ib i l i ty .  Probably  
the most  sa t i s f ac to ry  es tab l i shed  tes t  p rocedure  for 
s tee ls  of ve ry  low hardenabi l i ty  cons i s t s  of aus t en i t i z -  
ing and quenching in water  or b r ine  a s e r i e s  of cy l in-  
de r s  of d i f ferent  d i ame te r .  The d i a m e t e r s  must  va ry  
so that the s m a l l e s t  spec imen  is th rough-hardened  and 
the l a rges t  unhardened at the cen te r .  After quenching, 
cen te r  ha rdness  of the three  or more  cy l inders  r e -  
quired is measu red .  These ha rdness  values  a re  then 
plotted agains t  cy l inder  d i ame te r  to define a curve 
f rom which hardenab i l i ty  may be read  off as a " c r i t i -  
c a l "  d i ame te r .  The method may also use percentage  
m a r t e n s i t e  in l ieu of ha rdness .  Obviously, this tes t  
p rocedure  is tedious and hence unsui table  for rout ine  
tes t ing.  There fore ,  a more  convenient  hardenabi l i ty  
test ,  he rea f t e r  des ignated  the " H o t - B r i n e "  (HB) test ,  
was developed. 

Hardenabi l i ty  tes t s  t r ad i t iona l ly  employ a spec imen  
in which cooling ra te  d e c r e a s e s  with d is tance  f rom a 
quenched sur face .  It is a lso poss ib le  to va ry  cooling 
ra te  in sma l l  spec imens  of fixed d imens ions  by v a r y -  
ing s eve r i t y  of quench. This can be done ei ther  by us -  
ing a va r i e ty  of quenching media  or,  more  convenient ly ,  
by va ry ing  the quenching sever i ty  of a s ingle  medium.  
It is well known that the quenching s eve r i t y  of water  
d e c r e a s e s  p r o g r e s s i v e l y  above about 100~ (38~ and 
water  becomes  a ve ry  mild quenchant  when heated to 
its boi l ing point.  In p r e l i m i n a r y  tes ts ,  sma l l  sheet  
spec imens  were aus ten i t i zed  al ike and quenched in hot 
water .  As ant ic ipated,  the spec imens  dec reased  in 
ha rdnes s  as the water  was hot ter ,  but s e ve r a l  spec i -  
mens  quenched alike fai led to develop the same hard-  
ness .  To overcome this  e r r a t i c  behavior ,  we adopted 
a b r ine  solut ion made by adding 6 pct by weight of NaC1 
to water .  This hot b r i ne  proved to be a sa t i s fac to r i ly  
cons is ten t  quenchant ,  e spec ia l ly  at t e m p e r a t u r e s  ap-  
proaching  the boi l ing  point of water .  

Even with the i mpr ove me n t  r e su l t ing  f rom adoption 
of b r ine ,  h a r d n e s s  was not always cons i s ten t  within the 
cen t r a l  a r ea  of the spec imen ;  that is, there  were occa-  
s ional  soft spots .  Up to this point,  spec imens  were 
aus ten i t i zed  in an a i r - m u f f l e  furnace  and were scaled 
going into the quenchant .  It seemed  l ikely that hardness  
va r i a t ion  within the spec imen  was due to nonuni form 
remova l  of scale  dur ing  quenching. An a tmosphere  
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Fig. 1--Hot-brine hardenability test specimen. 
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Fig. 2--Typical results  of the hot-brine hardenability test.  
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Fig. 3--End-quench hardenability test results for a low-carbon, 
water-hardening steel. 

in a b lock  of g raph i t e .  We b o r e d  a b l ind  hole 1.5 in. 
(3.8 cm) in d i am and 6 in. (15.2 cm) deep and hencefor th  
hea ted  in the cav i ty  thus p roduced .  This  p r a c t i c e  s i m -  
p ly  and e f fec t ive ly  so lved  the p r o b l e m  of nonuni form 
h a r d n e s s .  

Af ter  t e s t i ng  s p e c i m e n s  of v a r i o u s  d i m e n s i o n s ,  we 
chose  the  one shown in Fig.  1. This  s p e c i m e n  was made .  
s t a r t i n g  with m a t e r i a l  of l a r g e r  s i ze ,  by hot and cold  
ro l l i ng  to 0.1 in. (2.5 mm) th ick  and then s h e a r i n g  the 
1 sq in. (25 mm) s p e c i m e n  f rom the r o l l e d  s t r i p .  The 
hole is  used for  wi r ing  to a rod.  All  s p e c i m e n s  in i -  
t i a l l y  were  n o r m a l i z e d  f rom 1700~ (925~ Each 
s p e c i m e n  was then ind iv idua l ly  a u s t e n i t i z e d  and 
quenched in b r ine  at  a p r e d e t e r m i n e d  t e m p e r a t u r e .  
H a r d n e s s  was m e a s u r e d ,  as  ind ica ted  in Fig.  1, a f t e r  
grinding both 1 sq in. faces. The average of the five 
readings was taken as the hardness of the specimen. 
In this investigation, hardness was used mainly as a 
guide in selecting brine temperatures, but in routine 
hardenability testing, hardness can serve as an indi- 
cator of hardenability. After the hardness measure- 
ment, each specimen was cut in half and the percentage 
of martensite estimated visually in the central region; 
quantitative metallographic methods could, of course, 
be used but are not considered necessary for reason- 
ably r e l i a b l e  and c ons i s t e n t  r e s u l t s .  Typ ica l  r e s u l t s  
for  a r e p r e s e n t a t i v e  s h a l l o w - h a r d e n i n g  s t ee l  a r e  shown 
in Fig.  2. To d e m o n s t r a t e  the advantage  of the HB t e s t  
ove r  the m u c h - u s e d  end-quench  t e s t ,  Fig.  3 shows end-  
quench h a r d e n a b i l i t y  t e s t  r e s u l t s  for  the s a m e  s t ee l .  
Note that  at  the ~ - in .  (1.6 mm) loca t ion  in the EQ 
spec imen ,  h a r d n e s s  is  m o r e  than 10 po in ts  lower  than 
that  of quenched m a r t e n s i t e ,  and thus a c r i t i c a l  po r t i on  
of the cu rve  is  m i s s i n g  in Fig.  3. 

THE HARDENABILITY CRITERION 

To e x p r e s s  quan t i t a t ive ly  the h a r d e n a b i l i t y  effect  of 
c h e m i c a l  e l e m e n t s  o r  g r a i n  s i ze ,  a common h a r d e n -  
a b i l i t y  c r i t e r i o n  is r e q u i r e d .  However s t r ong  the a r g u -  
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ment for the commonly  used inf lect ion point (~  50 pct 
martens i t e )  in the h a r d n e s s - v s - d i s t a n c e  curve of m e -  
d ium-  and h igh-carbon s t e e l s ,  this  cr i t er ion  is  unrea l -  
i s t i c  in the low-carbon s t e e l s  of pr inc ipal  in teres t  in 
this  invest igat ion.  Instead, we chose  90 pct martens i te .  
With more  than this  degree  of s lack  quenching, mechan-  
ica l  propert i e s ,  e i ther  before or after tempering ,  begin 
to deter iorate  markedly�9  ha a bas ic  inves t igat ion  where 
the highest  degree  of re l i ab i l i ty  is e s s e n t i a l ,  it is  pref -  
erable  to de termine  the 90 pct mar tens i t e  point by di-  
rect  examinat ion of micros t ruc ture  rather than to re ly  
on a l e s s  re l iab le  but more  e a s i l y  de termined  hardness  
va lue .  Therefore ,  from the percent  m a r t e n s i t e - v s - d i s -  
tance curve (Fig. 2). the brine temperature  for 90 pct 
martens i t e  was read off to s e r v e  as  the bas i c  harden-  
abi l i ty  cr i ter ion .  This cr i ter ion  proved to be a s a t i s -  
factory one; it can be p r e c i s e l y  determined,  was r e -  
producible ,  and dis t inguished between s t e e l s  of only 
s l ight ly  different  hardenabi l i ty .  

CORRELATION OF BRINE TEMPERATURE AT 
90 PCT MARTENSITE WITH DIAMETER 

OF QUENCHED CYLINDERS 

The brine temperature  at 90 pct martens i t e  is  not, 
however ,  a sa t i s fac tory  numer ica l  hardenabi l i ty  index. 
Therefore ,  it i s  des irable  to corre la te  it with cyl inder 
d iameters ;  once this  is  done, the d irect  re su l t s  of HB 
tes t s  can be expres s ed  in the more  meaningful  t e r m s  
of cy l inder  d i a m e t e r s .  

Such corre la t ion  requires  dual hardenabi l i ty  tes t s  of 
a s e r i e s  of sha l low-hardening  s t e e l s  cover ing  the range 
in hardenabi l i ty  measurab le  by the HB test .  Five s t e e l s  
were  s e l ec t ed  which met this  requirement ,  and one was 
tes ted  in both the f ine -  and c o a r s e - g r a i n e d  condit ions 
(Table I). Cyl inders  of var ious  d i a m e t e r s  were  pro-  
duced by swaging.  The corre la t ion  is  based on 90 pct 
martens i t e  at the center  of a cy l inder  or in the central  
area of the HB spec imen;  this  was de termined  by met -  
a l lographic  examinat ion.  Both o i l -  and water-quenched 

Table I. Materml, Heat Treatment, and Results of the Correlation of Hot Brine 
Temperature with Diameter of Quenched Cylinders 

Composmon, wt pct 

Steel C Mn P S S~ NI Cr Mo B 

1021 020  0.81 0.003 0.008 016  
1021+IN~ 0.18 0.67 0.003 0008 0.17 1.07 
10B21 + 1N~ 0,19 0.75 0.004 0.010 0.18 1.04 -- 0.0021 
1 0 B 2 1 + I N I + S i  0.18 0.75 0.002 0.009 0.71 1.07 - 
1038 0.40 078  0.009 0022 0.023 0.01 0.07 001 - 

Heat Treatment and Results 4118 

Cyhnder D~ameter 0 18C-0.5lCr 
(90 pet Martens~te 0.79Mn-O.12Mo 

ASTM Center), m. 

