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Abstract. Higher material removal rates and process capabilities are continuously expected from conventional 
grinding tools due to the technological developments regarding innovative machine tools. Thus the grinding tools are 
often utilized at the limit of their physical properties and capabilities. This leads to the effect that small variations of 
the grinding wheel characteristics can have a significant impact on the grinding behavior and consequently on the 
accuracy of the workpiece. The aim of this paper is to present the preliminary experimental results of the influence of 
different microcrystalline Al2O3 grits in conventional grinding wheels on thermal damage and profile accuracy of the 
workpiece in external profile grinding. Workpieces with grinding wheels of different microcrystalline grits were 
machined and the profile accuracy of the workpiece was monitored by significant parameters. The thermal damage 
values were measured by the Barkhausen Noise Method. Generally, this method is based on the physical phenomenon 
occurring in ferromagnetic materials during magnetization. The correspondent values measured were analyzed and 
demonstrate how thermal damage and accuracy of the workpiece are influenced by different microcrystalline grits of 
conventional grinding wheels.  
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1. INTRODUCTION  
 

The current scenario on world economy demands more flexible manufacturing systems. In the grinding process, this 
tendency can be perceived on the grinding wheels applications. Although the superabrasive grinding wheels are more 
durable, because of their mechanical properties, and are able to be profiled, they are not as suitable for the current low-
size inventories, just-in-time minded industries, as the conventional grinding wheels, since they cannot be easily 
reprofiled. Thus, the former are most commonly employed for large lots of the same product, while the latter are 
appropriate for small-lot flexible manufacturing. 

There are many conventional grinding wheels from different manufacturers on the market. It is important to note 
that the grinding process control is affected to a considerable degree by the grinding tool properties. At the same time, 
these are affected by a large number of variables during production: 

- phase proportion of grits, bond and pores,  
- type of grit, grit geometry, type of bond,  
- type and amount of fillers and additives,  
- mixing,  
- sintering temperature, sintering pressure, sintering time. 
Unintended changes of the influencing factors lead to uncontrolled changes of the grinding wheel characteristics and 

to an altered grinding behavior. The process behavior of the grinding wheels has direct influence on the surface 
roughness, profile deviation and thermal damage of the workpiece. The surface roughness and profile deviation are easy 
to measure, even with profiled grinding wheels. That is because those parameters don’t require complex equipments 
and can be measured in short time tests. 

In contrary, the thermal damage suffered by the workpiece is difficult to evaluate, since it requires most of the time 
expensive and time consuming tests. At the present time, the most common methods to evaluate the thermal damage 
are: 

- hardness,  
- residual stress, 
- nital etch. 
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Nital etch is basically a qualitative test, hence it is difficult to compare it with quantitative tests. Although this 
method may be suitable for sample inspection it is not appropriated for the evaluation of whole batches of production. 
This method is time consuming, difficult to automate and requires a subjective evaluation of the surface quality. In 
addition, inspected surfaces attacked by acid etch have to be additionally treated and often require further heat treatment 
to avoid hydrogen embrittlement.  

The current nital etch techniques are routine methods for finding burns, but can be misleading if the burns have been 
'removed' by a finishing grinding process, since some damage can still remain even though the etch does not reveal this. 
Resolution is too low for appraisal of the influence of different grinding wheel types (Wojtas et al. 1998). 

Another way to evaluate the thermal damage is by the Barkhausen Noise method. This technique is appliable to 
ferromagnetic materials, which are composed of small ordered magnetic regions called magnetic domains. The 
Barkhausen Noise method is based on inductively detecting a noise like signal generated by ferromagnetic materials 
submitted to an alternating external magnetic field. Magnetic domains walls forced to move back and forth by the 
exciting magnetic field, will pin to crystal lattice defects and dislocations only to jump further once forced by sufficient 
excessive energy of the magnetizing field. Each jump will generate a pulse in a coil placed near the surface of the 
sample. Pulses generated in a finite volume of material close to the coil will add to a noise like signal called Magnetic 
Barkhausen Noise. The intensity of this signal, BNA, is further used to characterize the integrity of the stress state and 
the microstructure of the ground surface (Garstka 2008, Gür et al. 2009, Kesavan et al. 2005, Silva Jr. et al. 2000, Ting 
et al. 2006, Wojtas et al. 1998). 

