
307 

MATERIALS 

STRENGTH OF: STEEL AND THE PROBLEM OF ALLOYING 

A.P. Gulyayev, Doctor of Technical Sciences, Central Scientific-Research 

Institute of Ferrous Metallurgy 

"l~anganese, chrome, and titanium are 
all less  harmful to steel, than calcium, 
silicon, magnesium, and aluminum." 

P . P .  A~.osov, On Damascus Steels, in 
OornyyZhurna ! (The Journal of Mining}, 
Vol. 1, folio 2, 1841. 

The widespread utilization of steel as construction 
material for the most responsible machine parts and other 
structures is attributable to the exceedingly advantageous 
combination of its mechanical properties, not inherent to 
other metals and alloys. 

Steel is the most ancient metallic material familiar to 
mankind for several thousand years now. The qualitative 
characteristics of steel are first of all its ever increasing 
strength. A tensile strength of 300-350 kg/mm 2 in bulk 
samples and of 450-500 kg/mm 2 in wire was attained at the 
present time. Some 10-15 years back these figures seemed 
unattainable. 

However these successes were achieved not through manu- 
facture of new grades of steel or through optimal combining 
of the alloying components, but by producing a special 
structural condition. 

On the Mechanical Properties. To produce high-test 
wares, one must strive to create a metal simultaneously 
manifesting a ~high resistance to plastic deformations (c; b, r 
and high tensile strength (ST}. The former is necessary in 
the case of uniaxiai stresses, the latter in the case of com- 
bined s t r e s s e s .  

In the process  of extension, smooth samples submit to 
plastic deformation and the failure is caused by shearing.  
Consequently such tests ,  while characterizing the res is tance 
of metal to plastic deformations, do not determine the 
resis tance of metal to normal s t r e s ses ,  and, therefore,  
do not characterize the performance of metal in a state of 
complex s t r e s s  (in machine par ts  with complex configuration). 
In sheeting there can be no state of multffold s t r e s s ,  and the 
tensile strength value, in this case, is essentially unimpor-  
tant (if ~s does not exceed ST). If, however, a tube is to be 
manufactured f rom a sheet, then under the influence of 
internal p r e s su re  the s t ressed  state will approach to that of 
compound s t r e s s ,  and the tensile strength value will assume 
a foremost importance, since failure, in this case, would 
occur without plastic deformation. 

In the first approximation the practical importance of 
tensile strength may be estimated in the following manner. 

If on actual loading the object may be strained plastically 
to a considerable extent, then the indices of "tangential" 
strength (ffs and fib) acquire a great importance. If the 
object, due to the peculiarity of the loaded state and other 
factors, fails to submit to plastic deformation, then 
predominant importance is to be attributed to the "normal" 
strength -- tensile strength (ST}. 

Thus, the more complex the shape of ~he part, the more 
complex is its state of stress, and the more important is the 
value of "normal" strength. 

Notches and internal and external defects complicate 
the stress distribution and increase the share of normal 
stresses. The same influence is produced by the drop of 
temperature, increasing rate of load application, and other 
factors. 

In developing a brand of steel or a heat-treatment 
process, it is impossible to envisage all the conditions of 
loading. It is, therefore, important to aim at producing 
the highest values of (~s and S T. 

On the Determination of Brittle Strength. It should be 
noted that tensile tests of smooth samples do not reveal 
the normal strength, at any rate, not for so plastic a metal 
as steel. In determining the normal strength, the necessary 
conditions should be created to assure ff >> S T. 

Objective data may be obtained in tensile tests of smooth 
samples at a very low temperature (at minus 253~ for high- 
quality steels}. 

Why is it that tensile tests conducted at !iquid-hydrogen 
temperature determine the brittle strength at room 
temperature ? 

This may be expldined by the fact that the breaking 
strength does not depend on the temperature, Figure i, 
while the resistance to shearing stress increases rapidly 
with dropping temperature. This is why in establishing 
the ultimate strength of smooth ~amples at the temperature 
of liquid nitrogen, or even better, that of liquid hydrogen, 
we determine the breaking strength of the metal at the given 
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or  room tempera tures .  