Austere- Gram HB Temp, Od Water A36 

Steel tized, F S~ze F Quench Quench 0 21C 
1 08Mn 

1021 1600 8 146 0.t2 0.19 

1021 + 1Ni 1550 8 156 0,20 0.37 
10B21 + 1Nl 1600 8 194 0.71 -*  

10B21 + tNi+  S~ 1550 8 208 0.67 0.90 
1038 1600 8 168 0.32 0.51 
1~38 2000 3.5 183 0.56 0.80 

�9 Not determmed because materialunavadableinsuffmmntly large diameters. 
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Fig .  4 - - C o r r e l a t i o n  of the  h o t - b r i n e  h a r d e n a b i l i t y  t e s t  wi th  
w a t e r -  a n d  o i l - q u e n c h e d  c y l i n d e r s .  

cy l inders  were  tes ted  with resu l t s  l i s ted  in Table I and 
plotted in Fig. 4. 

The data points  adequately,  although not perfect ly ,  
define two curves ,  one for o i l -quenched  and the other 
for water -quenched  cy l inders .  The shape of these  two 
curves  is  reasonable;  as brine approaches  ambient  
temperature ,  the curves  l eve l  off and do so again as 
the boi l ing  poiht of brine is  approached. The HB test  
obvious ly  is  appl icable  to s t e e l s  which are hardenable 
when water -quenched  in the form of cy l inders  0.1 to 
0.9 in. (2 to 24 mm)  in diam; these ,  of course ,  are  s o -  
ca l led  sha l low-hardening  s t ee l s .  Henceforth, the hard-  
enabi l i ty  cr i t er ion  used to express  quantitat ively HB 
test  re su l t s  wi l l  be the d iameter  of a water-quenched 
cyl inder  which contains 90 pct martens i t e  at its  center .  
The corre la t ion  chart makes  it u n n eces sary  to under-  
take the tedious preparat ion and treatment  of numerous  

Table II. Effect of Grain Size on Hardenabihty 

Equwalent Dla 
Austemtlc of Cyhnder (90 

Austemtlzed Gram Size pct Martenslte at 
Temp, Time. ASTM d &'-, HB Center),Flg 4 

Steel F mm No. mm "!~ Temp, F Water Quench, m. 

1021 2000 10 3 5 3 167 

0,20C 1600 10 5.5 4.3 163 
0 81Mn 1600 0.5 7 5 5 160 

1550 03  10 9 4  l l 0  

1038 2000 10 3.5 3 183 
0 40C 1600 I 0 8 6.6 168 
078Mn 1550 0.5 11 1] 2 124 

( 4  cy- 

cles) 

2100 5 5 4 210 
2000 5 5 5 4 3 200 
1600 10 11 II 2 171 
1600 0 5 12.5 14,6 155 

2000 5 3.5 3 185 
1800 10 4 5 3 6 184 
1000 10 5 5 4.3 181 

] 600 1 7 5 (~ 173 

2200 5 5 4 186 
2000 5 6 5 5.1 178 
1600 10 9 7.9 165 

2000 5 2 5 2 5 176 
1700 10 6 47  165 
1535 05  11 11.2 122 

1021 Si-Nl 
0.18C-0 71Sl 
0 75Mn-1 07NI 

FeC Alloy 
0 97C 

0.51 
0.44 
0.39 
010  

0 78 
051 
0.09 

0.q 1 
0 89 

058 
032 

0.80 

0.78 
0 75 
0,b2 

0 8 I  
071 
048  

068 
0 48 
O.Oq 
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Fig. 5--Effect of grain size expressed as the ASTM number on 
the hardenability of six shallow-hardening steels. 
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c y l i n d e r s ;  equiva len t  da t a  can be obta ined  by  the m o r e  
convenient  HB t e s t  and h a r d e n a b i l i t y  e x p r e s s e d  as  a 
meaningful  p a r a m e t e r  which can be  app l ied  to the h a r d -  
ening of v a r i o u s  componen t s  us ing pub l i shed  c o r r e l a -  
t ion c h a r t s  which r e l a t e  c y l i n d e r s  to o the r  shapes .  

E F F E C T  OF VARIATION IN AUSTENITE 
GRAIN SIZE ON HARDENABILITY 

In each  of s ix  s t e e l s ,  aus t en i t e  g r a i n  s i ze  was v a r i e d  
by  v a r y i n g  the aus t en i t i z ing  t r d a t m e n t  (Table  II). The 
s ix  s t e e l s  have d i f f e ren t  c h e m i c a l  compos i t i ons  and 
hence  d i f fe ren t  h a r d e n a b i l i t i e s ,  but a l l  a r e  sha l l ow-  
ha rden ing  s t e e l s  in which h a r d e n a b i l i t y  is  l im i t e d  by 
t r a n s f o r m a t i o n  of aus t en i t e  to g r a i n - b o u n d a r y  nuc l e -  
a ted  f e r r i t e  a n d / o r  p e a r l i t e .  

In Fig .  5, the da ta  a r e  p lo t t ed  on an a b s c i s s a  s c a l e  
of ASTM g r a i n - s i z e  n u m b e r s .  Lines  d rawn through 
da ta  poin ts  cu rve  downward at  s m a l l  g r a in  s i z e s - - a  
t r e n d  which is  v e r y  evident  in those  s t e e l s  in which 
u l t r a f ine  aus t en i t e  g r a i n s  we re  developed.  This  t r e n d  
s u g g e s t s  that  a g r a i n - s i z e  s c a l e  m o r e  d i r e c t l y  r e l a t e d  
to g r a i n - b o u n d a r y  a r e a ,  such as  the r e c i p r o c a l  of the 

squa re  roo t  of the mean  aus t en i t e  g r a i n  d i a m e t e r  ( d ~ , ) ,  
might  conve r t  these  cu rves  to s t r a i g h t  l ines .  In Fig.  6, 
the da ta  a r e  p lo t ted  on a b a s i c  s ca l e  of d--v ~/~, with the 
ASTM g r a i n  s i ze  shown as  an a u x i l i a r y  s c a l e  at the top:  

/ 

on th is  char t ,  t h e r e  is  no d i f f icu l ty  in d rawing  a s t r a i g h t  
l ine through the da ta  po in ts  for  ~ach s t ee l .  Some s c a t t e r  
is  p r e s e n t ,  but th is  is  to be expec ted  due to the d i f f icu l ty  
of p r e c i s e l y  m e a s u r i n g  the h a r d e n a b i l i t y  of s h a l l o w -  
ha rden ing  s t e e l s ;  f u r t h e r m o r e ,  our  g r a i n - s i z e  r a t i ngs  
were  made  to the n e a r e s t  0.5 ASTM gra in  s i ze ,  and this  
accounts  for  some  s c a t t e r ,  e s p e c i a l l y  when the g r a i n s  
a r e  u l t r a f ine .  We did not a t t empt  h e r e  or  l a t e r  in th is  
inves t iga t ion  to r a t e  aus t en i t e  g ra in  s i ze  m o r e  p r e c i s e l y  
b e c a u s e  t h e r e  is  u sua l ly  some  v a r i a t i o n  in g ra in  s i ze  
among s p e c i m e n s  a us t e n i t i z e d  a l ike ;  a l so ,  g r a i n s  in a 
s ingle  s p e c i m e n  a r e  s e l d o m  as  un i fo rm in s i ze  a s  r e -  
qu i red  for  m o r e  p r e c i s e  r a t ing .  

Fig.  7 is  a g e n e r a l i z e d  c h a r t  for  p r e d i c t i n g  the quan-  
t i t a t i ve  h a r d e n a b i l i t y  of aus t en i t e  g r a i n  s i ze  in s h a l l o w -  
ha rden ing  s t e e l s .  In cons t ruc t i ng  this  char t ,  a s e r i e s  
of gu ide l ines  having the a v e r a g e  s lope  of those  in Fig.  6 
a r e  d rawn on a c h a r t  with the w a t e r - q u e n c h e d  c y l i n d e r  
d i a m e t e r  with 90 pc t  m a r t e n s i t e  at  the c e n t e r  a s  the o r -  
d ina te  s c a l e  and ASTM g r a i n  s i ze  a s  a nonuni form a b -  
s c i s s a  s ca l e ,  the b a s i c  s c a l e  be ing  z-~/z This c h a r t  is  
used for  p r e d i c t i n g  the h a r d e n a b i l i t y  at  any d e s i r e d  
g r a i n  s i ze  in a l l  s h a l l o w - h a r d e n i n g  s t e e l s ,  in which 
h a r d e n a b i l i t y  is  l i m i t e d  by  g r a i n - b o u n d a r y  nuc lea t ed  
f e r r i t e  a n d / o r  p e a r l i t e .  It is  mos t  un l ike ly  that  the 
c h a r t  can be used  r e l i a b l y  for  p r e d i c t i o n  of the g r a i n -  
s i ze  effect  in s t e e l s  whose h a r d e n a b i l i t y  is  l imi t ed ,  
wholly o r  in p a r t ,  by  t r a n s f o r m a t i o n  to ba in i te ,  s ince  
th is  cons t i tuen t  is  not g r a i n - b o u n d a r y  nuc lea ted  and 
hence  is  l e s s  a f fec ted  by g r a i t i - b o u n d a r y  a r e a .  

