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Abstract

Being based on ideas about the structure of cast iron as a composite material and analyzing the bonding of discontinuities at the graphite-metal matrix interface, the qualitative and quantitative analysis was done for Hot rolled ductile cast iron as composite structure have graphite nodules as reinforced element. The analysis was done at different hot rolling condition and different cooling rates, the shape and distribution of the graphite nodules in the matrix were evaluated quantitatively, different parameters such as shape factor , volume fraction, mean free path and number of nodules per unit length and per unit area. The directionality resulting from rolling was taking into consideration so the measurements were done in the longitudinal and transverse directions. The measurements related to the matrix such as grain size , number of grain per unit area and inter granular surface ration were evaluated in the transverse and longitudinal direction also. The difference between the structure on the surface attached to rolling mill and the structure inside the samples were determined. This work aim to study the applications of Hot rolled ductile cast Iron in the building elements based upon structure which affect properties.    
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I. Introduction: 


Iron castings, as objects of art and weapons of war have been produced for more than 2000 years. Compared with steel, ductile cast iron has generally inferior ductility, weld-ability, toughness and fatigue resistance however, it has superior cast-ability (high Ca and Si), machine-ability, wear, corrosion resistance and damping capacity. In a sense, the iron foundry industry produces an invisible yet vital product, since most iron castings are further processed, assembled, and then incorporated as components of other machinery, equipment, and consumer items.

The term "cast iron" refers not to a single material, but to a family of materials whose major constituent is iron, with important amounts of carbon and silicon. Cast irons are natural composite materials whose properties are determined by their microstructures - the stable and metastable phases formed during solidification or subsequent heat treatment. The major microstructure constituents of cast irons are: the chemical and morphological forms taken by carbon, and the continuous metal matrix in which the carbon and/or carbide are dispersed. The following important microstructure components are found in cast irons carbides, Graphite, Ferrite, Pearlite, Martensite, Austenite and Bainite. Cast iron having a spheroid or nodular graphite structure were developed nearly 75 years ago, and referred to as ductile cast iron. Figure (1) shows the time - temperature transformation diagram ( TTC) for Cast Irons.

[image: image1.emf]
Figure (1) The time - temperature transformation diagram ( TTC) for Cast Irons  

ductile iron should be considered as a family of materials offering a wide range of properties depending on the chemical composition and heat treatment and the consequent microstructure modifications. Matrix microstructure importance is emphasized by the use of matrix names to commonly designate the different types of ductile irons 

A. Ferritic DCI: this DCI is characterized by a good ductility and impact resistance; ultimate tensile and yield strength are equivalent to a low carbon steel.

B. Pearlitic DCI: a pearlitic DCI is characterized by high strenght, good wear resistance and reduced ductility and impact resistance.

C. Ferritic-pearlitic DCIs: these are the most common DCI; properties are intermediate between ferritic and pearliticgrades and good machinability is obtained with low production costs.

D. Austenitic DCI: this DCI shows a high corrosion and oxidation resistance, with good strength and dimensional stability at high temperature.

E. Martensitic DCI: these DCI are obtained controlling both the chemical composition (to prevent pearlite formation) and the heat treatment (quench and temper): very high strength and wear resistance are obtained, but with lower values of ductility and toughness.

F. Bainitic DCI: this DCI is obtained controlling chemical composition and/or heat treatment: the result is a hard and wear resistant material.

G. Austempered DCI (also ADI): ADI are obtained after an austempering heat treatment, with very high tensile strength values (twice than a pearlitic DCI), high elongation and toughness.

The importance of ductile cast iron can be appreciated from production statistics, which that they represent 21% (by weight) of all ferrous castings produced in the world. After more than fifty years, ductile iron should be considered as a family of materials offering a wide range of properties depending on the chemical composition and heat treatment and the consequent microstructure modifications. Matrix microstructure importance is emphasized by the use of matrix names to commonly designate the different types of ductile.

II. Experimental Work 

A. Material: 
     The ductile cast iron used in this work is obtained from El-Nasr Casting Company. The slab cut from centrifugal casting pipe with 1000 mm diameter and 10 mm thickness, which consider as the main commercial product in the Company . The chemical composition of the ductile cast iron is shown in table (1).