However, it is very  difficult to conduct tensile tests  at 
such low temperatures ,  and it becomes necessary  to r e so r t  
to other methods of testing, which indicate only the qualita- 
tive regularit ies,  for example, to impact tes t s .  The high 
speed of testing and the notching of samples cause the share 
of normal s t r e s s e s  to be considerable here in the total 
complex of s t r e s s e s .  If the impact sample produces a tough 
fracture (this may be judged by the amount of impact energy 
and by the aspect of the fracture),  then a given metal at a 
given s t ress ,  temperature,  and rate of deformation exhibits 
a ff to S ratio such that rupture occurs as a resul t  of 
tangential s t r e s s e s .  When a tough fracture  is obtained, one 
of the factors should be so changed as to cause the share of 
normal s t r e s s e s  to increase .  This may be achieved by 
increasing the impact rate,  or by sharpening the notch, or, 
alternatively, by lowering the test  temperature .  

\ 
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Fig. 1. Effect of  the test  temperature  on 
the resis tance to shearing s t r e s s  and 

rupture (diagram). 

Figure 2 shows the impact toughness of two types of steel 
in relation to the test  tempera ture .  They exhibit identical 
toughness at room temperature .  However, the transit ion to 
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Fig. 2, Impact toughness of s teels  A and B 
versus  test  temperature .  

a brittle state in steel A begins at minus 20~ in steel B it 
s t a r t s  at 80~ This indicates that the value of "normal" 
strength is higher in steel B, and the temperature  should be 
lowered still more  for the yield point to exceed the "normal" 
strength.  Steel B posses ses  a greater  margin of toughness 
and a higher breaking,~strength. Since the lowering of 
temperature  is equivalent to an increase in the rate of 
deformation, or  the sharpening of the notch, a steel with a 
lower temperature  of transit ion to brittle state is less  
sensitive to notching. 

Grouping of Steel According to Its Strength. Steels may 
be classified into groups characterized by the following 
ultimate tensile strength values.  

Ultimate strength up to  70 kg /mm 2. Steels with 0 b = 50 to 
70 kg /mm 2 in any composition and structural  state pos se s s -  
es sufficient ductility to assure  reliable performance.  Such 
a strength is being achieved without heat t reatment and in 
steels of simple composition. 

Ultimate strength of 70-140 kg /mm 2 may be assured by 
various methods, but the best  combination of mechanical 
and plastic propert ies  is obtainable by tempering.  The 
high ductility and toughness of thermally refined steels make 
their  performace very reliable.  

Ultimate strength of 140-180 kg /mm 2. At this strength 
level ductility and toughness appear to be considerably 
lower than at 70-140 kg /mm 2, but they are still maintained 
at a sufficiently high level (a k = 4 to 6 kg/cm2). Such 
strength values may be imparted to certain steels (for 
example 30KhGSN) by isothermal hardening. 

Ultimate strength of 180-220 kg/mm2_. These values may 
be attained after regular  heat t reatment (hardening + low 
anneal) of alloyed steels  containing about 0.5% C (which by 
their chemical composition approach to hot working steels) .  
The ductility and toughness of these steels is low (a k = 2 to 
4 kg/cm2), but in certain cases  they may be ut i l izedin the 
manufacture of machine par t s .  

Ultimate strength of 220-300 ~ kg/mm2. These 
values may be registered in samples after thermo-mechan-  
ical t reatment .  The possible application of steel with such 
tensile strength to produce different wares  has not yet 
been ascertained. It should be mentioned that ductility and 
toughness after this type of treatment are not lower than in 
the case of ab = 180 to 220 kg /mm 2. 

Ultimate strength of 350-500 kg /mm 2. Such tensile 
strength was attained only for wire.  The lower limit was 
registered for  1-2 ram din. wire, the upper -- for  0 .1 -mm 
wire, and then only in high-carbon steel after patenting and 
in a corresponding drawing process .  

Ultimate strength of more than 500 kg /mm 2. This 
level of strength may be attained only in undisloeaied c rys ta l s .  
The fine size of the crys ta ls  (whiskers) makes it impossible 
to utilize such metals .  