Fig .  7 is  used  hencefor th  to c o r r e c t  a m e a s u r e d  
ha rde na b l e  d i a m e t e r  of s t e e l  for  d i f f e r ence  in a u s t e n -  
i te  g r a i n  s i ze  be tween  it and o t h e r s  in a s e r i e s ;  the 
c h a r t  is  a l so  used l a t e r  for  e s t i m a t i n g  ha rdenab i l i t y .  
Fo r  example ,  a s s u m e  one has  a r e s u l t ,  e i the r  m e a -  
s u r e d  o r  e s t i m a t e d  f rom c h e m i c a l  compos i t ion ,  which 
g ives  a ha rde na b l e  d i a m e t e r  of 0.65 in. (16,5 mm) at  
8 ASTM g r a i n  s i ze .  This  point  is  f i r s t  l oca ted  on the 
cha r t ,  as  in Fig.  7. To c o r r e c t  the d i a m e t e r  to any 
o ther  g r a i n  s i ze ,  a l ine is  d rawn through  the point  p a r -  
a l l e l  to the s lan t ing  l ines  on the c h a r t  (the dashed  l ine 
in Fig.  7) and the c o r r e c t e d  d i a m e t e r  r e a d  on the o r d i -  
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F i g .  7 - - C h a r t  f o r  p r e d i c t i n g  h a r d e n a b l e  d i a m e t e r  ( 9 0  p e t  m a r -  
t e n s i t e ,  w a t e r  q u e n c h e d )  f o r  a n y  g r a i n  s i z e  d i f f e r e n t  f r o m  t h a t  
a t  w h i c h  h a r d e n a b i l i t y  w a s  m e a s u r e d  o r  e s t i m a t e d .  
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nate  s c a l e .  Of c o u r s e ,  in ac tua l  use  a s t r a i g h t  edge can 
be used,  making  it u n n e c e s s a r y  to ac tua l l y  plot  the point  
o r  to d raw a l ine .  

HARDENABILITY EFFECT OF CARBON 

The quantitative hardenability effect of carbon is 
basic and hence should logically be evaluated before 
considering other elements. Therefore, seven Fe-C 
alloys were made by vacuum melting "Plast-iron 
A104" and adding graphite. The alloys were cast into 
3 - i n . - d i a m  (7.5 cm) 17-lb.  (7.7 kg) ingots .  The midd le  
po r t i on  of each  ingot was h o t - r o l l e d  to 0 .12~- in . - t h i ck  
(3.2 mm)  s t r i p  and then c o l d - r o l l e d  to 0.1 in. (2.5 mm)  
th ick .  Af ter  normaliT.ing f rom 1700~ (925~ HB t e s t  
s p e c i m e n s  we re  s h e a r e d  f rom the s t r i p .  The ca rbon  
content  of the seven  a l l oys  r anged  f r o m  ~0 .1  to 1.0 pct ;  
by  chance ,  two a l l oys  conta ined  0.50 pc t  C (Table  HI). 
Since the me l t ing  s tock  was 99.9 pc t  Fe  and the only 
addi t ion  was g raph i t e ,  the r e s u l t  is  a s e r i e s  of r e l a -  
t i ve ly  pu re  F e - C  a l loys  in which the combined  effect  
of i m p u r i t i e s  on h a r d e n a b i l i t y  is  s m a l l  and e s s e n t i a l l y  
the s a m e  in a l l  the a l l oys .  

Table  HI l i s t s  the h a r d e n a b i l i t y  t e s t  r e s u l t s ,  d i r e c t l y  
m e a s u r e d  as  the b r i n e  t e m p e r a t u r e  at  90 pc t  m a r t e n -  
s i t e .  This  t e m p e r a t u r e  was conve r t ed ,  by  means  of 
F ig .  4, to the  h a r d e n a b l e  d i a m e t e r  which has  90 pc t  
m a r t e n s i t e  at  the cen t e r  when w a t e r - q u e n c h e d .  Be-  
cause  g ra in  s i ze  v a r i e d  somewhat ,  when n e c e s s a r y  the 
h a r d e n a b l e  d i a m e t e r  was c o r r e c t e d  by means  of Fig.  7 
to a common  g r a i n  s i ze  of 4 ASTM.* 

*The melting procedure (except for addition of alloys), preparation of  HB 
specimens, hardenability testing, and correchon for grain size for the Fe-C alloys 
is essentially the same as used m later "pure"  Fe-C + alloy series and hence need 
not be repeated. In some series, additional corrections for C based on Fig. 8 and 
for Mn based on Fig. 12 were made. 

C o r r e c t e d  h a r d e n a b l e  d i a m e t e r s  ( las t  column,  Table  
III) a r e  p lo t t ed  in Fig .  8 and a smooth  cu rve  d rawn  
through the data .  The two poin ts  at  0.5 pc t  C l ie  c lo se  
toge the r ,  which c o n f i r m s  the ab i l i t y  of the  p r o c e d u r e  
to m e a s u r e  r e p r o d u c i b l y  the h a r d e n a b i l i t y  of these  d i f -  
f icul t ,  v e r y - l o w - h a r d e n a b i l i t y  a l l oys .  The curve  r i s e s  
s t e ep ly  (C has  a l a r g e  h a r d e n a b i l i t y  e f fec t  a t  low con-  
cen t r a t i ons ) ,  peaks  at  ~0 .8  pc t  C (the eu tec to id  c o m -  
pos i t ion  has  m a x i m u m  ha rdenab i l i t y ) ,  and then f a l l s  off 
somewha t  in the h y p e r e u t e c t o i d  r ange .  This  cu rve  is  a 
n e c e s s a r y  b a s i s  for  e s t i m a t i n g  ha rdenab i l i t y ,  s ince  a l l  
s t e e l s  a r e  F e - C  a l loys  with o ther  e l e m e n t s  p r e s e n t  in -  
t en t iona l ly  o r  as  i m p u r i t i e s .  

HARDENABILITY EFFECT OF MANGANESE 

The quant i ta t ive  h a r d e n a b i l i t y  ef fec t  of Mn was m e a -  
s u r e d  in two a l loy  s e r i e s .  The f i r s t  s e r i e s  of s ix  a l loys  
(Table  IV) conta ins  0.5 pc t  Mn with C va ry ing  f rom 0.07 
to 1.34 pct .  In th is  s e r i e s ,  aus t en i t i z ing  t e m p e r a t u r e  
was v a r i e d  in an e f fo r t  to develop  4 ASTM gra in  s i ze  
in a l l  a l l oys .  This  was s u c c e s s f u l  excep t  for  the 0.78 
pc t  C a l loy  whose g r a i n  s i ze  was 5 ASTM at  1600~ 
(870~ th i s  a l loy  could not be hea ted  h igher  without 
deve lop ing  an u n d e s i r a b l e  mixed  g r a i n  s i ze .  Ha rden -  
ab i l i t y  t e s t  r e s u l t s ,  l i s t e d  in Table  IV, a r e  p lo t ted  in 
F ig .  9. The c u r v e  ma tched  to da ta  poin ts  has  a s i m i l a r  
shape  to that  of the  F e - C  a l l oys  ( t r a n s p o s e d  f rom Fig.  
8 and shown in Fig .  9 a s  a d a s h e d - l i n e  curve) ,  but  is  
d i s p l a c e d  upward  due to the h a r d e n a b i l i t y  ef fec t  of 0.5 
pc t  Mn. 

A mul t ip ly ing  f ac to r  for  0.5 Mn at any ca rbon  content  
can be c a l c u l a t e d  by  d iv id ing  the h a r d e n a b l e  d i a m e t e r  
of the F e - 0 . 5  Mn-C a l loy  by that  of the F e - C  a l loy  of 
c o r r e s p o n d i n g  ca rbon  content .  These  f a c t o r s ,  Fig.  10, 
d e c r e a s e  m a r k e d l y  as  C i n c r e a s e s  to 0.6 pct  and then 
l eve l  off; th is  r e s u l t  is  ambiguous  b e c a u s e  it i m p l i e s  

0.6 

0.5 

LO 
0.4 

h i  

t :3  

,., 0.5 
. J  
oo 

Z 
L~ 

o.2 
- r -  

0.1 

I I I I 

I I I I 
0 0.2 0.4 0.6 0.8 1.0 

CARBON, w/. 

16 

14 

-12 

10 

8 E  
E 

- 6  

- 4  

- 2  

F i g .  8 - - H a r d e n a b i l i t y  o f  F e - C  a l l o y s  (90 p e t  m a r t e n s i t e ,  w a t e r  
q u e n c h e d ,  n o ,  4 A S T M  g r a i n  s i z e ) .  

Table III. Hardenability Test Results for Fe-C Alloys 

Brine Tamp 
Alloy, Austenl- ASTM for 90 pct 

wt pct C tized, F Gram Size Martenslte, F 

Hardenable Diameter 
(90 pet Martenslte, 
Water Quench), in. 

