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Abstract 

Forging ingots are hot worked to consolidate structural imperfections and refine 

the microstructure. Possible imperfections are segregations, porosities, cracks, 

and inclusions. In this thesis, techniques and methods for the characterisation of 

behaviour and properties of ingots and forgings. The root causes for quality 

issues in open-die forgings are shown to be numerous. Ingot structure in cast 

tool steel was analyzed, and the main imperfections were centre 

macrosegregation, and mid radius A-segregations.  

 

For overheated steel forgings and low reductions after reheating, a high 

ultrasonic attenuation and low Charpy-V toughness was found. It could be 

related to the coarse grain structure found. Only a high forging reduction after 

reheating will break down the coarse structure. Shorter reheating times and 

lower forging temperatures gave higher toughness and lower ultrasonic 

attenuation. Some reduction in toughness was also found from the inclusion 

field from the bottom of the ingot. Accurate attenuation measurements require a 

lathe turned surface, complicating in-between-measurements in heat treatment 

sequences. But on carefully surface prepared forgings, attenuation measurement 

can be used to determine the success of grain refinement in the heat treatment. A 

new method for ultrasonic macrography of cast ingot samples is presented. In 

addition, a new method for hot compression testing of cylindrical metal samples 

is presented.  
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Introduction 

The reliability of open die forged products is of the greatest importance. The 

forgings must not only be as strong and also ductile; moreover variation be low. 

This is tested by mechanical and non destructive testing, though most times at 

the end of the manufacturing. If the product is of insufficient quality, both 

economical and logistical goals will be endangered. In addition, the root causes 

can be numerous.  

 

The idea of solving quality issues at the source in manufacturing processes is 

well-established since already Pearson contributions [1]. Many of the defects 

can be traced upstream through the process, and be found originating from the 

cast or forged structure. Though there are few papers of cooperation between the 

mentioned disciplines [2], there could most certainly be improvements done 

taking several disciplines into account for each quality issue.  

 

Defects are material imperfections that endanger the integrity of a component as 

crack initiators. The permissible sizes and numbers of imperfections for a 

component are given as a criterion in the specifications or in agreements 

between producers and customers. The size criteria for single imperfections are 

typically 0.3 mm up to 3.0 mm for heavy structural steel components such as 

rotors, ball bearings, and tool steels. This criterion is highly dependent on 

fracture toughness and on the use of the component, and also vary with respect 

to the zones within the component. The surface zones have the highest demands 

placed on them, meaning that only small imperfections can be tolerated. The 

dendritic structure of the cast ingot deforms into a banded one as the hot 

working ratio increases [3]. It was early acknowledged that transversal variation 

in cast ingot macrostructure and variable local deformations during hot working 

influence the properties of products. Banded structures have anisotropic 

properties and imply high working ratios. In large forging products plastic 

deformation is low, and usually calculated as forging reduction, a simple ratio 

between the original transversal area, Ai, of the ingot or intermediate product, 

and the final transversal area, Ai+1, of the product as given by Equation 1. This 

ratio only of the order of three, and therefore cast structure is still of importance 

for the final product and the porosity consolidation is of importance.  
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Forging two or several products from one forging ingot is an old method of 

increasing the forging reduction for a given product, an example can be seen in 

Figure 1 where the forging reduction was close to three (2.95). Samples from 
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such forging practice were visual inspected and revealed strong A-segregations 

after processing as can be seen in Figure 2 [4].  

 

Figure 1. Sample position relative to the ingot and forging schedule for a trial forging [4]. 

 

 

Figure 2. Sawing in length direction, visual observation of segregation pattern [4].  

The mechanical and ultrasonic properties are strongly dependent on the grain 

size [5], [6] and german researchers investigated the influence of forging 

temperature and strain on the grain size already in the 1920s [7]. The strain, ε, 

which is the locadeformation is sometimes approximated as given by 

Equation 2 [8], when calculated from laboratory data.  