Table (1) The chemical composition of the ductile cast iron
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B. Treatment before Rolling

· Slices were double annealed (L.H.T) to 900C and hold for 2hr prior to furnace cooling to 700C, then held at this temperature for 3hr before the furnace cooling to the room temperature. 

· Some of the slices were feritizing annealed (F.H.T) at 920C for 30min then furnace cooled for 30min Annealing:  Full feritizing Annealing used to remove carbides and stabilized Pearlite, heat to 900˚C, holding long enough to dissolve carbides, then cooling at a rate of 85˚C/h to 705˚C, and still air cooling to room temperature. It improves low temperature fracture resistance but reduces fatigue strength.
C. Preheat before rolling

· The L.H.T specimen is soaked at 950C for one hour before rolling, while the F.H.T specimen is soaked at 900C for one hour before rolling.

D. Rolling process

Rolling was carried out on the slices in the circumference direction of the pipe by using a laboratory two - high reversing mill with 320mm diameter rolls and 450mm length. The slices were heated to a temperature range between 900C and 950C there soaked for one hour at this temperature.  Table (1) shows the rolling conditions of DCT.  The rolls speed was 25m/min. Reduction in cross sectional area was carried out on 2 to 4 passes. Some of the rolled strips were air cooled A.C, while the others were furnace cooled, F.C at 700C. 

Table (2)  Show Rolling Condition

[image: image3.png]Specimen Before rolling “After rolling
Number |FHT | LHT | Soaking | HotRolling | Coolingrate | Rate
Temperature | Reduction % | (After rolling) | sec-l
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i xx 500 36 AC 782
31 xx 900 2 F.C .68
32 xx 500 50 F.C 10.06
) 3 500 26 FC 613
43 xx 900 26 FC 613
52 xx 950 46 FC 9.23
53 xx 950 4 F.C o11
54 xx 950 50 FC 1006
5] = 550 51 F.C 1035
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E. Heat Treatment:
     All specimens were double-heat-treatment annealed (DHTA) by heating in the muffle furnace to 900C :910C and holding for 3hr then furnace cool to 700C and holding at this temperature for 3 hours and then furnace cool to room temperature.

F. Metallographic examination 

The specimens were prepared for examination first by grinding on different grades of silicon carbide "SiC" papers coarse grinding followed by fine grinding at 180,240,320,400,600,800,1000 and 1200 finally polishing was conducted with Alumina powder (3µm) size. The details of the microstructure were revealed after etching by standard etching solution of the alloy selected.  All specimens had to be etched and polished several times to obtain best results and to produce a uniform level of sample examination. The surfaces of the samples before and after rolling and heat treatment were examined using an Olympus optical microscope Model BHM at selected magnification. The details of the microstucture were revealed after etching in 3% nital solution. The etching process was done by emerging the surface of the samples in nital  solution.  Specimen must be etched and polished several times to obtain best results and produce a uniform level of graphite matrix.
III.  Quantitative Metallography Measurements
A quantitative analysis of the microstructures was produced carried out over four (4) fields across the surface to indicate:    

1) The volume fraction Vf of each phase (count analysis was applied). 

Point Fraction ([image: image4.png]


) for a specific phase [image: image5.png]


, is the number of points that lie in the phase [image: image6.png]


 per test point. It is calculated through the Point Counting Technique, by dividing the number of intersection points that lie in phase [image: image7.png]


 by the total number of intersection points of the grid. We can see this from equations  and 
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where [image: image10.png]


 is the point fraction of phase [image: image11.png]


, [image: image12.png]


 is the number of intersection points per row or column, [image: image13.png]


 are the iterators over the row and the column respectively. [image: image14.png]


 is Indicator function which evaluates to one if the intersection point ([image: image15.png]


) is in the phase [image: image16.png]


. 

2) Average grain size by linear intercept technique.

[image: image17.png]


 is the total number of grains in a single phase. It is calculated from equation (3).
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where [image: image19.png]


 is the number of grains completely in the field of view of the microscope (within the micrograph) and [image: image20.png]


 is the number of grains intercepted by the border of the microscope or the micrograph.  

3) Average particles radius DA using number of modules per unit area and can calculated as follows: (118)                                                                          
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 is the number of spatial objects per unit area. Its measurement unit is [image: image24.png]


. It is calculated by determining and [image: image25.png]


, which is the total area viewed by the microscope (the area of the micrograph).