Measured Corrected 

0.12 1650 4 140 0.15 0 15 
0.21 1650 4 152 0.28 0.28 
0.42 1650 5 160 0.39 0.44 
0.50(a) 1650 4 166 0.49 0.49 
0.50(b) 1650 2 171 0.58 0.50 
0.72 1650 3.5 173.5 0 63 0.59 
0.97 I650 5 I67 0 5t 0,56 

Table IV. Hardenabihty Test Results-Fe-0.5 Mn-C Series 

Hardenable Diameter 
(90 pet Martensite, 
Water Quench), m. ASTM Brine Tamp 

Austeni- Grain for 90 pct Corrected to 
Alloy tized, F Size Martenslte, F Measured 4 Gram Size 

0.073C-0.49Mn 1900 4 158 0.30 0.30 
0.21C-0.55Mn 1675 4 170 0.56 0.56 
0.43C-0.55Mn 1675 4 176 0.68 0.68 
0.58C-0.53Mn 1675 4 177 0.70 0.70 
0.78C-0.49Mn 1600 5 180.5 0.75 0.80 
1.35C-0.53Mn t8OO 4 170 0.56 0,62 
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Fig. 9--Hardenabihty of Fe-0.5 pct Mn-C alloys compared to 
that of Fe-C alloys (90 pct martensite, water quenched, no. 4 
ASTM gram size). 

have been shown 3 to be v e r y  useful  in e s t imat ing  hard-  
enabi l i ty  from chemica l  composi t ion;  however ,  when 
applied to v e r y  deep-hardening s t ee l s ,  e s t imated  hard-  
enabi l i ty  is  often too high. The mul t ip ly ing- fac tor  con-  
cept imp l i e s  that the same  quantitative hardenabi l i ty  
effect  is  conveyed when, for example ,  a certain  p e r c e n -  
tage of an a l loy ing  e l ement  i n c r e a s e s  the hardenable 
d iameter  from 0.25 to 0.5 in. (0.63 to 1.27 cm) as  when 
it i n c r e a s e s  hardenable d iameter  from 1 to 2 in. (2.5 to 
5 cm); this  is  contrary to the pr inc ip les  of heat flow. It 
is  more  rea l i s t i c ,  over a wide range of hardenable d i -  
a m e t e r s ,  to consider  the e l ement  increas ing  the hard-  
enable d iameter  by adding a layer  of constant th ickness ;  
that i s ,  by increas ing  the hardenable d iameter  of the 
base  compos i t ions  by the same  amount.  There may be 
some  diff iculty with this  approach due to v e r y  high 
s u r f a c e / v o l u m e  rat ios  in v e r y  s m a l l  d iameters ,  but 
these  wi l l  often be too s m a l l  to be of interest �9  

If, instead of adopting a mult ip ly ing factor to e x p r e s s  
the quantitative hardenabi l i ty  effect,  we adopt instead 
the increase  in d iameter ,  AD, the effect  of 0.5 pct Mn 
in our Fe-0 .5  Mn-C a l loys  is  constant over  the ent ire  
carbon range within reasonable  l i m i t s  of exper imenta l  
error  (Fig. 11). Therefore ,  we wi l l  henceforth use AD 
as a means  of e x p r e s s i n g  n u m e r i c a l l y  the quantitative 
hardenabi l i ty  effect of any given percentage  of any 
given e l ement  added to s tee l ;  AD, as used here in  and 
explained ear l i er ,  is  the increase  in the d iameter  of 
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F i g � 9  1 0 - - H a r d e n a b i l i t y  m u l t i p l y i n g  f a c t o r  f o r  0 . 5  p e t  M n  a t  d i f -  
f e r e n t  c a r b o n  c o n t e n t s .  

that the hardenabi l i ty  effect  of Mn is much greater in 
low-carbon s tee l .  Apparently,  the mul t ip ly ing- factor  
concept  is  unre l iable  for these  very  sha l low-hardening  
Fe-C a l loys  with hardenable d i a meter s  in fract ional  
inches .  Multiplying factors  were  developed pr inc ipal ly  
for med ium-carbon ,  o i l -harden ing  s t ee l s  in which they 

T a b l e  V .  H a r d e n a b i h t y  T e s t  R e s u l t s - M n  S e r t e s  

Hardenable Diameter 
{90 pct Martenslte, 

ASTM Brine Temp Water Quench), m. 

Austenmzed, Gram for 90 pct Corrected to 
Alloy F Size Martensae, F Measured 4 Gram Size 

0.35Mn 1675 (10 mln) 3.5 165 0.48 0.46 
0.63Mn 1675 (10 rain) 3.5 171 0.58 0.56 
0.91Mn 1675 (10 ram) 2.5 179 0.72 0.66 
1 24Mn 1675 IlO mini 3.5 181 0.75 0.73 
1.66Mn 1675 (10 ram) 3 5 190 0.84 0.82 
1.93Mn 1675 ( 10 ram) 4 196 0.88 0.88 
1.93Mn 1600 (20 sec) 7.5 178 0 71 0.89 
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CARBON, w/o 
F i g .  l l - - E f f e c t  of  0 .5  p c t  Mn o n  h a r d e n a b l e  d i a m e t e r  (90 p c t  
m a r t e n s i t e ,  w a t e r  q u e n c h e d )  a t  v a r i o u s  c a r b o n  c o n t e n t s .  
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Table VI .  Hardenability Effect of Silicon 

Composmon,  w t  pet 

Alloy C Mn S] 

0.09Si O. 19 0.53 0.09 
0.30Si 0.18 0.53 0.30 
0.57S1 0.19 0 53 0 57 
0.86Si 0.19 0.53 0.86 

Hardenable Diameter 
(90 pct Martenslte, 
Water Quench), m. 

ASTM Brine Temp 
Austenmzed, Grain for 90 pct Corrected to 

Alloy F Size Martens]te, F Measured 4 Gram Size 

O.OOS] (From Fig. q) - - - 0 51 
O.09Sl 1800 2.5 171 0.58 0 52 
0.30S1 1800 3 175 0.66 0.62 
0.57S] 1800 4 175 0.66 0.66 
0.86Si 1850 4.5 175 0.66 0.68 

Table V I I .  Hardenability Effect of Phosphorous 

Composinon, wt pct 

Alloy C Mn P 

Fig. 12--Effect of Mn on hardenable diameter of 0.2 pct C-Fe-  
0.002P Mn alloys (90 pct martensite, water quenched, no. 4 ASTM 

grain size). 0.064P 
0.28P 

0.2* 0.5* 0.002 
0.2* 0.5* 0.064 
0 2* 0.5* 0.28 

cy l inders  which when wa te r -quenched  conta in  90 pct 
m a r t e n s i t e  at the center .  

The second s e r i e s  of F e - C - M n  al loys contains  0.2 
pct C and Mn in the range  0.35 to 1.93 pct (Table V). 
There  a re  six al loys in this  s e r i e s .  The highest  Mn 
(1.93 pct) was aus ten i t i zed  in two di f ferent  ways to de-  
velop both a c o a r s e -  and a f i n e - g r a i n e d  condit ion 
(Table V); this was done both as a check on the g r a i n -  
s ize  co r r ec t ion  (Fig. 7) and to de t e rmine  whether Mn 
has the same hardenab i l i ty  effect in s tee l  with widely 
di f ferent  aus teni te  g ra in  s ize .  The two points  at 1.93 
pct Mn (Fig. 12) indicate e s sen t i a l l y  the same ha rden -  
able d i ame te r ,  and this  con f i rms  that the g r a i n - s i z e  
co r r ec t ion  is r e l i ab le  and that Mn has the same quan-  
t i ta t ive  hardenabi l i ty  effect at al l  g ra in  s izes .  

The data points for al l  six Fe -Mn-0 .2  C al loys l ie 
on a smooth curve  (Fig. 12). The point for 0 Mn was 
taken f rom the e a r l i e r  Fe -C  al loy data, and the curve 
ext rapola tes  n ice ly  to this point.  Mn i n c r e a s e s  ha rd -  
enabi l i ty  subs tan t i a l ly  and does so p r o g r e s s i v e l y  up to 
2 pct and probably  well beyond. The ha rdenab i l i ty  of 
carbon  s tee ls  is de t e rmined  p r i m a r i l y  by the combined 
effect of C and Mn, and the data obtained thus far p ro -  
vide the bas ic  data needed for e s t ima t ing  the ha r de n -  
abi l i ty  of ca rbon  s tee l s .  

HARDENABILITY EFFECT OF OTHER 
ELEMENTS 

A number  of chemica l  e l emen t s  a re  p r e sen t  in com-  
m e r c i a l  ca rbon  s tee ls  e i ther  as an impur i ty  or in ten-  
t ional ly  added to enhance hardenabi l i ty .  It is the re fore  
e s sen t i a l  in e s t ima t ing  the ha rdenab i l i t y  of carbon  
s tee ls  to know the quant i ta t ive ha rdenab i l i ty  effect of 
addit ional  e l ements .  Although in r e spec t  to carbon 
s tee ls ,  i n t e r e s t  is l imi ted  to sma l l  pe rcen tages  of r e -  

Hardenable Diameter 
(90 pct Martens]te, 
Water Quench), in. 

Bnne Temp 
Austenmzed, ASTM for 90 pct Corrected to 

Alloy F Gram Size Martenslte, F Measured 4 Gram Size 

0.002P 2000 4 166 0.50 0.50 
0.064P 2000 3.5 175 0.66 0.64 
0.28P 2000 3.5 178 0.71 0.60 

*Melt aim for smgle heat split into 3 ingots 

s idual  and impur i ty  e l ements ,  we will make m e a s u r e -  
ments  over  most  of the range  of ha rdenab i l i ty  poss ib le  
with the HB tes t ,  s ince  this provides  useful  data for 
future  inves t iga t ion  of hardenabi l i ty .  Graded p e r c e n t -  
ages of each individual  e lement  were added to a " p u r e "  
base  composi t ion  containing ~0.2 pct C and e i ther  0.3 
to 0.5 pct Mn. 