 

 
A

A0=ε  (2) 

 

High strain and low forging temperature produces small grain sizes as can be 

seen in Figure 3 [7]. There are several types and sizes of defects and 
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imperfections that may exist within cast ingots, such as segregations, porosities, 

and inclusions. The size and statistical occurrence of such defects will also 

depend on the local solidification conditions within the ingot [9], [10], [11]. 

 
Figure 3. Influence of temperature and strain on the grain size [7].  

Therefore, quantifying the size and the number of defects and their distribution 

in respect to the ingot macrostructure are important for public safety. 

Historically, the ingot macrostructure was visualised either by sulphur printing 

on photographic paper or by deep etching; today, however, both methods have 

lost ground. In addition, both sulphur printing and deep etching are qualitative 

methods, which renders quantitative analysis difficult.  

 

Ultrasonic characterisation of ingot structures would enable quantification of 

defects. Ultrasonic techniques using normal probes for defect characterisation in 

ingots were evaluated in the 1950s [12]. However, due to poor signal-to-noise 

ratios, these techniques failed. The poor ratio resulted from the large distance the 

signal would have to travel [13], and the coarse microstructure it have to 

penetrate [6]. In addition, the surfaces of an ingot are arched and non-parallel, 

which further reduces the amount of the signal returning to the probe [6]. The 

amplitude, p, of the ultrasonic signal for a diverging beam is inversely 

proportional to the distance, d, from the probe, and negative-exponentially 

proportional to the attenuation, α, as shown in Equation 3 given by 

Krautkrämer [13]. 

  d
e

d
pp

⋅−
⋅⋅∝

α1
0  (3) 

The influence of attenuation on signal amplitude increases for longer sound 

paths, as can be seen in Figure 1. Attenuation values increase to 10- 100 dB/m 

as this ratio approaches unity or above [13]. However, the attenuation is also 

strongly dependent on the frequency of the probe [6]. 
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Cutting sections of ingots to reduce the sound path would lead to a more 

favourable signal-to-noise ratio. This was tested by Japanese researchers in the 

1970s who measured the absolute attenuation as an indication of ingot 

porosities. The objective of their investigation was to compare big end down- 

with big end up-ingots, and it showed a reduction in centre porosities for the big 

end up-ingot. The relative attenuation of the ingot ranged from 30- 150 dB/m for 

the 110 mm thick samples [14]. Canella argued that the raw data should be 

immediately stored and statistically analysed, though this was probably not 

realisable then [15]. Detailed investigations of and comparisons between flat 

bottom hole, porosities, and inclusions [16] are scarce. A method for ultrasonic 

macrography was outlined in a previous thesis [4], but has been greatly 

improved and extended in this thesis. The developments were incorporated in a 

computerised analysis program.  

 

Much research of open die forgings has been done regarding alloying content 

and heat treatment. For example, the development of the large turbogenerators 

for the nuclear industry in 1970s focused on the Nickel, Chromium and 

Molybdenum content, and the cooling rate during quenching. In addition, some 

focus was given to the number of austenitic transformations [17]. Furthermore 

there has been much focus of the cleanliness of the steel, meaning both lower 

inclusion content and a lower content of harmful residual elements [18]. Interest 

has also been turned to reducing the A-segregations by ingot design and alloying 

content [19]. Various remelting processes have been developed and refined for 

the ingots [20]. Work on the forging process has very much focused on the 

tool/workpiece geometry [21]. 

 

This thesis is composed of six papers and treats a broad spectrum of issues 

related to structure formation [22], structure analysis [22], [23], [24], mechanical 

and ultrasonic properties related to industrial forging and heat treatment 

processes [25], [26], and hot deformation of cast structure [27]. 
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Methods 

Ingot casting and analysis 

The ingots and forgings for this thesis [22], [23], [24], [25], [26] were cast by 

uphill casting at three Swedish steel plants; and the steels were refined by 

ASEA-SKF ladle processes. These ladle processes are described elsewhere [28], 

[29], [30]. The ingots solidified in cast iron moulds that had a relative weight 1:1 

compared with the ingot. The alloy content of the forging and samples is shown 

in Table 1.  

Table 1. Alloy content of the test samples from the two ingots. 