The effective voltage (RMS) of the generated signal, also referred to as MP (Magnetoelastic Parameter), is a strong 
function of the microstructure and residual stress state of a material, making the Barkhausen Noise method ideal for 
detecting grinding abuse. Wojtas et al. (1998) found in his work a increasing behavior of the Barkhausen Noise as a 
consequence of the incresing grinding damage, though performing experiments in special conditions. The increase in 
the Barkhausen Noise was most likely due to an increasing residual stress and a decreasing hardness on the workpiece. 

The Barkhausen Noise method has already been endorsed by the American Society of Automotive Engineers and 
the Federal Administration of Aviation. In a short period of time since its endorsement many companies in the 
automotive and aerospace industry have introduced it and many have already included it in their specifications and 
quality assurance standards. Its sensitivity to both stresses and hardness, combined with its significant penetration 
depth, enables it to detect grinding burns that may have been partially 'removed' in finish grinding. Also, it allows 
measurements through coatings, e.g. chromium plating (Wojtas et al. 1998). 

Currently, there is no known correlation between residual stress and hardness with the measured Barkhausen Noise, 
because of complex overlapping of these parameters. The Barkhausen Noise method is not extensively tested and the 
influences of different characteristics are not well known. 

 

2. EXPERIMENTAL SETUP 

Experiments in external cylindrical profile grinding were carried out to appraise the potential of the Barkhausen 
noise measurement (Fig. 1) for a quick-test method of thermal damage at the workpiece. For this purpose a universal 
cylindrical grinder Schaudt Pf 51 came in operation. The test machine is equipped with a rotating cutting force 
dynamometer and offers high stiffness and accuracy as well as a powerful spindle drive.  
 

Barkhausen Signal Conditioning

Sensor 

 
 

Figure 1. A view of equipments for BN method  
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Three different vitrified grinding wheel specifications were tested in the experiments, which are showed in Tab. 1. 
The grinding wheels were conditioned with a stationary MKD dressing plate before each test series. Water mixable 
solution in a concentration of 5% was used as cooling lubricant. Hardened steel rings were used as workpieces (Fig. 2). 

 
Table 1. Grinding wheel specifications. 

 
Grinding wheel Microcrystalline Al2O3 White fused Al2O3 
Reference (ref.) 0% 100% 
A 30% type A 70% 
B 30% type B 70% 

 
 

 

dw

bw

45°

 
 

Figure 2. Representative workpiece  
 

The experiments were executed in a three-stage plunge grinding process. In the roughing phase the bulk of the 
material stock was ground with a high removal rate. After the elastic deformations were reduced in a transition phase, 
the smoothing process ground the surface with a low material removal rate. No dressing took place neither before the 
finishing process nor between rings, so the impact of the increasing material removal could be evaluated. To analyze the 
impact of the different grain types the grinding forces of the roughing steps, the surface roughness and the profile 
deviations after finishing were measured. The grinding conditions are specified in Tab. 2. 

 
Table 2. Grinding conditions. 

 
grinding parameters 

cutting speed vc 35 m/s 
specific material removal rate roughing Q ẃ 12 mm3/mms 
specific material removal rate finishing Q ẃ*  0,5 mm3/mms 
speed ratio roughing q -60 
speed ratio finishing q*  -120 

grinding wheels 
geometry 500 x 30 x 203,2 mm3 
grit size dg F 80  
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Norton hardness / structure Jot 6 
bond type vitrified 

workpiece 
material 100Cr6 
hardness 60±2 HRC 
diameter dw 87,5 mm 
width bw 25 mm 

 

2.1. Technological investigations 

Several mechanical and thermal properties are demanded from the abrasive grains used in grinding processes. High 
values of tenacity and hardness facilitate the chip formation and provide a better condition of the cutting edges. Because 
of the high temperatures at the grinding processes, as well as the fast temperature changes, a high thermal resistance is 
also necessary on the abrasive grains. Likewise, a good chemical resistance is required to avoid grit-weakening 
reactions, since the grinding wheel operates with high temperatures while in contact with components from the 
workpiece material, air and cooling lubricant. 