Silicon 

The hardenability effect of Si was determined using 
four alloys containing 0.09, 0.30, 0.57, and 0.86 pct Si. 
Pertinent data for the testing of these alloys are listed 
in Table VI. It was necessary to adopt a relatively high 
austenitizing temperature to develop all austenite in the 
highest Si alloy. Fig. 13 is a plot of the data which indi- 
cates that Si has less hardenability effect per constant 
incremental addition as its concentration increases. 

Phosphorus  

Three  al loys compr i s e  the phosphorus  s e r i e s  which 
was a s ingle  heat spl i t  into th ree  por t ions  with phos-  
phorus  added to the las t  two. Detai ls  a re  given in Table 
VII and r e su l t s  s u m m a r i z e d  graphica l ly  in Fig. 14. 
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Alloy 

0 006S 
0 03S 
0 05S 
0.079S 

Table VII I .  Hardenabthty Effect of Sulfur 

Compos]tlO]l, wt pet 

C Mn S 

0 1 9  0.55 0.006 
0.19 0 55 0.03 
0 17 0 55 0.05 
0 15 0 54 0.079 

AuMelll- 
Alloy IJzed, b 

000r 1775 
0.03S 1650 
0.5S 1800 
0070S 1850 

Hardenable Diameter (~0 D,t 
Martenslte, Water Quench), m, Bnne Temp __ 

ASTM ['or 90 pet Corrected 
Gram Martenslle, to 0.19 Corrected to 
Size 1 ~ Measured pet C 4 Gram Size 

3 t70 0.5b 0.56 0.52 
3 170 0 56 0.56 0.52 
4 105 0.48 0 52 0.48 
3 5 147 0.22 0 27 0 20 
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Fig. 16--Effect of Ni in 0.2 pet C-0.3 pet Mn-Fe alloy on hard- 
enable diameter (90 pct martensite, water quenched, no. 4 
ASTM grain size). 

Phosphorus had a re la t ive ly  potent effect in smal l  p e r -  
centages,  but the curve appears  to nea r ly  level  off above 
0.1 pct P. 

Sulfur 

The four a l loys used to evaluate the hardenabi l i ty  ef-  
fect of S a re  l i s ted in Table VIII. It was n e c e s s a r y  to 
va ry  aus ten i t i z ing  t e m p e r a t u r e  to develop in all  four 
al loys a uni form c o a r s e - g r a i n  s ize  of 3 to 4 ASTM. 
Sulfur combines  with Mn in s teel  to form inc lus ions .  
Therefore ,  S has an apparent  negative effect because  
the loss  in hardenabi l i ty  due to loss of Mn f rom so lu-  
t ion in aus teni te  is more  than offset by any posi t ive  
hardenabi l i ty  effect of the smal l  concen t ra t ion  of S d i s -  
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Alloy 

0.2Nl 
0.3NI 
0 8N1 
1 6N1 
2 8Nl 
4.6N1 

T a b l e  I X .  H a r d e n a b l h t y  E f f e c t  o f  N m k e l  

Composition, wt pet 

C Mn NI 

0.16 0.34 0.20 
0.16 0.34 0.29 
0.18 0.31 0.80 
0.18 0.30 1 57 
0.19 0.36 2.84 
019 035 458  

ASTM 
Alloy Austenmzed, F Gram Size 

0.00N1 (Estimated from Figs. 8 and 12) 
0.2NI 1650 4 
0.3NI 1650 4 
0.8N1 1650 4 
1.6Nl 1650 4 
2.8Ni 1650 3.5 
4.6N1 1650 4 

Brine Temp 
for 90 pet 

Martenslte, F 

Hardenable Diameter (90 pct Martensite, Water Quench), in. 

Measured 
Corrected to Corrected to Corrected to 
0 18 pct C 0.35 pct Mn 4 Gram Size 

0.435 
160 0.40 0.425 0.43 0.43 
161 0.41 0.435 0.44 0.44 
166 0.49 0.49 0.51 0.5 l 
168.5 0 54 0.54 0.565 0.565 
184 0.79 0.78 0.775 0.76 
207 0.91 0 90 0.90 0.90 

Alloy 

T a b l e  X .  H a r d e n a b i l i t y  E f f e c t  o f  C h r o m m m  

Composmom wt pet 

C Mn 

0.1Cr 0 18 0.31 
0.2Cr 0.18 0 32 
0.4Cr 0.18 0.31 
0.6Cr 0.1o O 30 

ASTM 
Alloy Austenltlzed, F Gram Size 

0.00Cr (Estimated f o m  FI~ 8 and 12) 
0.1Cr 1650 3 
0.2Cr 1650 3 
0.4Cr 1650 3 
0.6Cr 1650 3 

Brine Temp 

Cr 

0.10 
018 
0.39 
0.63 

Hardenable Diameter (90 pct Martensite, Water Quench), m. 

for 90 pct Corrected to Corrected to Corrected to 
Martenslte, F Measured 0.18 pct C 0.31 pct Mn 4 Gram Size 

0.415 
166 5 0.50 0.50 0.50 0.45 
168 0.53 0 53 0.525 0.47 
175 0 66 0.655 0 655 0 60 
182.5 0.77 0 765 0.77 0.72 

so lved  in austeni te  might  have.  The apparent net nega-  
t ive hardenabi l i ty  ef fect  of S has been o b s e r v e d  by 
Grossmann .  3 The quantitative hardenabi l i ty  ef fect  of 
S is  no doubt dependent,  to s o m e  extent,  on the amount 
of Mn in s tee l ,  which m a k e s  it d i f f icu l t  to e s t i m a t e  the 
e f fect  of S over  a wide range in s t ee l  compos i t i on .  For-  
tunately,  our data (Fig.  15) indicate  that S in amounts  
< 0.05 pct has l i t t le  or no hardenabi l i ty  ef fect .  Hence,  
S can be ignored in e s t i m a t i n g  the hardenabi l i ty  of non-  
r e s u l f u r i z e d  s t e e l s .  

N icke l  

Table IX l i s t s  the a l loys  used and the r e s u l t s  of the 
inves t igat ion  of the e f fect  of Ni in 0.2 C-0 .3  Mn-Fe  a l -  
l oys .  In this  s e r i e s ,  as  w e l l  as  in s e v e r a l  o thers  to 
fo l low,  Mn in the base  c o m p o s i t i o n  was  reduced to in-  
c r e a s e  the amount of a l loy  which could be added wi th-  
'out exceed ing  the m a x i m u m  hardenable  d i a m e t e r  m e a -  
surable  with the HB test .  The data (Fig.  16) indicate  
that Ni has only  a s m a l l  hardenabi l i ty  ef fect  in amounts  

likely to be present as a residual element in carbon 
steels.  
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Fig. 17--Effect of Cr in 0.2 pet C-0.3 pct Mn-Fe alloy on hard-  
enable diameter  (90 pct  m a r t e n s i t e ,  water  quenched,  no. 4 
ASTM grain size). 
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Fig. 19--Effect of V in 0.2 pct C-0.5 pct Mn-Fe alloy on ha rd -  
enable d iameter  (90 pct mar tens i te ,  water quenched, no. 4 
ASTM grain size).  

C h r o m i u m  

The q u a n t i t a t i v e  h a r d e n a b i l i t y  e f f e c t  of Cr  was  e v a l -  
u a t e d  in the  f o u r  a l l o y s  l i s t e d  in Tab le  X. F ig .  17 is  a 
p lo t  of t he  d a t a  i n d i c a t i n g  tha t  Cr  in a m o u n t s  we l l  u n d e r  
1 p c t  s u b s t a n t i a l l y  i n c r e a s e s  h a r d e n a b i l i t y .  

M o l y b d e n u m  

In the  fou r  a l l o y s  c o n t a i n i n g  Mo (Table  XI), it  w a s  
n e c e s s a r y  to v a r y  the  a u s t e n i t i z i n g  to avo id  m i x e d  
g r a i n  s i z e  but  by  so  do ing  a l l  d e v e l o p e d  the  d e s i r e d  
4 ASTM g r a i n  s i z e .  The  d a t a  p o i n t s  s e e m  to l i e  on a 
s t r a i g h t  l i ne  (F ig .  18) wi th  M0 hav ing  a r e l a t i v e l y  l a r g e  
h a r d e n a b i l i t y  e f f e c t  in s m a l l  c o n c e n t r a t i o n s .  

V a n a d i u m  

The four alloys containing V were not matched in 
grain size when austenitized at 1650~ (900~ because 
in the highest V alloy, the grain size remained uni- 
formly fine (Table XII). Therefore, the 0.2 V alloy was 
also austenitized at 2000~ (I095~ to develop uniform 
large grains; additionally, raising the austenitizing tem- 

p e r a t u r e  would  t end  to d i s s o l v e  m o r e  V, if any w e r e  un-  
d i s s o l v e d  at  1650~ (900~ In Fig .  19, t h e r e  a r e  a c -  
c o r d i n g l y  two p o i n t s  a t  0.18 p c t  V. M t e r  c o r r e c t i n g  to  
a c o m m o n  g r a i n  s i z e  of 4 ASTM, t h e y  l ie  r e a s o n a b l y  
c l o s e  t o g e t h e r ,  one  above  and one  b e l o w  the  l ine  a s  
d r a w n ;  t h i s  r e s u l t  i n d i c a t e s  t h a t  a h i g h e r - t h a n - n o r m a l  
a u s t e n i t i z i n g  t e m p e r a t u r e  i s  not  r e q u i r e d  fo r  e s s e n -  
t i a l l y  ful l  s o l u t i o n  of 0.18 p c t  V in an 0.2 p c t  C s t e e l .  
A s u b s t a n t i a l  i n c r e a s e  in h a r d e n a b i l i t y  is  i n d i c a t e d  f o r  
r e l a t i v e l y  s m a l l  p e r c e n t a g e s  of V. 