Use Steel Grade Structure %C %Si %S %Mo Steelmaking 

overview 

Thesis 

supplement 

Tools n.a. Cast 0.51 0.36 0.055 0.12 [30] [21], [24] 

Rotors 26NiCrMoV145 Forged 0.26 0.03-

0.18 

n.a. 0.37-

0.43 

[30] [24], [25] 

Rotors 26NiCrMoV145 Forged 0.29 0.20 n.a. 0.45 [30] [26] 

Tools 40CrMnNiMo8-6-4 Cast 0.36 0.27 0.008 0.19 [28] [23] 

Bearings 100Cr6 (modified) Cast 0.93 0.46 0.006 0.56 [29] [23], [27] 

 

 

Forging process 

The measurement presented in this thesis have been performed on various 

industrial forgings. In Table 2 some process parameters are displayed, and 

compared with a literature reference.  

Table 2. Thermomechanical details of different forging sequences.  

 Reheating  
 

Forging 
  

 

Reheat.  
temp 
(ºC) 

Reheat.  
time  
(h)  

Forging 
reduction 

 

Forging 
reduction  
last heat 

Rel. tool 
width  

Diam. 
(mm)  

 

Other [18] 1250 18  7.6:1 4.6:1 n. a. 1000   
Old practice 1250 2 - 5  9.2:1 4.6:1 0.2-0.4 840   
Rejected shafts 1260 6  9.2:1 1.8:1 0.2-0.4 840   
New practice 1 1225 < 2  3.5:1 2.0:1 0.4-0.5 715   
New practice 2 1225 < 2  3.0:1 2.0:1 0.4-0.5 1005   
          
Plant trials 
 

1200-
1250 

4 - 21 
   

2.0:1-
5.0:1 

0.5-1.0 
 

159-
300  
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Sample preparation 

The test specimens for Charpy-V mechanical toughness testing in supplement 2 

[25] were taken as shown in Figure 4, and oriented in axial direction of the 

shaft. 

 

Figure 4. The locations of the test positions for the test specimen for Charpy-V testing from the 
rejected rotor shaft [25].  

In addition, longitudinal and transversal test samples were cut from ingots. The 

thickness of the test samples was chosen to be 60 mm in accordance with 

standard industrial practice [31]. These samples represent half the width and the 

full height of a tool steel, and a bearing steel ingot ingots. All test samples were 

machined to plane parallel surfaces, and the diverging angle between the upper 

and lower surface of each sample was between 0.05° to 0.5°. The samples with 

sides that face toward the ingot surface are easily identified. 

Sulphur printing 

In supplement 1, the sawed surfaces of two tool steel ingot were sulphur printed 

in order to obtain macrographs of the ingot structure. The vertical cross sections 

were printed and for a octagonal ingot a horizontal section was also printed. In 

order to obtain as detailed macrostructure as possible some surfaces was milled 

since the readily sawed surface proved too rough to give good sharpness. Photo 

paper was soaked in 5% sulphuric acid and thereafter rolled on to the metal 

surface with a roller to ensure good contact. 
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Ultrasonic attenuation measurement 

The relative ultrasonic attenuation was measured in supplements 2 - 4. The 

measuring equipment was a Krautkrämer USLT2000 and normal straight probes  

as in Figure 5 B1SE to B5SE with 1, 2, 4 und 5 MHz sampling frequency. Since 

imperfections present are drawn out in the axial direction during forging 

processing, most testing is performed in the perpendicular direction, in which 

the imperfection will have the largest extension. In order to calculate the 

accuracy of the measurements, the attenuation was measured several times, but 

in random order at the same position. The variation was less than ±1 dB.  

 

 

Figure 5. Amplitude measurement of the first and second bottom echo in the far field for the 
attenuation calculation.  

The relative attenuation was calculated from Equation 4, where V1-V2 

corresponds to the difference of the logarithmic amplitude of the echo’s and s is 

the covered signal path. VS , on the other hand, is the amplitude loss of through 

the divergence. This loss is 6 dB in the far field. 