On Thermal Refinement. Modern science has at i ts  
disposal avas t  quantity of experimental data on the 
propert ies  of steels resulting f rom hardening and 
tempering (depending mainly on the drawing temperatures) ,  
and also after normalizing (depending on the composition 
of the steel and other f~ctors). 

Different steels may be distinguished by their  behavior 
under varying tempering tempera tures .  In some steel the 
process  of softening develops more  rapidly, in others it is 
s lower.  Fur thermore ,  the initial (martensitie) hardness  and 
strength level is also different. Consequently, steels 
varying by composition after exposure to identical temper-  
ing conditions manifest  different proper t ies .  This has given 
r i se  to the notion about the different mechanical propert ies  
of steel, about the more  and the less  sturdy steels,  and so 
on. In reality this is not so.  In comparing the propert ies  of 
steel at the same level of hardness  (it can be changed over a 
wide range solely by the tempering temperature),  we see 
that at a given hardness  all steels,  regard less  of the 
contents of carbon and alloying elements, have the same 
mechanical proper t ies .  

Recorded in Table 1 are the propert ies  of the products 
of pearlitie t ransformation of anstenite (different strength 
levels may be obtained by varying the temperature  of 
decomposition and changing the contents of carbon and 
the alloying elements) and of the products resulting f rom 
the tempering of martensi te .  Table 1 shows the super ior  
mechanical propert ies  of tempered-martensi te  products at 
all strength levels and the appropriateness of the t e rm 
"thermal  refinement".  Consequently, in order  to produce 
the best  possible complex of mechanical propert ies  at the 
strength level of 70-140 kg /mm 2 hardening must  be followed 
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by t emper ing .  

However, the p roper t i es  a s su r ed  by the products  resu l t ing  
f rom temper ing  of ma r t ens i t e  may  be obtained only in case  
of full re f inement ,  i . e . ,  with the ent i re  c r o s s - s e c t i o n  

Mechanical  P rope r t i e s  of Steel TABLE 

in in 6~i % ~ in~c kg -mmz 
k g / m m  2 : g / m m  2 

70 
80 
90 
I00 
120 
140 
160 

After  t he rma l  re f inement  

60 30 ] 85 18---22 
70 26 ] 60 14--17 
80 23 60 12--14 
85 21 55 10--12 

100 18 50 7--9  
120 15 50 6- -7  
140 I0 45 4--6 

50 
60 
70 
80 

Thermal ly  untreated 

35 30 55 
40 22 40 
45 18 30 
50 14 22 
55 10 18 
60 i 6 15 

10--15 
8--12 
5--10 
3 - - 6  
2--4  
1--2 

manifes t ing  the s t ruc tu re  of t empered  mar t ens i t e .  In the 
case  of shallow ref inement  the mechanica l  p roper t i es  
de te r io ra te .  

Moreover ,  the  mechanica l  p roper t i es  m a y  be reduced by 
s t ruc tu ra l  defects  (the b r i t t l e -phase  network along the g ra in  
boundar ies ,  l a rge  son ims ,  etc .) .  In the case  of full r e f ine-  
ment  the  mechanica l  p roper t i e s  may  show values  infer ior  to 
those  l i s ted in Table 1. This  may  be caused by superheat ing  
in hardening t r ea tment ,  as well as  by conditions respons ib le  
for  the development of t empe r  b r i t t l eness  (drawing t e m p e r a -  
ture ,  cooling, high contents  of carbon, phosphorus ,  a r sen ic ,  
and so on). 

The theory, of Cri t ical  Alloying. The rma l  ref ining is  the 
bes t  method of a s s u r i n g  high mechanica l  p rope r t i e s .  If the 
par t  is  not fully hardened,  t he rma l  improvement  will not 
impar t  to it  suff ic ient ly  high mechanica l  p rope r t i e s .  E . C .  
Bain ' s  s t a t ement  to the effect that the bas ic  function of the 
alloying e lements  in s t ruc tu ra l  s t ee l s  i s  to i nc rease  ha rd -  
enabili ty is ,  therefore ,  fundamenta l ly  co r r ec t .  

