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Questions  1-­3  are  from  the  textbook  Callister,  8th  ed.  Chapters  10:  10.18,  10.D3  
and  10.D4  

1.   Using  the  isothermal  transformation  diagram  for  an  iron–carbon  alloy  of  eutectoid  
composition,   specify   the   nature   of   the   final   microstructure   (in   terms   of   micro-­  
constituents  present  and  approximate  percentages  of  each)  of  a  small  specimen  that  
has  been   subjected   to   the   following   time–   temperature   treatments.   In   each   case  
assume   that   the   specimen   begins   at   760oC   and   that   it   has   been   held   at   this  
temperature  long  enough  to  have  achieved  a  complete  and  homogeneous  austenitic  
structure.    
  
a)   Cool  rapidly  to  700oC,  hold  for  104  s,  then  quench  to  room  temperature.    
b)   Reheat  the  specimen  in  part  (a)  to  700oC  for  20  h.    
c)   Rapidly  cool   to  600oC,  hold   for  4  s,   rapidly  cool   to  450oC,  hold   for  10  s,   then  
quench  to  room  temperature.    

d)   Cool  rapidly  to  400oC,  hold  for  2  s,  then  quench  to  room  temperature.    
e)   Cool  rapidly  to  400oC,  hold  for  20  s,  then  quench  to  room  temperature.    
f)   Cool  rapidly  to  400oC,  hold  for  200  s,  then  quench  to  room  temperature.    
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
   of these lines indicates that the martensitic transformation is independent of time; it

is a function only of the temperature to which the alloy is quenched or rapidly cooled.
A transformation of this type is termed an athermal transformation.

Consider an alloy of eutectoid composition that is very rapidly cooled from a
temperature above 727!C (1341!F) to, say, 165!C (330!F). From the isothermal trans-
formation diagram (Figure 10.22) it may be noted that 50% of the austenite will
immediately transform to martensite; as long as this temperature is maintained,
there will be no further transformation.

The presence of alloying elements other than carbon (e.g., Cr, Ni, Mo, and W)
may cause significant changes in the positions and shapes of the curves in the isother-
mal transformation diagrams. These include (1) shifting to longer times the nose of
the austenite-to-pearlite transformation (and also a proeutectoid phase nose, if such
exists), and (2) the formation of a separate bainite nose. These alterations may be
observed by comparing Figures 10.22 and 10.23, which are isothermal transforma-
tion diagrams for carbon and alloy steels, respectively.

Steels in which carbon is the prime alloying element are termed plain carbon
steels, whereas alloy steels contain appreciable concentrations of other elements,
including those cited in the preceding paragraph. Section 11.2 tells more about the
classification and properties of ferrous alloys.

Concept Check 10.2

Cite two major differences between martensitic and pearlitic transformations.
[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]
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Figure 10.22 The
complete isothermal
transformation
diagram for an
iron–carbon alloy 
of eutectoid
composition: A,
austenite; B, bainite;
M, martensite; P,
pearlite.
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2.      It  is  desired  to  produce  an  iron–carbon  alloy  that  has  a  minimum  hardness  of  175  
HB  and  a  minimum  ductility  of  52%RA.  Is  such  an  alloy  possible?  If  so,  what  will  be  
its  composition  and  microstructure   (coarse  and   fine  pearlites  and  spheroidite  are  
alternatives)?  If  this  is  not  possible,  explain  why.     

  
  
  
  
  

  
  
  

  
  
  
  

  
  

  
  
  

  
3.    

a)   For a 1080 steel that has been water quenched, estimate the tempering time at 
425oC to achieve a hardness of 50 HRC.  

b)   What will be the tempering time at 315oC necessary to attain the same hardness?  

  
  
  
  
  
  
  
  
  
  

the tensile and yield strengths as well as the Brinell hardness number are plotted as
a function of the weight percent carbon (or equivalently as the percentage of Fe3C)
for steels that are composed of fine pearlite. All three parameters increase with in-
creasing carbon concentration. Inasmuch as cementite is more brittle, increasing its
content will result in a decrease in both ductility and toughness (or impact energy).
These effects are shown in Figure 10.29b for the same fine pearlitic steels.