( )sVVV
s

∆−−= 21
2

1
α  dB/m (4) 
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Hot compression testing 

Compression experiments were conducted on pure copper and bearing steel. The 

press is a hydraulic 810 MTS® testing system. Teststar® software was used to 

control the hydraulic motion of the press. The tools are made of Nimonic 75 

(80Ni/20Cr). The samples were heated by concentrated light from three 700W 

lamps placed inside highly-polished parabolic reflectors as can be seen in 

Figure 6. The electrical power supplied to the lamps is controlled by a 

Eurotherm® control system. The samples’ temperatures were measured using 

K-type thermocouples in low temperature tests (<1000°C), and S-type 

thermocouples in high temperature tests (>1000°C). The portions of the 

thermocouples placed inside the samples were shielded inside alumina tubes. 

The temperature was also measured at 4 locations in the lower and upper tools 

using K-type thermocouples. 

 
Figure 6. Amplitude measurement of the first and second bottom echo in the far field for the 
attenuation calculation.  
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The flow stress for a uni-axial state was calculated using Equation 5 as a 

function of the original area, original height, and the change in height.  

 








 ∆
−=

⋅

⋅
==

0000

1
h

h

A

F

hA

hF

A

F
σ

   (5) 
 

where σ is the stress, F is the force applied by the tools, A and A0 are the 

instantaneous and original areas of the cylindrical sample, h and h0 are the 

instantaneous and original heights of the sample and ∆h=h-h0 is the change in 

height. 

 

A common model that has been used to express the relation between peak flow 

stress, strain rate, and temperature is Jonas and Sellars’ modification of 

Garofalo’s equation stated in Equation 6 [32].  

 

)/exp()sinh( RTQA n
−= ασε&    (6) 

 

where A, α and n are material constants. 
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Results 

Temperature measurements 

The temperature measurement in the hot top of the ingot was not successful, 

even though similar equipment was used as in an earlier investigation [33]. 

Those ingots had a smaller weight of 1.7 tonnes, and the larger ingot in the 

present research might exert larger forces on the thermocouples.  
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Figure 7. Thermocouple measurement of the cooling and solidifying of the 12 t octagonal ingot 
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In supplement 3, forging trials of 300 mm steel bars were performed, to 

investigate the influence of forging and heat treatment on the properties of rotor 

forgings. For comparisons, surface temperature was measured in an industrial 

forging process and is presented in Figure 8, where the first forging heat takes 

15 minutes, and is followed by a short reheating and tool changes. In the second 

and last heat, surface temperature falls off within 10 minutes.  
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Figure 8. Thermocouple measurement of the cooling and solidifying of the 12 t octagonal ingot 

In supplement 3 [26] miniature trial forgings were according to the cooling 

conditions in large rotor forgings. The cooling conditions were taken from the 

literature [34], [17] and these can be seen in Figure 9 as dashed lines.  
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Figure 9. Heat treatment diagram. Curve 1 and 2 are normalizing treatments [34]. Curve 3 is a 
quenching [17]. Solid curves are measured temperatures of the tests and dashed curves are 
theoretical ones.  
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Ingot structure by sulphur printing 

In  Figure 10 the columnar crystal zone of the tools steel ingot is seen, 

extending inwards 150 mm from the surface. The cut sample is taken from the 

upper part of the ingot, only the hot top was discarded. Supplement 1 describes 

states that the chemical composition is even in that zone.  

 

 

Figure 10. Sulphur print of the 12 t tool steel ingot, surface to centre.  
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Grain size and toughness properties 

The results of the grain size measurements of the discarded rotor in 

supplement 2 [25] are displayed in Figure 11 as a function of the transverse 

position from centre and out to the surface. The spread of grain size represents 

maximum and minimum of the measured values. 10 grains were measured at 

each position. When comparing that curve to the toughness, a strong correlation 

between the grain size and the toughness is seen. When the grain size decreases, 

the toughness rises [5].  