[image: image26.wmf]1

t

A

t

N

N

AA

==

,                                                              (5)



where [image: image27.png]


 is the mean area of the grains.

[image: image28.png]


 is the number of segments of test line that lie within the phase [image: image29.png]


 per unit length of the test line
[image: image30.png]


, The Lineal Fraction, is the total length of lineal intersections of a test line with the grains of the specified phase [image: image31.png]


. Lineal Fraction is equivalent to zero, if the line does not intersects with any grain of phase [image: image32.png]


. It equals one, if the line totally passes in the phase [image: image33.png]


.
4) Inter nodule spacing (MFP) by measuring PL no of particles per unit length and sustain in the equation(118)                                            
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Average Size,[image: image35.png]


, is the mean intercept length. It represents the average dimension (length) of a collection of grains or particles. It is independent of grain shape. The subscript 3 indicates that this quantity represents volume or three-dimensional value. It is calculated from
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where [image: image37.png]


 is the lineal fraction of  the grains, [image: image38.png]


 is the number of intersection line portions, [image: image39.png]


 is the length of the test line portion, and [image: image40.png]


 is the number of features (grains, or phases).

Equation خطأ! لم يتم العثور على مصدر المرجع. can be used for both grains and phases. When it is used with grains of a single phase microstructure,[image: image41.png]


 represents a basic measure of the grain size.

Assume that the number of grains of the same phase is [image: image42.png]


, and the test line length equals [image: image43.png]


.
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5) The shape factor by using equation(118):    
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                                                                     (9)

Vf volume fraction of secondary phase

Ng      average grain size number
DA      Average particles radius

PL       no of particles per unit length

MFP  Inter nodule spacing

S.F     the shape factor

Metallographic Relations

These are the basic equations and their relations:
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Quantities, on the left hand side of equations from (10) to (13) , are spatial quantities, which have a high value to calculate and are difficult to calculate on the other hand. Quantities, on the right hand side, can be easily measured from a two dimensional sections of the micrograph. Thus, now we can find out the values of the left hand side quantities.

The following terms were determined according to ASTM E112 :-

1. Average grain size number by linear intercept technique. 

2. Average grain diameters DA using number of modules per unit area 

3. Average intercept distance  μm

4. Area of average grain section  mm2 x 10^6
5. Average number of grains per mm3 x10^6
6. Nominal grains per mm2  
7. Nominal grains per mm2 at 100x

Calculations were carried out in several areas in each specimen investigated at 100x projected on a screen measuring 500 mm2. The measurement is an average of over five readings for each condition. The scattering value for each specimen was +1%. All calculations were measured around a circle to consider all directions 360о 

It is common to express the grain size by this equation:
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where: n is the number of grains per square inch at magnification of 100x

IV. Results & discussions

A.  Microstructures qualitative analysis

Figure  (2) represents the microstructure of heat treated specimens after rolling which  divided into to main groups surface specimen and inside specimen. 
     Heat treatment produce a full ferritic matrix the ferrite grain is elongated in the rolling direction, and also the graphite flattened as the amount of reduction increases. Heat treatment does not eliminate directionality (anisotropy remain) but only decompose the cementite (carbides) which lead to reduce strength and improve ductility and impact properties necessary for machining rolled material into gears. 

     The ferrite grain size becomes finer with the graphite nodule diameter decreases. When the microstructure is very fine, the inter-granular fracture can be eliminated due to elongation increases with decreasing ferrite grain size. 
    The above (40%) reduction graphite start to break and the shape ratio of graphite decreases with increase in the reduction percentage because the formation of secondary graphite. Figure  (2) also  shows that  above 40% . The ferrite grain size decrease is dropped due to enhance nucleation due to decrease in M.F.P and increases stress concentration. 

[image: image51.png]



FC,FHT, 26%\    A)
[image: image52.png]



B)   FC,FHT,50%

A &   B   Compare between maximum percentage reduction 50% and minimum percentage 26%
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C)   AC, FHT, 36%inside         
[image: image54.png]



D)  AC,FHT,36%   surface 

C& D   Comparing between the surface and inside structure for the same sample at the same condition
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E)   FC, FHT , 42%inside 

[image: image56.png]



F) FC,LHT,44%, inside

E& F  Comparing between the microstructure changes inside the structure when treated in factory and in the laboratory

Fig (2) Qualitative analysis of the microstructure at different rolling and cooling conditions.

