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V A R I A T I O N  OF STEEL PROPERTIES D U R I N G  HARDNESS TESTS 

BY BALL I N D E N T A T I O N  

G.I. POGODIN-ALEKSEYEV, Meritorious Scientist and Technological Expert,  and Eng. YE.G. DOLMATOV 

(The Non-Ferrous  Metals Process ing Works) 

In testing the hardness of metals by Brinell or Rockwell 
methods (scale ]3) a steel ball is forced into the surface of 
the test  piece under a definite load. In theprocess  of plastic 
deformation the metal hardens and its res is tance to inden- 
tation increases .  

To study the process  of hardening under ball p res su re  
and the effect of this phenomenon on the resul ts  we have 
conducted tests  of several  grades of low- and medium- 
carbon steels (commercial iron, steel St-3, annealed, 
hardened, and aged steels 20 and 45). The tests  were 

PLASTIC DEPTH, IMPRESSION MODULUS, AND HARDNESS VARIATION AT DIFFERENT 
INTERVALS OF LOADING IN TESTS OF STEEL AND COMMERCIAL IRON 
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ca r r i ed  out with a Rockwell- type indenter  using a bal l  
! .588 mm in d i ame te r  under 50, 90, and 140-kg loads (not 
counting the p r e l im ina r y  load of 10 kg~. The values  cor -  
responding to the depth of p las t ic  indentation and the in-  
c r ea se  in depth resu l t ing  from additional load applicat ion 
were  calcula ted on the bas i s  of the ins t rument  indicat ions 
(see Tabie) 

The depth of the impres s ion  does not va ry  in proport ion 
to the load when the l a t t e r  is  ' / increased, because  the s i m i -  
l a r i ty  conditions a re  upset  by geomet r i ca l  and s t ruc tu ra l  
fac tors .  These fac tors  act  in opposite d i rec t ions .  

Unlike the pointed indenters  (a cone, or a pyramid)which  
have constant  angles of t aper  and impres s ion ,  and which, 
the re fore ,  produce geomet r i ca l ly  s i m i l a r  indentations under 
different  loads,  a ba l l  has a va r i ab le  angle of impress ion .  
At the in i t ia l  moment the ball~s impres s ion  angle is c lose  
to zero ,  and i ts  " taper"  angle is  at i ts  maximum value (180r 
As the ba l l  pene t ra tes  deeper  into the ma te r i a l ,  the angle 
of impre s s ion  i n c r e a s e s ,  while the taper  angle d imin ishes .  
When the depth of the indentation at ta ins  57 .3#  the taper  
angle of the ba l l  in the Rockwell  t e s t e r  is  equal to 136 ~ (or, 
i t  cor responds  to the taper  angle of the pyramid  in the 
Vickers  instrument) .  When the ba l l  is  forced to a depth of 
100 ~ this  angle d imin i shes  to 120 ~ and becomes  equal to 
that of the Roelcccelt ins t rument  cone. These depths of i m-  
p re s s ion  correspond to the in s t rumen t ' s  read ings  of HRB 111 
and 80. 

The penetra t ion of the indenter  into the m a t e r i a l  becomes  
e a s i e r  as the taper  angle dec rea se s .  This is c h a r a c t e r i s t i c  
for the pointed indenters ,  which at tain a g r e a t e r  depth of 
penet ra t ion  under equal loads.  Consequently,  if the prop-  
e r t i e s  of the m a t e r i a l  manifes t  l i t t l e  o r  no change at  a l l  as 
a r e s u l t  of loading, the penetra t ion of the bal l  into the 
m a t e r i a l  should also be fac i l i ta ted  as the impres s ion  be -  
comes deeper.  

In o rde r  to evaluate  the combined effect of these fac tors  
we have ca lcula ted  the magnitude of the load capable of 
causing a I p advance in the depth of the indentation (which 
we have t e rmed  the modulus of indentation) over  different  
t e s t  in te rva l s  (0-50, 50-90, and 90-140 kg). F r o m  the Table 
i t  becomes apparent  that  the s t ee l s  tes ted  may be c lass i f i ed  
into th ree  groups in t e r m s  of the indentation modulus v a r i a -  
tion. For  the ha rde r  s tee l s  (45, and St. 3) the P modulus 

h 
shows a p e r s i s t e n t  drop af ter  ageing. In the th i rd  loading 
range the i r  r e s i s t e n e e  to indentation d iminished to 92. 3, 
97.1 and 95.4% as compared to the values  r e g i s t e r e d  for the 
0-50-kg in terval .  

