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ABSTRACT
The Control Element is a set of mechanical components of pressurized water cooled nuclear reactors (PWR),
with the function of modifying the reactivity of the nucleus by insertion and withdrawal of neutron absorptive
rod, in order to change the flow of neutrons (power) to the necessary and desired levels. The control element
also has a safety function when there is a need to have negative reactivity available to shut down the reactor in
normal operating or accident situations. In this situation, the control element descends instantly and inserts the
rods with absorptive material into the fuel element thus shutting down the reactor. The control element consists
of control rods, which carry the neutron absorption material and is supported by the spider, pin, spring and
spring retainer assembly. The control element has some components that need to have high resistance to impacts
when the safety function is activated, so the material of this component must have high mechanical strength and
toughness. One of the materials in which can be specified for this application is martensitic stainless steel 17-
4PH (UNS 17400). This steel, when subjected to the aging heat treatment, has its mechanical properties altered
due to the precipitation of dispersed intermetallic compounds in the matrix. In all heat treatments performed the
predominant microstructure is lath martensite. The heat treatment of the 620 °C / 4 h presented lower hardness
when compared  to  the  other  treatments  and  when increase  time  and  temperature  the  material  presents  Nb
precipitates that increase the hardness.

1. INTRODUCTION
Stainless steel 17-4 PH is a hardenable alloy by precipitation. It is a material that combines
excellent  mechanical  resistance  and  corrosion.  These  characteristics  make  it  a  material
indicated in projects of nuclear reactors of the PWR type, mainly for the manufacture of
components of the control element [1].
Precipitation-hardenable stainless steel 17-4PH has been increasingly used for a variety of
applications in marine construction, chemical industries and nuclear power plants such as
light  water  reactors  (LWR)  and  pressurized  water  reactors  (PWR)  due  to  Its  excellent
combination of mechanical properties and corrosion resistance. These materials work for a
long period of time over the life of nuclear power plants. The maximum values of mechanical
strength  and  hardness  are  achieved with  aging at  lower temperatures.  However,  in  these
situations ductility and toughness reach their lowest values [2].
The control element is a set of mechanical components with the function of modifying the



reactivity of the nucleus by inserting and withdrawing rods with neutron absorptive material
in order to change the levels of neutron (power) flow according to the necessary and desired.
The control  element  also  has  the  safety function when there  is  a  need to  have  negative
reactivity  available  to  shut  down  the  reactor  in  normal  operation  or  accidents.  In  this
situation, the Control Element descends abruptly, inserting the rods with absorber material
inside  the  fuel  element,  disconnecting  the  activity  of  the  reactor.  The  Control  Element
consists of the control rods, which carry the neutron absorber material and are supported by
the spider, pin, spring and spring retainer [3].
According to Lippold & Kotecki [4], the combination of high specific mechanical strength
and good corrosion resistance of these steels allow their application in the aerospace and
defense industry. According to Zhang et al, the most important properties of 17-4PH stainless
steel  are  easy  manufacturing,  high  mechanical  strength,  relatively  good  ductility  and
excellent corrosion resistance.
Type  17-4PH  (Precipitation  Hardening)  martensitic  stainless  steel  features  precipitating
alloying elements such as copper and niobium which increase its mechanical strength and
ensure good corrosion resistance. This steel is subjected to aging thermal treatments at certain
temperatures and times to increase its mechanical strength by means of precipitation of the
present alloying elements [5].
Fig. 1 represents a typical PWR-type with the control element partially inserted in the fuel
element.

Figure 1:  Typical PWR-Type with the control element partially inserted in the fuel
element.

In nuclear PWR- type reactors, the 17-4 PH alloy is one of the materials indicated to some
components  of  control  element,  given the fact  of  this  material  be excellent  resistance to
impact. This material presents high mechanical strength and high toughness [6].
The aim of the present work is to investigate how different heat treatments of aging of this
stainless steel relate with mechanical and microstructural characteristics of this alloy.
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2. EXPERIMENTAL PROCEDURE, RESULTS AND DISCUSSIONS 
2.1. Material
The chemical composition of the stainless steel 17-4PH is listed in table 1.

Table 1:  Chemical composition of the stainless steel 17-4 PH
Element C Mn Si P S Cr Ni Nb Cu Fe

Weight % 0,019 0,63 0,32 0,016 <0,001 15,25 4,58 0,221 3,35 balance

2.2. Method
From the laminated cylindrical bar was cut specimens of longitudinal direction, in which they
were subjected for previous solution treatment in temperature of 1035 °C per 0,5 h. Two
conditions are tested in this paper. In the first condition, each specimen was submitted to
aging treatment by the varying the time and temperature, according to table 2. In the second
condition, the aging treatment was performed in the same temperature for each specimen, but
varying the treatment time, according to table 3. 

Table 2:  Parameters of aging treatment, condition 1
Specimen 1 2 3

Aging Time and
Cooling Method

495 °C / 4h and air
cool

620 °C / 4h and air
cool

760 °C / 2h and air cool,
plus 620° / 4h and air cool

Table 3:  Parameters of aging treatment, condition 2
Specimen 4 5 6

Aging Time and
Cooling Method

620 °C / 2h and air
cool 

620 °C / 4h and air
cool 

620° / 6h and air cool 

After  treatments  the  specimens  was  analyzed  by  optical  microscopy,  scanning  electron
microscopy and tested with hardness Rockwell C testing.