In order to satisfy all those conditions, many natural and synthetic materials, and different combinations of them as 
well, are used for different grinding processes. However, the influence of different grain mixtures on the external 
cylindrical grinding process is not well known. The large number of tests that are needed to precisely measure the 
profile accuracy and thermal damage on the workpiece, makes those influences hard to evaluate. Besides, in order to get 
accurate results, the thermal damage demands the process to be followed by a quick test whereas most of current 
thermal damage tests are long and destructive. 

Thus, in this study, the above-mentioned influences will be analyzed with two microcrystalline Al2O3 grits on 
conventional grinding wheels, using Barkhausen Noise and nital etch techniques. The Barkhausen Noise test results can 
be converted into information about the residual stresses and thermal damage, since they are closely related. However, 
in this study, only the direct RMS values were used to evaluate the correlation between the Barkhausen results and the 
different thermally affected areas. 

Since the Barkhausen Noise is a quick non-destructive test, an evaluation of its potential for a in-process 
application was also made. The nital etch method was applied in the same samples with the purpose of qualitatively 
comparing both methods of thermal damage evaluation. 
 
 3. RESULTS 
 

Since no dressing took part before the grinding of a new ring, the specific material removal V 'w increased with each 
machined workpiece. The normal forces were measured for each ring. The results are shown in Fig. 3, where the normal 
forces depend on the specific material removal. Also in Fig. 3 are the used parameters, which remained the same for all 
the tests. 
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Figure 3. Grinding normal forces versus the material removes rates 
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A recently dressed grinding wheel presents in the first ring higher normal forces, because of the initial grain wear. 
However, in the reference grinding wheel this occurrence is barely noticeable, because the grinding wheel maintains an 
almost constant force behavior throughout the machining of all rings. 

It is noticeable that different proportions of grain types cause different forces during the first grinding process. The 
reference grinding wheel, with 100% white fused Al2O3, presented the lowest initial forces, while the grinding wheel A, 
with 30% microcrystalline Al2O3 type A, presented the highest ones. Likewise, the grinding wheel B, with 30% 
microcrystalline Al2O3 type B, presented a very similar behavior, starting with high initial forces, right below grinding 
wheel A. Therefore, it is shown that the presence of microcrystalline Al2O3 demands higher forces for the first grinding 
process after dressing, with the same process parameters. 

After the first process, the grinding wheel A normal forces quickly decrease, becoming the lowest ones, before 
entering a constant behavior. The grinding wheels B and reference presented a similar, linear but increasing tendency 
after the first rings, with grinding wheel B showing the highest normal forces. 

In Fig. 4 are shown the profile deviation results and the process parameters. The upper graph shows the correlation 
between surface roughness Rz and the material removal.  
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Figure 4. Profile deviation versus the material removes rates  
 
As shown in the graph, grinding wheel B produced the highest values of surface roughness for every material 

removal. It is also shown that though the surface roughness values are quite different from one grinding wheel to 
another in the first rings, they are very similar at the end, with a high material removal. Finally, the difference between 
different grain types is clear, since the grain type A produced a better surface roughness than the grain type B. The 
microcrystalline splitting and topography changes are the main reason for the nearly linear behavior of the surface 
roughness produced on the workpiece by each grinding wheel. 

The obtained results for profile deviation were plotted on the lower graph, above shown. In contrary to the surface 
roughness, the profile deviation presented very different behaviors for each grinding wheel. It is clear that the reference 
grinding wheel produced the highest values of profile deviation, since it is made completely from white fused Al2O3, 
therefore suffering more grain wear. In comparison to grinding wheel B, the reference grinding wheel had, most of the 
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time, a 50% higher profile deviation. The grinding wheel A presented a completely different behavior, increasing its 
value until a material removal of about 300 mm³/mm, then slowly decreasing with higher removals. 

In light of the above-mentioned results, it is ascertainable that the grinding wheel A is more suitable to the process 
since it demands lower machining forces, produces a better surface roughness and a profile deviation similar or lower 
than grinding wheel B. 

Figure 5 shows the thermal damage evaluated by the Barkhausen Noise in two locations: the perimeter and the 
profile of the workpiece. 
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Figure 5. Magnetic parameters versus material remove rates  
 
The results of the Barkhausen Noise tests were surprising. The magnetic parameter values on the perimeter were 

higher than in the profile, indicating a more severe thermal damage at the former. Usually, the thermal damage is 
supposed to be higher on the profile, since bigger mechanical and thermal loads are applied to this location because of 
the workpiece geometry. 