The layer thickness of each of the ferrite and cementite phases in the microstruc-
ture also influences the mechanical behavior of the material. Fine pearlite is harder
and stronger than coarse pearlite, as demonstrated by the upper two curves of Fig-
ure 10.30a, which plots hardness versus the carbon concentration.

The reasons for this behavior relate to phenomena that occur at the !–Fe3C
phase boundaries. First, there is a large degree of adherence between the two phases
across a boundary. Therefore, the strong and rigid cementite phase severely re-
stricts deformation of the softer ferrite phase in the regions adjacent to the bound-
ary; thus the cementite may be said to reinforce the ferrite. The degree of this rein-
forcement is substantially higher in fine pearlite because of the greater phase
boundary area per unit volume of material. In addition, phase boundaries serve as
barriers to dislocation motion in much the same way as grain boundaries (Section
7.8). For fine pearlite there are more boundaries through which a dislocation must
pass during plastic deformation. Thus, the greater reinforcement and restriction of
dislocation motion in fine pearlite account for its greater hardness and strength.
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Figure 10.30 (a) Brinell and Rockwell hardness as a function of carbon concentration for
plain carbon steels having fine and coarse pearlite as well as spheroidite microstructures.
(b) Ductility (%RA) as a function of carbon concentration for plain carbon steels having
fine and coarse pearlite as well as spheroidite microstructures. (Data taken from Metals
Handbook: Heat Treating, Vol. 4, 9th edition, V. Masseria, Managing Editor, American
Society for Metals, 1981, pp. 9 and 17.)
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Figure 10.30 (a) Brinell and Rockwell hardness as a function of carbon concentration for
plain carbon steels having fine and coarse pearlite as well as spheroidite microstructures.
(b) Ductility (%RA) as a function of carbon concentration for plain carbon steels having
fine and coarse pearlite as well as spheroidite microstructures. (Data taken from Metals
Handbook: Heat Treating, Vol. 4, 9th edition, V. Masseria, Managing Editor, American
Society for Metals, 1981, pp. 9 and 17.)
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(b) Superimpose and label on this same plot the room-temperature behavior
resulting from tempering at a higher temperature and briefly explain the
difference in behavior between these two temperatures.
[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]

Temper Embrittlement
The tempering of some steels may result in a reduction of toughness as measured
by impact tests (Section 8.6); this is termed temper embrittlement. The phenomenon
occurs when the steel is tempered at a temperature above about 575!C (1070!F)
followed by slow cooling to room temperature, or when tempering is carried out at
between approximately 375 and 575!C (700 and 1070!F). Steel alloys that are sus-
ceptible to temper embrittlement have been found to contain appreciable concen-
trations of the alloying elements manganese, nickel, or chromium and, in addition,
one or more of antimony, phosphorus, arsenic, and tin as impurities in relatively low
concentrations. The presence of these alloying elements and impurities shifts the
ductile-to-brittle transition to significantly higher temperatures; the ambient tem-
perature thus lies below this transition in the brittle regime. It has been observed
that crack propagation of these embrittled materials is intergranular (Figure 8.7);
that is, the fracture path is along the grain boundaries of the precursor austenite
phase. Furthermore, alloy and impurity elements have been found to preferentially
segregate in these regions.

Temper embrittlement may be avoided by (1) compositional control and/or (2)
tempering above 575!C or below 375!C, followed by quenching to room tempera-
ture. Furthermore, the toughness of steels that have been embrittled may be im-
proved significantly by heating to about 600!C (1100!F) and then rapidly cooling
to below 300!C (570!F).

10.8 Tempered Martensite • 377
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Figure 10.35

Hardness (at room
temperature) versus

tempering time for a
water-quenched
eutectoid plain

carbon (1080) steel.
(Adapted from
Edgar C. Bain,

Functions of the
Alloying Elements in

Steel, American
Society for Metals,

1939, p. 233.)
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