 

 

Figure 11. Grain size distribution of a 756 mm rotor forging in 3.5%Ni-steel in quenched and tempered 
condition.  
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Grain size and ultrasonic attenuation 

Figure 12 shows the attenuation for the ultrasonic signal in a fine grain rotor at 

the largest diameter. The attenuation increases for the identical testing position 

for increasing frequency.   

 

Figure 12. Frequency dependence of the attenuation of a fine-grained rotor with known grain size 
from a centre bore.  
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Ultrasonic attenuation 

Figure 13 shows the influence of reheating temperature and forging reduction 

on the attenuation at 2 MHz in as-forged state. As can be seen in the figure, 

higher forging reduction continuously reduces the attenuation. In addition, a 

reduced reheating temperature can decrease the ultrasonic attenuation.  

 

Figure 13. Ultrasonic attenuation of three test piece step forged to different forging reductions, no heat 
treatment were performed at this stage.  

In Figure 14 it is seen that the normalizing heat treatment lowers the attenuation 

for the rotor, especially at high frequencies.  

 

Figure 14. The frequency dependence of the attenuation.  
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Ingot structure 

The technique of converting amplitude values to a continuous greyscale should 

lead to a smoother and more detailed image of the indications within sample. 

The increased visual information can be seen in Figure 15 for a tool steel ingot 

sample. 

 
Figure 15. Ultrasonic C-Scan of a tool steel sample.  

The qualitative impression of Figure 15 is close to the well-known ingot 

macrostructure [9]-[11] reported in the literature. A fine equiaxed 

macrostructure is seen close to the cooling surface, in the zone identified as A. 

The indications just to the left of this area were not anticipated, and the sample 

was carefully measured and compared to a real size printing of the C-scan 

image. It was confirmed that the indications actually originate from the surface 

roughness of the original ingot. Further away from the cooling surface of the 

ingot in the zone identified as B, the columnar dendrite crystals are revealed, 

characteristically pointing upward due to the downward convection of the liquid 

passing the growing dendrite tip. The expected coarsening of the columnar 

dendrite crystals is clearly visible in this tool steel sample. At a distance of 

approximately 130 mm from the ingot surface, the structure changes abruptly to 

a coarse equiaxed dendritic structure as was described in an earlier paper[10]. In 

area D, typical A-segregations are clearly indicated. 

When generating the image, a step process was used to analyse the resolution for 

1:1 printing size. Comparison of image and steel sample is easy at 1:1 as can be 

seen in Figure 16. The stepping interval used in this investigation was 0.25 
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mm/step, yielding an image resolution of 4 pixels/mm or 100 pixels/inch. 

Although pixels/inch is not directly related to dpi (dots/inch), the metric gives 

some idea of the approximate printing resolution. The absolute printing 

resolution will be given by the width of the beam’s focal point. Testing with 5 

MHz would produce approximately 20 dpi and would print with excellent 

sharpness, at a scale of 1:15. 

 

 
Figure 16. Comparison of steel sample and 1:1 printing .  
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Flow stress curves 

The actual instantaneous centre sample temperature was used as criteria for 

selecting comparable results, since the temperature sometimes decreased during 

compression, particularly in low strain rate experiments. The results are 

compared with a part wise linear fitting proposed by Hosford[35], based on 

unpublished result from Boulger, which can be seen as a dashed line in 

Figure 17. The strain rate exponent, m is expected to increase as the relative 

temperature T/Tm increases.  

 
 

Figure 17. Strain rate exponent as a function of the relative temperature, T/Tm.  
 

The present results actually show a stronger increase of m with relative 

temperature than in that reference. In addition, the results in the present work 

indicate that at higher temperatures, at about 85% of the melting temperature, 

the strain rate exponent could decrease. In his original data, Boulger used no 

temperatures higher than 80% of the melting point, but still predicts a 

continuous increase in m above these temperatures, based on results from other 

materials.  
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Activation energy, Q, is calculated from the slope of the linear fitting of the 

temperature reciprocal plotted against the transformed peak flow stress at three 

different strain rates (0.006, 0.06 and 0.6s
-1

) as can be seen in the values for the 

bearing steel in Figure 18.  