Titanium 

We a n t i c i p a t e d  s o m e  d i f f i c u l t y  in e v a l u a t i n g  the  h a r d -  
e n a b i l i t y  e f f e c t  of Ti.  T i t a n i u m  c o m b i n e s  s t r o n g l y  wi th  
C and  N in s t e e l  and  f o r m s  p a r t i c l e s  w h i c h  d i s s o l v e  
g r a d u a l l y  a s  the  a u s t e n i t i z i n g  t e m p e r a t u r e  is  h i g h e r .  
B e c a u s e  C and  N in s o l u t i o n  i n c r e a s e  h a r d e n a b i l i t y ,  Ti 
could ,  u n d e r  s o m e  c i r c u m s t a n c e s ,  c o n c e i v a b l y  have  an 
a p p a r e n t  n e t  n e g a t i v e  h a r d e n a b i l i t y  e f f ec t ,  e v e n  though  
Ti i t s e l f  no doubt  i n c r e a s e s  h a r d e n a b i l i t y .  Thus ,  the  
q u a n t i t a t i v e  h a r d e n a b i l i t y  e f f e c t  of Ti is  l i ke ly  to v a r y  
wi th  C and  N in s t e e l  and  a l s o  wi th  a u s t e n i t i z i n g  t e m -  
p e r a t u r e .  

Alloy 

Table Xl. Hardenabihty Effect of Molybdenum 

Cemposltion, wt pct 

C Mn Mo 

0 6Mo 0.18 0 3I 0.06 
0 12Mo 0.18 0.31 0.12 
O.18Mo 0.18 0.31 0.18 
0 41Mo 0.18 0.31 0.41 

Hardenable Diameter 
Brine Temp (90 pct Martensite, 

Austenmzed, ASTM for 90 pct Water Quench), 
Alloy F Gram Size Martenslte, F m Measured 

O.OOMo (Esnmated from Figs 8 and 12) 0.415 
0.06Mo 1650 4 161.5 0.42 
0.12Mo 1800 4 165 0 48 
0.18Mo 1800 4 I67 0.51 
0.41Mo 1900 4 t77 5 0.70 

Table Xll. Hardenability Effect of Vanadium 

Composition, wt pet 

Alloy C Mn V 

0.02V 0.19 0 52 0.021 
O.05V 0.19 0.52 0.052 
O.1V 0.19 0.51 0.076 
0.2V O.19 0.51 0.t8 

Hardenable Diameter (90 pct 
Brme Ter~p Martensite, Water Quench), m. 

ASTM for 90 pct Corrected 
Austere- Gram Martensite, to 0 .53 Corrected to 

Alloy tlzed, F Size F Measured pct Mn 4 Grain Size 

000V (Esnmated from Figs. 8 and 12) 0.51 
O.02V 1650 3.5 166 0.50 0 50 0.48 
O.05V 1650 3.5 171 0.58 0.58 0.56 
0 IV 1650 3 5 172.5 0.61 0.615 0.59 
0.2V 1650 7 171.5 0.59 0595 0.75 
0 2V 2000 3 180 0.74 0.745 0.70 
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Table Xlll. Hardenability Effect of Titanium 

Composition, wt pet 

Alloy C 

0.02Tl 0.20 
O.05Tl O. 19 
0.1TJ 0 20 
0.2Ti 0.20 

Brine Tenlp 
ASTM for 90 pet 

Austere- Gram Martenslte, 
Alloy tized, F Size E Measured 

0.00Tl (Estmmted from Figs. 8 and 12) 
0.02TI 1650 8 140 0.16 

2000 3.5 165.5 0 49 
0.05Tl 1650 q 137 0.13 

2000 3 170 0.56 
0 l T l  1650 9.5 130 0.10 

2000 3.5 175 0.66 
0.2Tl 1650 9 5 130 0.10 

2000 3 173 0.62 

Mn T1 

0.51 0.026 
0.51 0,062 
0.52 0,12 
0.52 (I.21 

Hardenablc Dlamcter 
(90 pet Martenslte, Water Quench), in. 

Corrected to Corrected 

0.21) 0.51 to 4 
pet C pct Mn Gram Size 

0.51 
0.41 
0.47 

0 14 0.48 
0 57 0.53 

0 O95 O.5O 
0.655 0.63 
0.095 0.50 
0.615 0.57 

A l l o y  

Table XlV. Hardenability Effect of Zirconium 

Composition, wt pet 

0 02Zr O. 19 
0 05Zr O. 19 
0 IZr 0 19 
0 2Zr 0.19 

Austenl- 
Alloy tlzed, F 

Mn Zr 

0 52 0 026 
0 52 0 056 
0.53 0 10 
0.53 0 20 

Hardenable Diameter (90 pct 

Brine Temp __Martenslte'_ _ Water Quench), m. 

ASTM for 90 pct Corrected 
Grain Martenslte, to 0 52 Corrected to 
Size F Measured pet Mn 4 Grain Size 

O.OOZr (Estimated from Figs. 8 and 1 2 )  0 . 5 1  

0.02Zr 1650 3.5 165 0.48 0.46 
0.05Zr 1650 3.5 161 0.415 040  
O.IZr 1900 3.5 160 0.40 0.395 0 38 
0.2Zr 1900 4 140 0.15 0 145 0.145 

The four a l loys conta in ing graded pe rcen tages  of Ti 
(Table XIII) were tes ted  both as aus ten i t ized  at 1650~ 
(900~ and as aus ten i t i zed  at 2000~ (1095~ the 
f o r m e r  were un i fo rmly  f i ne -g ra ined  and the la t ter  uni-  
fo rmly  c o a r s e - g r a i n e d .  In addition to the difference in 
gra in  s ize,  more  Ti was probably  d issolved in aus teni te  
at the higher t e m p e r a t u r e .  The r e s u l t s  of our tes t s  
(Table XIII and Fig. 20) indicated,  as expected, a 
g rea te r  ha rdenab i l i ty  effect of Ti at the higher t e m -  
pe ra tu re .  There  seems  to be a dec rea se  in ha rden-  
abi l i ty  with the s m a l l e s t  Ti addit ion (0.026 pct) at both 
aus ten i t i z ing  t e m p e r a t u r e s .  The data indicate  complex 
behavior  for Ti r a the r  than the cons is ten t  and p r o g r e s -  
s ive hardenab i l i ty  i nc r ea se  observed  in most  other a l -  
loying e l emen t s .  Faced with this  s i tuat ion,  it s eems  
unwise to t ry  to e s t ima te  the quant i ta t ive hardenabi l i ty  
effect of the sma l l  amount  of Ti p r e se n t  in c o m m e r c i a l  
carbon s t ee l s ;  for tunate ly ,  it is l ikely to be suff ic ient ly  
smal l  to be neglected without s e r ious  e r r o r .  

Z i rcon ium 

In the Zr s e r i e s  (Table XIV), some diff iculty was en-  
countered in developing a uni form c o a r s e - g r a i n  size 
because  the two highest  Zr al loys had a higher c o a r s -  
ening t e m p e r a t u r e  than the two lowest.  However, by 
aus ten i t i z ing  the f o r m e r  at 1900~ (1040~ and the 
la t te r  at 1650~ (900~ a r ea sonab ly  good match in 
gra in  s ize  was obtained.  The r e su l t s  (Table XIV and 
Fig. 21) r evea l  a defini te  negative ha rdenab i l i ty  effect 
in these a l loys .  Zr r e s e m b l e s  Ti in fo rming  diff icul t -  
t o -d i s so lve  ca rb ides  and n i t r ides ,  and the observed  
negat ive hardenab i l i ty  effect of Zr may be explained 
by fa i lu re  to d isso lve  much Zr in aus teni te ,  with the 
undissolved Zr tying up some C and N. The p r e sence  
of more  undisso lved  pa r t i c l e s  in our spec imens  as Zr 
was higher tends to conf i rm this hypothesis .  A nega-  
tive effect of Zr such as revea led  by our data has not, 
however,  been found by o thers ,  a'5 Consequently,  the 
p re sen t  data should be ver i f ied  by addi t ional  inves t iga -  
tion. Poss ib ly ,  Zr is an e lement  which, like Ti, v a r i e s  
in i ts  ha rdenab i l i ty  effect depending on C and N in s tee l  
and on the m a n n e r  in which it is aus ten i t ized .  In any 
event,  the quant i ta t ive ha rdenab i l i ty  effect of the sma l l  
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Fig. 20--Effect of T i m  0.2 pct C-0.5 pet Mn-Fe alloy on hard- 
enable diameter (90 pct martensite, water quenched, no. 4 
ASTM grain size). 
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a m o u n t  of Zr  u s u a l l y  p r e s e n t  in c o m m e r c i a l  c a r b o n  
s t e e l s  i s  s m a l l  and p r o b a b l y  b e s t  n e g l e c t e d  in e s t i m a t -  c 
ing  h a r d e n a b i l i t y .  