For  s t ee l  20 and the hardened St. 3 grade  the indentation 
modulus values  were  the same over  the f i r s t  and the second 
loading ranges ,  with a s l ight  inc rease  in the th i rd  in terval .  
The annealed St. 3 s tee l  and commerc i a l  i ron (HRB 46-61) 
manifes ted an 18.4 and 22.6% inc rease  of the indentation 
modulus in the third in terval  as  aga ins t  the f i r s t .  This 
means that the depth of indentation produced by the indenter  
in these  s tee l s  became re l a t ive ly  lower in the third in terval  
when the load was 140 kg, in spi te  of the above-mentioned 
effect of the geomet r i c  factor.  

These r e su l t s  evidence that a cons iderable  hardening of 
the soft s t e e l s  occurs  in the p roc e s s  of ba l l  penetrat ion and 
that  the i r  p roper t i e s  exper ience a substant ia l  change. There 
is no doubt that this  phenomenon also takes  place in harder  
s tee l s .  It is  known that  in annealed carbon s t ee l s ,  which 
showed HB values  of 115, 137, and 160 in the in i t ia l  s ta te ,  
the ha rdness  inc reased  by 36, 30, 17% after  drawing with a 
10-% reduct ion,  by 52, 44,  and 27% after  20-% reduct ion,  
and by 60, 52, and 35% after  30-% reduct ion,  and so on. 
Even the absolute inc rease  in hardness  for ha rde r  s t ee l s  is  

l e s s  considerable  in magnitude than for soft s t ee l s  and, 
pa r t i cu la r ly ,  for commerc i a l  iron. 

Under the influence of p las t ic  deformation occur r ing  in 
the p rocess  of ha rdness  tes t ing  the p roper t i e s  of a l l  s t ee l s  
mani fes t  a change, but quant i ta t ively this  change is  un- 
equal. It may be sma l l  for ha rde r  s tee l s  and at tain a con- 
s iderab le  value in soft s t ee l s  and al loys.  This is the 
reason  why the effect of the geomet r i c  factor  was p re -  
dominant in the hard  s t ee l s ,  for which a ce r ta in  drop was 
observed in the indentation modulus va lues ,  whereas  in 
soft s t ee l s  the g r e a t e s t  influence was produced by the 
s t ruc tu ra l  factor.  

In accordance with this  fact  the numer ica l  ha rdness  
va lues  v a r y  continuously as the ma te r i a l  is  tes ted.  The 
es tabl i shed  Br ine l l  hardness  values  (see Table) r ep -  
r e sen t  averaged values  depending on the depth of the i m-  
p r e s s i o n  and the tendency of the m a t e r i a l  to harden. 

The hardness  of m a t e r i a l s  not r e spons ive  to cold 
working (s teel  45 and St. 3 af ter  quenching and age ha rd -  
ening) wi l l  continue to drop with inc reas ing  load as a 
r e su l t  of the geomet r i c  factor ,  e spec ia l ly  when the depth 
of the impres s ion  is  s m a l l  The hardness  of low-carbon 
s t ee l s  and al loys wit l  i nc rease  considerably  as  a r e su l t  
of cold working,  s ince i ts  influence is g r e a t e r  than that  
of the geomet r i c  factor (Fig. l -b) .  

These hardness  values  (in Br ine l l  units) for 50, 90, 
and 140-kg loads were  calcula ted from formula: 

l i B =  P M 
~Dh ~O 

and cha rac te r i zed  the average  hardness  of the m a t e r i a l  
from 0 to the se lec ted  load value.  At the same t ime  
the average  hardness  values  were  de termined  for 50-90 
and 90-140 kg (see Table) which were  defined on the bas i s  
of the inc rements  in load and the depth of the i m p r e s s i o n  

P 
for each tes t ing  stage: HB = D-----h " 

Tes t  hardness  var ia t ion  curves  were  plotted on the 
bas i s  of these values  calcula ted for the different  loading 
ranges  (Fig. l - a ) .  Since these  a re  averaged va lues ,  they 
were  plotted in the middle of each interval .  The t rend 
of the curves  is addit ionally control led here  by the mean 
hardness  values  for the f i r s t  two (HB 90) and for the three  
ranges  (HB 140) shown in the Table.  

As i t  may be seen from Fig. l - a ,  a decl ine in hardness  
is to be observed at the beginning of the t es t  in s t ee l s  45 
and St. 3 (after ageing), with s tee l  45 exhibit ing a pa r t t eu-  
la r ly  sharp  drop. A s l ight  inc rease  in hardness  begins 
to appear  at 140-kg load. This bea r s  wi tness  to the fact 
that the geomet r ic  factor exe r t s  a predominant  influence 
at the beginning of the tes t .  