The qualitative analysis of the samples show that their are two main constituent ferrite matrix and graphite nodules secondary phase :- 


Graphite
This is the stable form of pure carbon in cast iron. Its important physical properties are low density, low hardness and high thermal conductivity and lubricity. Graphite shape, which can range from flake to spherical, plays a significant role in determining the mechanical properties of cast irons. The figures below show that graphite flakes act like cracks in the iron matrix, while graphite spheroids act like "crack arresters", giving the respective irons dramatically different mechanical properties. Table (3) show the quantitative analysis of the graphite secondary phase which include the following terms:-

Vv = graphite volume fraction 
NA = Number of nodules per unit area
PL = Number of Nodules per unit length
DA = Average graphite diameter (m)
MFP = Mean free path ledge to edge spacing

Ferrite

This is the purest iron phase in a cast iron. In conventional Ductile Iron ferrite produces lower strength and hardness, but high ductility and toughness. In Aus-tempered Ductile Iron (ADI), extremely fine-grained acicular ferrite provides an exceptional combination of high strength with good ductility and toughness. Table (4) shows the quantitative analysis of the ferrite phase which include the following terms:-

Vx = Ferrite volume fraction.
NLT = No of grain in the transverse direction. 
NLL = No of grain in the longitudinal. 
NL = Average no of grains per unit length. 
TL = Measured value in the transverse and longitudinal direction. 
Grain size  is the most common and important term in the quantitative analysis of any structure, table (5) shows the quantitative metallographic terms related to grain size and grain distribution which include the following terms:-  
NA = Number of ferrite grains per unit area. 
G = Grain size number.
d = Average ferrite grain diameter. 
S.F = Shape factor calculated.
Cxx = Intergranular surface ratio. 
ro/r = Ratio between radius of nodules in the longitudinal and transverse direction. 
Table (3) The quantitative measurements related to microstructure  analysis of the  graphite (secondary phase) at different rolling conditions.
[image: image57.png]No Vv NA DA PL MFP
118 | 3269 |143.02 0.020162 376 0.01783
11| 21.32 | 25.752 0.032897 | 18.2 0.043711
318 | 26.71 | 950.54 0.019217 | 34.2 0.02143
311 | 23.16 | 440.19 0.024569 | 23.6 0.032326
328 | 25.64 |262.08 0.0363825| 17.3 0.042983
321 | 108.59 | 417.39 0.023881 73 0.039396
428 | 234 494.67 0.024454 | 24.95 0.030701
421 | 23.56 | 196.56 0.039051 | 16 0.047775
438 | 22.92 |313.04 0.030607 | 19.86 0.038812
431 | 21.15 | 1553 0.043071 | 13.96 0.056483
528 | 20.35 | 203.83 0.035614 | 16.1 0.04947
521 | 20.51 |359.14 0.027047 | 21 0.037852
538 | 17.63 | 240.74 0.030452 | 17.6 0.046801
53l | 13.46 | 235.39 0.026851 | 17.4 0.049736
548 | 18.91 | 18443 0.0365 15.77 0.053104
541 | 15.89 |220.83 0.030638 | 16.8 0.050065
628 | 19.74 |399.58 0.024884 | 226 0.035513
621 | 19.73 |410.1 0.02447 2285 0.035348
638 | 25.41 |504.75 0.02548 252 0.029599
63l | 22.86 [417.39 0.02630 23.06 0.033457





Table (4) The quantitative measurements related to microstructure  analysis of the ferrite (matrix) at different rolling conditions.
[image: image58.png]No Vx L T NL NT NL average
118 67.31| 37.67| 245 | 67.49 66.33 66.91
111 78.68 | 28.75| 18.38 | 44.06 42.57 43.32
318 73.29| 335 | 2333 | 55.12 | 58.0129 56.57
311 76.29 | 30.25| 21.13 | 47.81 50.47 49.14
328 74.36 | 28 14.25 | 45.41 34.92 4017
321 81.41 | 30.13| 20.13 | 44.38 | 45.06 44.85
428 76.6 | 30.75| 27.25 | 4841 | 52.93 50.67
421 76.44| 225 17 3549 | 4053 38.01
438 77.08 | 30.75| 22.63 | 48.11 | 53.5 50.81
431 78.85| 18.67| 14.67| 2855 | 339 31.32
528 79.65 | 24.38) 19.13 | 36.91 | 43.77 40.34
52| 79.49| 31 215 | 47.03 | 49.29 48.16
538 82.37 | 22.75| 16.88 | 33.31 | 37.34 35.33
531 86.54 | 27 20.25| 37.62 | 4264 40.13
54S | 81.09 | 33.98| 18 53.51 | 40.45 37.98
541 84.11 | 24 18.13 | 34.41 | 39.28 36.85
62S | 80.26 | 36.7 | 238 | 55.14 | 54.04 54.59
62| 80.77 | 3275 20 48.9 4512 47.01
638 | 7459 | 30 21.83| 485 53.33 50.92
63l 7714 | 2828 20.17| 44.68 | 47.65 46.17