C 

C o p p e r  c 

The  h a r d e n a b i l i t y  e f f e c t  of Cu has  p r e v i o u s l y  b e e n  
d e t e r m i n e d  by  q u e n c h i n g  c y l i n d e r s  of AISI 1045 s t e e l  ~ 0 
in b r i n e .  ~ B e c a u s e  the  h a r d e n a b i l i t y  e f f ec t  of Cu in the  
s m a l l  r e s i d u a l  p e r c e n t a g e s  l i k e l y  in c o m m e r c i a l  c a r -  0 
bon s t e e l s  is  s m a l l ,  the  r e s u l t s  of th i s  e a r l i e r  i n v e s t i -  
ga t i on  (F ig .  22), a l though  d i f f e r i n g  in e x p e r i m e n t a l  t e c h -  c 
n ique ,  a r e  p r o b a b l y  s a t i s f a c t o r y  fo r  e s t i m a t i n g  the  
h a r d e n a b i l i t y  of c a r b o n  s t e e l s  w h e r e i n  Cu is  p r e s e n t  
a s  an i m p u r i t y .  

M E T H O D  O F  E S T I M A T I N G  
H A R D E N A B I L I T Y  

All  da t a  r e q u i r e d  fo r  e s t i m a t i o n  of the  h a r d e n a b i l i t y  
of c a r b o n  s t e e l s  f r o m  c h e m i c a l  c o m p o s i t i o n  and g r a i n  
s i z e  have  b e e n  ob t a ined .  The  m e t h o d  of e s t i m a t i o n  p r o -  
p o s e d  is  s i m p l e  and d i r e c t .  A n u m e r i c a l  h a r d e n a b i l i t y  
c r i t e r i o n  is  r e q u i r e d ,  and it  w i l l  be  the  d i a m e t e r  (DH) 
in in.* of the  c y l i n d e r * *  which  c o n t a i n s  90 pc t  m a r t e n -  

*In accordance with past hardenability evaluation, the inch scale, rather than 
the metric scale,is adopted for calculatmn and expressing the result, inches are 
easily converted to the metric system by the relationship, 1 in = 2.54 cm. 

**As used here, cylinder imphes a round specimen whose length is equal to or 
greater than 3X diam. 

s i t e  a t  the  c e n t e r  when  w a t e r - q u e n c h e d .  
It i s  a s s u m e d  tha t  D H f o r  p u r e  i r o n  is  e s s e n t i a l l y  

z e r o .  The  q u a n t i t a t i v e  h a r d e n a b i l i t y  e f f e c t  of c a r b o n  
is  e x p r e s s e d  a s  an  i n c r e a s e  in d i a m e t e r ,  AD C . A l l o y -  
ing and i m p u r i t y  e l e m e n t s  a r e  hand led  s i m i l a r l y  by in -  
d i v i d u a l  ~D v a l u e s .  The  e x p e r i m e n t a l  da t a  p r e s e n t e d  
e a r l i e r  a r e  r e p l o t t e d  in c h a r t  f o r m  with s u i t a b l e  c o o r -  
d i n a t e  l i n e s  to f a c i l i t a t e  r e a d i n g  AD v a l u e s  as  a func t ion  
of we igh t  p e r c e n t a g e  of e a c h  e l e m e n t  ( F i g s .  23 and 24). 
Two c h a r t s ,  r a t h e r  than  one ,  a r e  i nc luded  to avo id  c o n -  
fu s ion  in the  c u r v e s  n e a r  the  z e r o  c o r n e r  and to expand  
the  c o m p o s i t i o n  s c a l e  fo r  P and V. A c u r v e  fo r  S is  
o m i t t e d  b e c a u s e  th i s  e l e m e n t  had  no s i g n i f i c a n t  h a r d e n -  
a b i l i t y  e f f e c t  in u n r e s u l f u r i z e d  s t e e l .  C u r v e s  fo r  T i  and 
Zr  a r e  a l s o  o m i t t e d  b e c a u s e  t h e s e  e l e m e n t s  had a v a r i -  
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Fig. 22--Effect of Cu in AISI 1045 steel  on hardenable diameter  
(90 pct martensi te ,  brine--quenched). 
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Fig. 23--Change m hardenable d iameter  (AD) with C, Mn, Si, 
Cu, Ni, Cr, and Mo. 
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ab l e  h a r d e n a b i l i t y  e f f e c t  d e p e n d i n g  on the  C and N c o n -  
t en t  of a p a r t i c u l a r  s t e e l ;  s i n c e  n e i t h e r  a r e  o r d i n a r i l y  
p r e s e n t  in an a m o u n t  g r e a t e r  than  0.05 pc t  in c o m m e r -  
c i a l  c a r b o n  s t e e l s ,  t h e i r  h a r d e n a b i l i t y  e f f e c t  is ,  at  m o s t  
v e r y  s m a l l .  

The e q u a t i o n  fo r  e s t i m a t i n g  h a r d e n a b i l i t y ,  t h e r e f o r e ,  
i s  
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DH(in. ) = ~d) C + ADMn + ADp + ADsi + ~9Cu 

+ ADNi + ADcr + ADMo + AD V 

Where an element is present in an insignificant amount 
or not included in routine chemical analysis, its AD 
drops out of the equation. The remaining AD values 
read from Figs. 23 and 24 are substituted and added 
to give the estimated hardenable diameter. 

The data, and hence the AD values, are for an austen- 
ite grain size of 4 ASTM. DH, as calculated, therefore 
represents this grain size only and must be corrected 
for any other grain size by using Fig. 7. 

A complete example of an estimation for a hypothet- 
ical steel containing all pertinent chemical elements is 
g i v e n  in T a b l e  XV. Of c o u r s e ,  few,  if any ,  c o m m e r c i a l  
c a r b o n  s t e e l s  wou ld  c o n t a i n  a l l  t h e s e  e l e m e n t s  in  s i g -  
n i f i c a n t  a m o u n t s ,  a n d  e s t i m a t i o n  in t he  e x a m p l e  i s  p u r -  
p o s e l y  m o r e  c o m p l i c a t e d  t h a n  a n y  l i k e l y  to b e  e n c o u n -  
t e r e d .  

C O M P A R I S O N  O F  M E A S U R E D  AND 
E S T I M A T E D  H A R D E N A B L E  D I A M E T E R S  

To d e m o n s t r a t e  t h e  r e l i a b i l i t y  of h a r d e n a b i l i t y  e s t i -  
m a t e d  a s  d e s c r i b e d  a b o v e ,  t h e  h a r d e n a b i l i t i e s  of t he  
n ine  s t e e l s  l i s t e d  in T a b l e  XVI  w e r e  b o t h  m e a s u r e d  
a n d  e s t i m a t e d .  T h e s e  a r e  a l l  c a r b o n  s t e e l s  w i t h  v e r y  
low,  a n d  h e n c e  n e g l i g i b l e ,  r e s i d u a l  e l e m e n t s .  The  h a r d -  
e n a b l e  d i a m e t e r s  of e a c h  s t e e l  a s  e s t i m a t e d  a n d  a s  
m e a s u r e d  a r e  l i s t e d  in  T a b l e  XVI  a n d  s h o w n  g r a p h i c -  

Table XV. Example Illustrating Method of Estimating Hardenabihty 

Chemical Composinon, wt pct" C-0.24 Mn-0.78 P-0.025 S-0.022 $1-0.24 
Cu-0.15 Ni-0.14 Cr-0.12 Mo-0.05 V-0.03 
Ti-0.02 Zr-0.01 

Gram Size 8 ASTM 

Formula D H ( l n .  ) = AD C + ADMn + ADp + ADs, + ADcu + ADN, + ADcr + ADMo 
+AD V (Neglect S, Ti. and Ze) 

From Fig. 23: AD C = 0.30 

ADMn = 0.355 
ADs, = 0.085 
ADcu = 0.02 
ADNI = 0.015 
ADcr = 0.03 
ADMo = 0.045 

Summation D H = 0.97 m. at 4 ASTM Gram Size 

From Fig. 7 D H = 0.72 in. at 8 ASTM Grain Size 

From Fig. 24 ADp = 0.08 

AD v = 0.04 

Table XVI. Comparison of Estimated and Measured Hardenability 

Composmon, wt pct ASTM Hardenable Diameter in. 

Mn P S Sl Gram Size Esnmated Measured 

0.15 0.47 0 .013 0.020 0.23 8 0.33 0.34 
0.16 1.23 0 .013 0.020 0.26 8 0.59 0.60 
0.19 0.54 0 .016  0.030 0.22 8 0.40 0.44 
0 19 0.59 0 .017 0.036 0.18 5.5 0.58 0.57 
0.21 1.08 0.008 0.024 0 028 4.5 0.72 0 78 
022 0.84 0 .015 0021 0.26 8 0.55 066 
0.29 1.18 0 .013 0.028 0.26 8 0.71 0.80 
0.31 0.47 0.01 l 0.021 0.24 7 0.56 0.60 
0 40 0.78 0 .009 0.022 0 23 8 0.65 0 53 

ally in Fig. 25. Points lie on or reasonably near the 
line of perfect correlation. It is unrealistic to expect 
perfect correlation, and the fact that points lie about 
equally above and below the line is evidence that the 
method of estimation is reasonably good. 