Indeed, in sma l l  c r o s s - s e c t i o n s  (for example,  of 3 to 5 
m m  in d iameter )  of any s teel ,  including carbon steel ,  i t  i s  
poss ible  to produce high mechanica l  proper t ies ,  whereas  in 
l a rge  sect ions ,  even if heavi ly  alloyed, the mechanica l  
p roper t i es  fail  to at tain th is  level .  At any rate ,  in case  of 
full hardenabil i ty,  h igh-a l loy s t ee l s  a re  not  supe r io r  to low- 
al loy s t ee l s  in t e r m s  of mechanica l  p roper t i e s .  

Consequently,  the  alloying e lements  do not improve  the 
mechanica l  proper t ies ,  but r a the r  i nc r ea se  the hardenabi l i ty  
of s t e e l s .  

After  the hardenabi l i ty  requi red  for a given sect ion has  
been attained, a fu r the r  i nc r ea se  of alloying additions 
"excess ive  al loying" does not improve  the mechanica l  
propert ieS,  but r a the r  heightens  the threshold  of cold sho r t -  
n e s s  and reduces  the marg in  of toughness ,  as  it  may,  for  
instance,  be seen  f rom Table 2. 

Thus,  alloying to produce high mechanica l  p roper t i es  
m u s t  be min imal  (critical) capable of  a s s u r i n g  full ha rden-  
ability requi red  ~ fo__r a given c r o s s - s e c t i o n  and cooling 
condit ions.  

Consequently, if a s teel  contains a sufficient  quantity 
of alloying e lements  to a s s u r e  hardenabil i ty,  then thei r  
fu r ther  addition is  ha rmful  s ince  this  reduces  the r e s e r v e  

TABLE 2 
Tempera tu re  of the t rans i t ion  to br i t t le  r s ta te  

(treated to fib = 100kg/mm2).  

Grade of Steel 

~SKhR 
35KhGR 
35KhRT 

Tempera tu re  of t rans i t ion  to 
br i t t le  s ta te  in OC. 

- -20 - -  - -  I00 
+ 4 0 +  - -  40  
+4~ . "  - -  60 

40KhN - - 6 0 +  - -  100 
40~_NVR - -20 - -  - -  60 

40K~GR - - 2 0 +  - -  60  
40KhGVP. + 2 0 +  - -  40 
~Atter  the au thor ' s  and O.iN. Mesher inova ' s  

data.  

of s t r eng th .  The alloying e lements  by t hemse lve s  do 
not improve  the mechanical  p roper t i es  of s teel ,  and the 
os tensible  improvement  on alloying is  due to the 
influence the e lements  produce on hardenabil i ty,  and not 
on the s t rength .  

The damaging effect  of the e lements  in excess ive  al loy- 
ing is  va r ied .  Chrome,  manganese ,  boron, and i i t an tum 
produce a negative influence, though, perhaps ,  to a l e s s e r  
extent  than a luminum and s i l icon.  However, one element ,  
apparently,  p r e sen t s  an exception.  Excess ive  alloying by 
nickel, judging by cer ta in  data, lowers the threshold of 
toughness .  This  explains the high toughness  cha rac t e r i s t i c s  
of nickel s tee l s  and the r ea son  why nickel i s  so hard  to 
replace  as  an alloying e lement  for  s t ruc tura l  s t e e l s .  The 
cause  of the grea t  influence produced by nickel has  net  yet  
been de te rmined  and was never  made the subject  of 
theoret ical  s tudy.  

Pr inc ip les  of Structural  Steel Alloying. The content 
of carbon ent i re ly  de te rmines  the m a x i m u m  s t rength  
value resu l t ing  af ter  t emper ing  at 200oc, and the 
m i n i m u m  value after  t emper ing  at a t empera tu re  s l ight ly 
below the cr i t ica l  point. 

Excess ive  alloying, i t  s e ems ,  i s  l e s s  dangerous  at low 
carbon contents than it  is  at 0 .3  to 0.5% C (this postulate  
sti l l  r equ i r e s  checking). Impact  toughness  af ter  re f inement  
of low-carbon s t ee l s  co r responds  to the  r ight -hand 
f igures  in Table 1, and for s t ee l s  with average  carbon 
contents  to those  in the lef t-hand column.  