Table (5) The quantitative measurements related grains size and grains distribution at different rolling conditions. 
[image: image59.png]No NA G |d |dr |dl rolr S.F Cxx

11S| 3581.29|7.1]0.031]16 |24 | 15 0.8245 0.7807
111 | 1500.51|7.6|0.026| 28 [92.1 | 1.504 1.2936 0.828

31S| 2558.01|8.3|0.020| 16 |26 | 1.625 0.9776 0.7679
311 | 1930.38| 8 |0.022|23 |35 | 1.522 1.1593 0.8063
32S| 1768.57|7.3(0.029/32.1|/47 | 1.46 0.545 0.8228
321 | 1608.82|7.7|0.075/25 |39 | 1.56 1.4467 0.7959
42S| 2049.87|8 [0.022 |24 |37 | 1.542 1.1412 0.8024
421 | 1150.73|7.70.030 | 33 |50 | 1.515 1.1731 0.8261
43S| 2059.11|8 [0.022 | 26 |41.3| 1.588 1.1665 0.8368
431 | 77428 | 6.7(0.035| 42 |62 | 1.476 1.2591 0.8173
52S| 1292.44|7.3|0.079 | 45 |62 | 1.378 1.3261 0.8336
521 | 1854.49|7.8|0.024 | 26 |40 | 1.538 1.2705 0.8210
53S| 995.04 |7 |0.037 | 26 |41 1.577 1.552 0.8006
53| | 1283.29|7.3|0.029 | 33 |50 | 1.515 2.028 0.8218
54S| 1149.1 | 7.2/0.030 | 36 |55 | 1.528 1.4188 0.8326
541 | 1081.3 | 7.10.031| 33 |50 | 1515 1.7069 0.8144
62S | 2383.81|8.2(0.021| 25 |38 | 157 1.3741 0.8285
621 | 1765.09|7.8(0.024 | 30 |45 | 15 1.405 0.8045
63S| 20692 |8 [0.022|26 |32 | 1.731 1.0507 0.8016
631 | 17032 |7.8(0.024 | 26 |41 1.577 1.1827 0.8607





from the above determination of the size, shape and distribution of the hot rolled ductile cast Iron samples, the quantitative metallographic of the sample transform description into quantity the most significant factors affect the structure in this study are  the rolling condition  specially the percentages reduction and the cooling  rates. The heat treatment conditions of the experiments have also significant effect, there is significant difference between the foundry heat treated (FHT) and the laboratory heat treated (LHT).   Figures (3) , (4) and (5) show the effect of rolling percentages on the volume fraction , average graphite diameter and  shape factor  at different conditions in the study range respectively. 
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     All of theses value is the average of 4 photograph of each specimens. For each value determined with scattering not more than + 3%.The ferrite grain size : According to ASTM ( 7.5 : 7.8 ). The graphite diameter is vary according ASTM ( 7.2 : 7.7 ) 
V. Conclusions

1. Hot rolled ductile cast iron is composite structure with ferrite softer matrix and e secondary phase 

2. Graphite nodules are deformed by hot rolling into lens shaped disks. Noduality increases linearly with the increase of the amount of deformation by rolling. 

3. Flattening of graphite nodules were higher at the surface than inside shortness the distance between vicinity of graphite nodules.. 

4. Ferrite grain size was dropped sharply with increasing rolling reduction which may be attributed to enhance of nucleation process.

5. High reduction amount cause the accumulation of deformed graphite 

6. The shape factor of graphite in ferrite matrix rolled alloys increases as the amount of reduction increases.
7. Further deformation leads to the fragmentation of graphite and creation of secondary nodular graphite.
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