2.3. Results
2.3.1. Microstructural analysis
For the optical microscopy and SEM analysis, the specimens was polished and etched with
"kalling's 2" reagent (HCl, ethylic alcohol and CuCl2) for 20 seconds to reveal the present
microstructure. In all the heat treatment conditions the microstructure present is martensite,
but some particularities have been detected. 
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The Fig. 2 represents the formed microstructure in each heat treatment. The treatments of
solution treating 1035 °C / 0,5 h, and age hardening in 495 °C / 4 h, 620 °C / 4 h, show the
microstructure formed by lath martensite, while for age hardening in 760 °C / 2 h plus 620 °C
/ 4 h, represent the microstructure formed by tempering martensite, also it is possible to view
the grain boundaries.

 (a)                                                                                   (b)

 (c)                                                                               (d)
Figure 2:  Optical micrographs showing microstructure, a) Solution treated at 900 °C

per 30 minutes.  b) Aging treatment 495 °C per 4 hours. c) Aging treatment 620 °C per 4
hours. d) Aging treatment 760 °C per 2 hours, plus 620 °C per 4 hours.

The Figs. 3 and 4, represents the micrographs obtained by optical microscope and SEM, of
the age hardening treatment in the temperature of 620 °C by 2 h, 4h and 6h, respectively. In
three times of treatment the presents microstructure is lath martensite.
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               (a)                                                (b)                                                  (c)       
    

Figure 3: Optical micrographs showing microstructure, a) Age hardening at 620 °C per
2 hours. b) Age hardening at 620 °C per 4 hours. c) Age hardening at 620 °C per 6 hours.

  (a)                                                                  (b)

 (c)
Figure 4: SEM micrographs showing microstructure, a) Age hardening at 620 °C per 2
hours. b) Age hardening at 620 °C per 4 hours. c) Age hardening at 620 °C per 6 hours. 
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Two areas was analyzed using EDS in the microstructure as showed in Fig. 5 in treatment
condition of specimen 3 (Table 2). Spectrum 1 represents the chemical composition of grain
boundary  and  the  spectrum  2  represents  the  grain.  There  is  a  small  difference  in  the
percentage of Cu, which appears in greater quantity inside the grain. 

Spectrum Si P Cr Mn Fe Ni Cu Nb Mo Total
1 0.58 15.88 0.72 75.24 4.14 3.07 0.32 0.05 100.00
2 0.34 0.13 15.96 0.71 74.06 4.31 3.85 0.64 100.00

Figure 5:  EDS microstructure and chemical composition of the age hardening at 760 °C
/ 2h plus 620 °C / 4h

In the same treatment condition, three other areas formed by light particles were analyzed by
EDS as showed in Fig. 6.

Spectrum Cr Fe Ni Cu Nb Total
1 17.46 71.43 4.31 2.34 4.46 100.00
2 16.07 77.43 4.10 2.40 100.00
3 23.08 69.75 4.33 2.84 100.00

Figure 6:  EDS microstructure and chemical composition of the age hardening at 760 °C
/ 2h plus 620 °C / 4h
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Fig. 7 represents the heat treatment in the condition at 495 °C per 4 h, it wasn’t detected
different regions in the microstructure,  the analyzed areas correspond to a large region to
check the chemical composition and other region that presents a inclusion particle formed by
aluminum and magnesium.

Spectrum Mg Al Si P Cr Mn Fe Ni Cu Nb Mo Total
1 8.65 81.88 2.82 6.65 100.00
2 0.22 0.11 16.56 0.47 72.95 4.79 2.75 0.87 1.28 100.00

Figure 7:  EDS microstructure and chemical composition of the age hardening at 495 °C
/ 4h

Fig. 8 represents the heat treatment in the condition at 620 °C per 4 h, the analyzed areas by
EDS, didn’t show significant differences in chemical composition.

Spectrum Si P Cr Mn Fe Ni Cu Nb Mo Total
1 0.34 0.10 16.36 0.76 74.60 4.57 3.12 0.14 100.00
2 0.58 15.90 0.70 75.24 4.14 3.01 0.38 0.05 100.00
Figure 8: EDS microstructure and chemical composition of the age hardening at 620

°C /4h
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2.3.2. Hardness testing analysis
The  Rockwell  hardness  C  testing  was  used  to  verifying  how to  the  heat  treatments  are
influencing in this property. Similar behavior was noted in the two tested conditions, varying
the time and temperature and in the condition in which maintaining the same temperature,
varying only the time. The age hardening treatment at 620 °C per 4 h presented smaller
hardness in the both cases, see Figs. 8 and 9. 
In  the case  of the variation only the treatment  time without  modify the temperature,  the
hardness decrease, after four hours treatment the hardness increased.  These results do not
agree  with  some  results  of  the  literature  in  which  hardness  decreases  with  increasing
treatment time.
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Figure 8:  Rockwell hardness evolution versus aging time. Note: Consider the zero time
how to solution treated condition.

For to the condition in which varied the time and temperature, the age hardening treatment at
495 °C /  4h presented the maximum hardness  among all.  At  620 °C /  4h presented  the
minimum hardness among all. In the treatment at 760 °C / 2h plus 620 °C / 4h, the hardness
was  larger  than  treatment  at  620  °C  /  4h.  The  precipitates  formed  in  this  condition  of
treatment increase the hardening of the material.
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Figure 9:  Rockwell hardness evolution versus aging treatment condition. Note:
Consider the zero time as solution treated condition. 

3. CONCLUSIONS 
In all heat treatments performed the predominant microstructure is lath martensite.
 
The heat treatment of the 620 °C / 4 h presented lower hardness when compared to the other
treatments and when increase time and temperature the material presents Nb precipitates that
increase the hardness.
It  was  not  possible  to  identify  copper  precipitates  due  to  the  limitation  of  the  analysis
techniques used.
 
Longer times and temperature did not represent a decrease in hardness and is not according to
the literature.

3.1. Suggestions for Future Work
Analysis  of  the  correlation  among  absorbed  energy  in  Charpy  test  with  different  heat
treatments.
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