These results are shown in Fig. 5. In addition, it is shown in the upper graph that the rings machined by the grinding 
wheel B presented the lowest magnetic parameter values, contradicting the normal force measurements. In most cases, 
higher machining forces can produce higher residual stresses and a worse thermal damage. Hence, the thermal magnetic 
parameter values were supposed to be higher as well. 

At the perimeter measurements, there was an overlapping of results, which makes difficult to get a concrete 
conclusion about the thermal damages with different grain types. It is hard to observe any relation of the magnetic 
parameter values with different thermal damages and residual stresses caused by different grinding wheels. Thus, the 
Barkhausen Noise method was not conclusive by itself and therefore, other methods like nital etch or hardness tests 
were required to reach an adequate conclusion. 

In this study, the nital etch technique was applied to the samples, in order to find an improvement on the 
understanding of thermal damage behavior. To do so, a sample machined with V ´w =32 mm³/mm was submitted to the 
nital etch procedure. The nital etch method is able to identify the most thermally affected areas, highlighting them with 
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different colors. The magnetic parameter values of the workpiece were then measured, in different colored areas of the 
sample, to find a correlation between them. 

Figure 7 (a) shows the sample after the nital etch procedures (Reichenbach 1999, Bauch 1982). According to this 
method, the orange areas indicate the most thermally affected parts, while the gray color represents the lowest affected 
areas. As shown, the profile and outermost areas presented the highest thermal damages, according to the method. 
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Figure 5. Nital echt measurements 

 
Seven different regions were then chosen to have its thermal damage measured by the Barkhausen method. Each 

region had its magnetic parameter values measured in three different spots, in order to get an average value. Figure 7 (b) 
points, in a simple sketch of the workpiece, where each measurement took place, and shows its magnetic parameter 
results. 

An increase of about 50% can be observed on the first three columns. The highest magnetic parameter values were 
obtained at the regions 4 and 5. It becomes clear that the magnetic parameter values present much fluctuation, which 
may explain the overlapping of results on Fig. 5. 

Another likely reason to the overlapping of results, are the measurements conditions. The later tests were made in 
laboratory conditions, gathering more data for a single sample, and already showed a considerable fluctuation of the 
magnetic parameter values. The earlier tests were performed at workplace conditions, right after machining, with much 
less measuring points. Thus, the former results may have even more fluctuation, being unacceptably inaccurate. Finally, 
some other possible reasons are the angle of the Barkhausen measurements, and the chemical procedure carried out on 
the workpiece.  

 
4. CONCLUSIONS  

 
Three grinding wheels were used in the experiments, varying only the proportion of different microcrystalline grains 

with the white fused Al2O3. With the experiments results, it is ascertained: 
- The type of microcrystalline Al2O3 grit has influence over the machining forces. Type B grains demand higher 

forces than the type A grains. 
- The type of microcrystalline grit has little influence over the surface roughness Rz, since the results presented 

similar values of surface roughness. Also, all the grinding wheels presented a nearly linear increasing behavior as V 'w 
increased. 

- Regarding profile deviation, the reference grinding wheel showed the highest values. Thus, the addition of 
microcrystalline grains type A and B decreases this deviation, by reducing the grinding wheel wear. 

- Examining the forces and profile deviations on the process, the grinding wheel A is the most useful, since it 
requires lesser forces, produces a smaller profile deviation and obtains a better surface roughness. 

- The thermal damage results obtained by the Barkhausen method showed a complex overlapping of different factor, 
like stress residual and hardness, which must be accounted. It is necessary to optimize the measurement procedure as 
well as gather more data from complementary methods, in order to achieve better conclusions. 



Proceedings of COBEM 2011         21st Brazilian Congress of Mechanical Engineering 
Copyright © 2011 by ABCM October 24-28, 2011, Natal, RN, Brazil 
  
 

- A complementary experiment showed that fluctuations were also present at laboratory conditions. Thus, it was not 
possible to achieve a good picture of the thermal damage behavior on the workpiece during the experiments. 

- It is necessary to optimize the current thermal damage tests, the measurement procedures or even to find new more 
reliable tests in order to be able to implement thermal damage evaluation in the industry. 
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