DISCUSSION 

The method in common use for estimating harden- 
ability from chemical composition expresses the quan- 
titative hardenability effect of a particular percentage 
of each alloying element as a multiplying factor. 3 This 
investigation suggests that, at least in shallow-harden- 
ing carbon steels, the multiplying-factor concept is less 
satisfactory than a system in which the quantitative 
h a r d e n a b i l i t y  e f f e c t  i s  e x p r e s s e d  a s  a n  i n c r e a s e  in  h a r d -  
e n a b l e  d i a m e t e r .  T h e  new m e t h o d  a l s o  a v o i d s  t he  i d e a l -  
d i a m e t e r  c o n c e p t  w h i c h ,  to  b e  a p p l i c a b l e  o v e r  a wide  
r a n g e  in h a r d e n a b l e  d i a m e t e r s ,  r e q u i r e s  t h a t  s e v e r i t y  
of a p a r t i c u l a r  q u e n c h a n t  a n d  q u e n c h i n g  t e c h n i q u e  b e  
i n d e p e n d e n t  of s i z e  of c r o s s  s e c t i o n ;  t h i s  h a s  b e e n  s h o w n  
to  b e  i n c o r r e c t .  7 

The  new m e t h o d  w a s  d e v e l o p e d  f o r  c a r b o n  s t e e l s  
w h e r e i n  h a r d e n a b i l i t y  i s  due  p r i m a r i l y  to  c a r b o n  and  
m a n g a n e s e ,  w i t h  r e s i d u a l  e l e m e n t s  p l a y i n g  a v e r y  m i n o r  
r o l e .  F u t u r e  w o r k  s h o u l d  i n v e s t i g a t e  t he  p o s s i b i l i t y  of 
e x t e n d i n g  t h e  m e t h o d  to l o w - a l l o y  s t e e l s .  In so  do ing ,  
s e v e r a l  c o m p l i c a t i o n s  wi l l  no d o u b t  a r i s e .  T h e r e  i s ,  
f o r  e x a m p l e ,  t h e  p r o b a b i l i t y  of a d i f f e r e n t  q u a n t i t a t i v e  
h a r d e n a b i l i t y  e f f e c t  due  to  v a r i a t i o n  of a u s t e n i t e  g r a i n  
s i z e  in  m a n y  l o w - a l l o y  s t e e l s  t h a n  h e r e i n  r e p o r t e d  f o r  
c a r b o n  s t e e l s  in  w h i c h  t he  a u s t e n i t e  t r a n s f o r m a t i o n  
p r o d u c t s  w h i c h  l i m i t  h a r d e n a b i l i t y  a r e  s t r o n g l y  g r a i n -  
b o u n d a r y  n u c l e a t e d .  F u r t h e r m o r e ,  a h a r d e n a b i l i t y  c r i -  
t e r i o n  b a s e d  on  90 p c t  m a r t e n s i t e  wi l l  b e  r e g a r d e d  b y  
m a n y  a s  u n r e a l i s t i c  in  b a i n i t i c - h a r d e n i n g  s t e e l s .  C u r -  
r e n t  d i f f i c u l t y  in  r e l i a b l y  e s t i m a t i n g  t he  h a r d e n a b i l i t y  
of s t e e l  i s  l i k e l y  due ,  in  l a r g e  p a r t ,  to  a p p l y i n g  the  s a m e  
h a r d e n a b i l i t y  f a c t o r s  o v e r  too  w ide  a r a n g e  in c h e m i c a l  
c o m p o s i t i o n ,  i g n o r i n g  a l l o y - i n t e r a c t i o n  e f f e c t s  r e l a t e d  
to a c h a n g e o v e r  f r o m  f e r r i t e  a n d / o r  p e a r l i t e  to  b a i n i t e  
a s  t he  h a r d e n a b i l i t y - l i m i t i n g  m i c r o c o n s t i t u e n t .  

A l t h o u g h  b a s e d  on  a d i f f e r e n t  h a r d e n a b i l i t y  c r i t e r i o n ,  
t he  r e l a t i v e  h a r d e n a b i l i t y  e f f e c t s  of t he  p r i n c i p a l  a l l o y -  
ing  e l e m e n t s  in  o u r  l o w - c a r b o n ,  " p u r e "  s t e e l s  a r e  
s i m i l a r  to  t h o s e  r e p o r t e d  in  the  l i t e r a t u r e .  ~ In r e s p e c t  
to  q u a n t i t a t i v e  h a r d e n a b i l i t y  e f f e c t s ,  h o w e v e r ,  i t  i s  d i f -  
f i c u l t  to  d e t e r m i n e  how o u r  r e s u l t s  c o m p a r e  w i th  t h o s e  
in  t he  l i t e r a t u r e  b e c a u s e  d i f f e r e n t  i n v e s t i g a t o r s  r e p o r t  
r a t h e r  w i d e l y  d i f f e r e n t  q u a n t i t a t i v e  e f f e c t s  f o r  e a c h  of 
t he  v a r i o u s  a l l o y i n g  e l e m e n t s .  

H a r d e n a b i l i t y  i s  a c o m p l e x  p r o p e r t y  of s t e e l  a n d  
h e n c e  i s  p r o b a b l y  b e s t  s t u d i e d  i n i t i a l l y  in  c a r b o n  s t e e l s .  
In so  do ing ,  t h i s  i n v e s t i g a t i o n  prov,  i d e s  a l o g i c a l  b a s e  
f r o m  w h i c h  to p r o c e e d  to  a d d i t i o n a l  s t u d i e s  of t he  h a r d -  
e n a b i l i t y  of l o w - a l l o y  s t e e l s .  

SUMMARY 

A new method of measuring hardenability using small 
specimens of fixed dimensions quenched in controlled- 
temperature brine was developed and correlated with 
the diameter of water-quenched cylinders. The harden- 
ability criterion (DH) adopted is 90 pct martensite at 
the center of a water-quenched cylinder. This method 
of measuring hardenability is limited to shallow-hard- 
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ening s t ee l s  whose hardenable  d i a m e t e r  is l e s s  than 
1 in. (2.54 cm).  

The quant i ta t ive  hardenabi l i ty  effect  of va r i a t i on  in 
aus ten i te  g ra in  s ize  was evaluated  for s e v e r a l  s t ee l s .  
D H was found to v a r y  l i nea r ly  with d~ 1/2, where  d is the 
mean aus ten i te  g ra in  d i a m e t e r .  This r e l a t ionsh ip  in 
its quant i ta t ive  a spec t s  appl ies  only to s h a l l o w - h a r d e n -  
ing s t e e l s  whose ha rdenab i l i ty  is l imi ted  by g ra in -  
boundary  nuclea ted  f e r r i t e  a n d / o r  pea r l i t e .  

The ha rdenab i l i ty  of a s e r i e s  of F e - C  al loys  conta in-  
ing graded  p e r c e n t a g e s  of C was m e a s u r e d .  The r e s u l t -  
ing data plot is a cu rve  with a max imum at 0.8 pct  C. 
D H can be r ead  f rom the cu rve  and is the hardenab i l i ty  
of F e - C  base s  of al l  s t ee l s ,  uncompl ica ted  by al loy or  
impur i ty  e f fec t s .  

The quant i ta t ive  ha rdenab i l i ty  effect  of 0.5 pct Mn 
added to " p u r e "  F e - C  a l loys  was de t e rmined  over  a 
wide range  of carbon  and found to be the same  when 
e x p r e s s e d  as the i n c r e a s e  in DH, but not when ex-  
p r e s s e d  as a mul t ip ly ing  fac to r .  This r e s u l t  led us to 
abandon the mu l t i p ly ing - f ac to r  concept  h e r e t o f o r e  used 
in e s t ima t ing  ha rdenab i l i ty  f r o m  chemica l  composi t ion .  
The re l a t ion  be tween D H and pe r cen t  Mn was evalua ted  
in a s e r i e s  of 0.2 C - F e  a l loys  with graded p e r c e n t a g e s  
of Mn. 

The individual  e l e m e n t s ,  P, S, Si, Ni, Cr, Mo, V, Ti, 
and Zr, w e r e  added to " p u r e "  F e - C  al loys  containing 
0.2 pct C and 0.3 o r  0.5 pct  Mn and the i r  quant i ta t ive  
hardenab i l i ty  ef fec t  eva lua ted  for a common gra in  s ize  
of 4 ASTM. With the except ion  of S, Ti, and Zr, these  
e l emen t s  p r o g r e s s i v e l y  i n c r e a s e d  hardenabi l i ty  as the 
amount added i nc r ea sed .  The ha rdenab i l i ty  ef fec t  of Cu 
was based  on e a r l i e r  data for  Cu added to an AISI 1045 
s tee l .  

A method of e s t ima t i ng  the hardenab i l i ty  of carbon 
s t ee l s  is based  on the equat ion 

D H = AkD C + ~X/)Mn + ADp + LxDsi + ADcu + ADNi 

+ ADcr + ADMo + ADv 

where  the AD's r e p r e s e n t  the i n c r e a s e  in ha rdenab le  
d i a m e t e r  contr ibuted by the pe r cen t age  of each individ-  
ual e l em en t  p r e sen t ;  these  AD va lues  a r e  r e a d  f r o m  a 
char t .  The r e su l t  is a hardenable  d i a m e t e r  for  an au-  
s teni te  gra in  s ize  of 4 ASTM which is c o r r e c t e d  to any 
o ther  gra in  s ize  by the D H vs  d~/2 r e l a t ion .  

In nine carbon s t ee l s ,  the D H value  thus e s t i m a t e d  
ag reed  r ea sonab ly  well  with the value  m e a s u r e d ,  indi-  
cat ing that  it is poss ib le  to e s t i m a t e  the hardenab i l i ty  
of carbon  s t ee l s  f r o m  the i r  c h e m i c a l  compos i t ion  and 
aus teni te  gra in  s ize  with a useful  d e g r e e  of r e l i ab i l i t y .  
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