In the sof ter  s t ee l s  (20 and St. 3 hardened) the ha rdness  
values  r ema in  p rac t i ca l ly  unchanged over the f i r s t  period,  
i . e .  the effects of the geomet r i c  and the s t ruc tu ra l  fac tors  
a re  equivalent  in them. But under the load of 140 kg,  
ha rdness  a l ready  shows a noticeable inc rease .  For  the 
most  ducti le s t ee l s  (annealed St. 3 and commerc ia l  iron) 
the f ina l - s tage  hardening considerably  exceeds the effect 
of the geomet r ic  factor ,  and in the final count one observes  
a considerable  inc rease  in hardness .  

On the bas i s  of these  data i t  i s  poss ib le  to de termine  the 
tendency of the s tee l s  to inc rease  in ha rdness  (work-harden) 
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Fig. 1. Variat ion of the s tee l  ha rdness  numbers  in the 
p rocess  of tes t ing  with bal l  indenter: 

a - values  de termined  for the in te rva l s  0-50~ 
50-90, and 90-140 kg; b - values  determined 
for the 50, 90, and 140-kg loads; 1 - s tee l45;  
2 -  s t ee l  St. 3, 15 days v ageing; 3 - s t e e l S t .  3, 
5 days r ageing; 4 - s tee l  St. 3, hardened; 
5 - s tee l  20; 6 - s tee l  St. 3, annealed; 7 -  com- 

m e r c i a l  iron. 

$0 a)$# leo 0 ~ b) 

Load applied to the bal l  

Fig. 2. The tendency of s tee l  to i nc rease  in ha rdness  
in the p roaess  of tes t ing  (% in re la t ion  to the hardness  

in 0-50 kg interval) :  
a - for 50, 90, and 140-kg loads; b - for loads 
ranging from 0-50, 50-90, and 90-140 kg; 
1 - commerc i a l  iron; 2 - s tee l  St. 3, annealed; 
3 e s tee l  20; 4 - s tee l  St. 3, hardened; 5 - s tee l  
St. 3, aged 5 days; 6 - s tee l  St.3, aged15 days; 

7 - s tee l  45. 

in the p roces s  of tes t ing,  ff one takes  the i r  ha rdness  values  
at  0-05 kg for 100% (see Table). The hardness  var ia t ion  
for the tes ted  s tee l s  is  shown in Fig. 2 in percentage  ra t io  
to the ini t ia l  range.  In t e r m s  of the i r  suscept ib i l i ty  towork  
hardening the s tee l s  may be a r ranged  in an order  inverse ly  
proport ional  to the i r  hardness  values:  the lower the hard-  
ness ,  the g r ea t e r  the response  to cold working and the more  
intensive is the inc rease  of this  tendency with inc reas ing  
load. 

In ext rapola t ing the ha rdness  var ia t ion  curves ,  i t  is  easy  
to de termine  the " in i t ia l"  value H 0 (corresponding to zero 
load) on the Y-ax is .  This value does not depend on the 
effects of the geomet r ic  and s t ruc tu ra l  fac tors  and charac -  
t e r i z e s  the me t a l ' s  r e s i s t a n c e  to indentation before i t  has  
been subjected to cold working in the p roces s  of tes t ing.  
(see Table). 

CONCLUSIONS 

1. A depar ture  f rom geomet r ic  s i m i l a r i t y ,  assoc ia ted  
with the var ia t ion  of the ba l l ' s  angle of impre s s ion  with 

inc reas ing  load, leads to a drop in the numer ica l  ha rdness  
value,  while a depar ture  f rom s t ruc tu ra l  s i m i l a r i t y  (work 
hardening of metal) causes  the hardness  to inc rease .  

2. In meta ls  not respons ive  to cold working the ha rdness  
value at  the in i t ia l  moment  may r ema in  unchanged, or i t  
may even decl ine,  but u l t imate ly  the effect of cold work  is  
g r ea t e r  than that of the geomet r i c  factor ,  and the numer ica l  
ha rdness  value i n c r e a s e s  as g r e a t e r  loads a re  applied to 
the ball .  

3. wi th  inc reas ing  load on the bal l ,  the hardness  ofthe 
ducti le meta l s  i nc r ea se s  more  rapid ly  and becomes  higher  
than the ha rdness  value of a number of ha rde r  meta ls .  The 
difference in the hardness  of s t ee l s  d iminishes  as  the load 
applied to the ba l l  continues to inc rease .  

4. The tendency of the soft s t ee l s  to work harden in 
the process  of tes t ing  is  h igher ,  and in o rde r  of the i r  
suscept ib i l i ty  to cold working the invest igated meta ls  range  
in a success ion  inverse ly  proper t ional  to the i r  ha rdness  
value.  