 

Figure 18. Peak flow stress for different hot working parameters for the bearing steel.  
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Hot worked grain size  

The correlation between the model and the measured grain size can be seen in 

Figure 19. As awaited, the model fits the central values the best.  

 

Figure 19. Correlation between observed and predicted grain size.  

 

The predicted dependence of grain size on strain and temperature is shown in 

the contour diagram in Figure 20.  

 

Figure 20. Contour diagram of grain size model as a function of strain and temperature.  
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Discussion 

A-segregations in ingots give defects detectable by ultrasonic testing, but these 

can be closed by appropriate forging reduction. A-segregations can be reduced 

by choosing a reduced Si-content and thereby reducing defects in ingots. This 

can lower the demands of forging reduction. The ultrasonic attenuation 

measurement decreases during each heat treatment step, but the amount seem 

dependent on the forging and reheating sequence. Previous research has also 

shown the forging tool width to the workpiece height, greatly influences the 

properties [36], where relationships between geometrical forging parameters and 

local strain was given. The attenuation depends on absorption and scattering 

processes. The grain size in overheated steel forgings has a strong gradient and 

coarse grains abruptly appear close to the surface.  

 

Figure 21 shows the toughness versus grain size for a single rotor shaft from 

supplement 2 [25]. It is concluded that the toughness is determined by the grain 

size, largely independent of the ingot position. For the larger grain sizes, the 

toughness does not seem to be linear dependent with the inverted square root 

usually stated [5].  

 

Figure 21. Relation between the inverted square root of the grain size of various positions in the rotor 
shaft and the Charpy-V toughness.  

The peak flow stresses were measured and the constitutive constants were 

evaluated for the relation between the stress, strain rate and temperature in a 

large number of recent papers. However, most of the authors avoided an 

evaluation of the associated peak strain. In the present work it was shown that 

the flow stress, and therefore the peak flow stress is determined by the 

momentary process parameters. 
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To evaluate the effect of cooling of the sample during pressing on flow stress, a 

flow stress curve from supplement 6 was compared with literature data [37], 

where experiments were conducted at different temperatures and the flow stress 

value was obtained at strain value ε=0.1 as seen in Figure 22.  

 

Figure 22. Flow stress as a function of temperature for steel sample EA3 deformed from ε=0.1 to ε=0.5 
compared with a scatter of values obtained from different experiments at strain ε=0.1 [33].  
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Conclusions 

The present thesis has shown that immersion tank testing is suitable for 

characterising cast steel macrostructures such as A-segregations and 

macroporosity. These can be visualised by greyscale images from C-scan data 

files. These images can give visual impressions of the cast structure that are 

comparable to sulphur prints or deep-etching, but with slightly lower resolution 

due to the finite dimension of the focused ultrasonic beam. In addition, 

quantitative analysis of the distribution of 200 to 800 micrometer imperfections 

in the ingot is possible, provided a low frequency probe is used and a sufficient 

volume is tested. The imperfections are unevenly distributed in radial and axial 

direction of the ingot, and the levels are low in the outer and bottom parts of the 

ingots.  

 

It has been shown in supplements 2-4 that for industrial processes forging 

reduction and forging temperature have a decisive influence on the mechanical 

properties and the ultrasonic attenuation[25]-[27]. This influence is measurable 

after forging [26], but also indirect influencing the success of the heat treatment, 

[24], [25], [26]. The mechanical properties of a scrapped rotor forging 

deteriorated in axial direction towards the centre, and the ultrasonic attenuation 

only decrease to reasonable levels after a high degree of reduction.  

 

A new experimental method has been developed to study plastic deformation of 

metals at high temperatures. The temperature inside the samples is measured 

during the deformation process. The method is capable to distinguish between 

the cooling of the sample by the tools and temperature changes due to 

deformation and microstructural changes in the sample. A technique allowing 

for the elastic deformation before the plastic deformation has been used and it 

effects the measured peak strains. The deformation process can be interrupted 

rapidly and the sample are quenched into water. The samples are evaluated by 

well-known theoretical models.  
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