To a s s u r e  the required hardenabi l i ty  the alloying 
e lements  may  be introduced in any des i red  combinat ion.  
It i s  r ecommended  that  use  be made of the more  rapidly 
available e lements  (manganese,  chromium) and the s t rongly  
act ing additions (boron, z i rconium, and the  r a r e - e a r t h  
me ta l s ) .  

There  may  be a grea t  number  of poss ible  combinat ions,  
yet  one should bear  in mind that the m a x i m u m  va lues  of the 
mechanica l  p roper t ies  l is ted in Table i could not have been 
improved upon; the marg in  of toughness  d e c r e a s e s  as a 
r esu l t  of excess ive  alloying. It follows, therefore ,  that 
pa r t s  with smal l  and medium c r o s s - s e c t i o n  should not be 
made  f r o m  high-al loy s t e e l s .  If full hardenabi l i ty  m a y  be 
a s su r ed  through introduction of I% Cr, p re fe rence  should be 
given to s tee l  40Kh over  the 40KhR and 40KhGR g rades .  
Excess ive  alloying with nickel p re sen t s  an exception.  
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High toughness and a low threshold of cold bri t t leness may 
be attained net only by means of refinement, but also through 
preservat ion of the fine austenite grain in the process  of 
heating for hardening. For this purpose it is important to 
utilize hereditary fine-grained steels .  A hereditary fine- 
grain s t ructure  may be developed by proper  deoxidation of 
steel (1 kg of aluminum and 3-4 kg of titanium per ton of 
molten metal) to produce after solidification a steel with 
0.01-0.02% A1 and 0.03-0.05% Ti. The presence of alumi- 
num and titanium in proportions higher than the above fails 
to refine the grain and lowers the toughness margin.  

Additional light alloying of steel by niobium, vanadium, 
and zirconium (up to 0.05%) may, apparently, be useful to 
inhibit the grain growth. However, the use of these elements 
for alloying still calls for a practical verification. Tungsten 
increases  only the hardenability, but its utilization is un- 
economic because of its high cost.  

Molybdenum eliminates reversible temper bri t t leness,  
which is very important for bulky objects in which temper  
bri t t leness cannot be removed by heat t reatment.  In such 
cases molybdenum is irreplaceable as an alloying element. 
Molybdenum also improves the hardenability of steel.  For 
small-sect ion parts ,  as well as for wares  not subjected 
to high temper,  additions of molybdenum to steel are, 
apparently, unnecessary.  

We shall now briefly sum up the principles for the 
alloying of structural  s teels .  

F i r s t  of all the required hardenability must  be assured 
b i introducing into the steel the regular ~ manganese, 
nickel, and molybdenum} and the s trongly acting (boron, 
zirconium, ra re -ear ths )  elements in avoiding excessive 
alloying. The c ross -sec t ion  of the part  determines the 
appropriate selection of steel.  

The hereditary fine-grained s t ructure  may be assured 
b v qorrespoading deoxidation (AI+Ti) and retention of a very  
1trotted residual contents of these elements in the metal, an___dd 
b_. Z possible additional mieroalloying (with V_~, ~ ,  or  T__i). 

A_ s uupplementary i_nerease of the margin of toughness, a_.ss 
compared to that produced b v thermal refinemeut and the 
fine anstenite rgF...~p_, m_%y_ be assured through introduction 

Th._ee development of temp_9/brittleness may be checked 
b_b / injecting 0__2-0 4% molybdenum 

A higher addition of molybdenum -- owing to its strong 
effect on hardenability -- may prove to be excessive and, 
therefore, undesirable. 
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NON-FERROUS METALS AND ALLOYS 

ALLOYS OF THE T i -A I -Mn  SYSTEM 

L.P .  Luzhnikov, Assoc.  Tech. So. and Eng. V.N.  Moiseyev 

The object of this work was to conduct a systematic inves- 
tigation of the mechanical and technological character is t ics  
of the alloys belonging to the Ti-A1-Mn system with the view 
to establishing the optimum alloy compositions for the manu- 
facture of sheet material .  

We have studied the alloys of the titanium group contain- 
ing up to 9% aluminum and manganese. The alloys were 
sampled f rom the sys tem's  sections with the contents of 
titanium being constant and equal to 98.5, 97, 93, and 91%, 
Figure 1. These sections run through a large number of 


