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Abstract: Manual polishing is a common method to accomplish a mirror-like mould 
surface, although it is a cumbersome and time-consuming process. It is, thus, of great 
interest within the industry to find faster and better polishing techniques to decrease 
the costs and lead times. A key factor towards improved polishing techniques is to 
find ways to characterize polished surfaces; which parameters and instruments can 
be used and what is the definition of polishability? This paper summarises a study 
where three steel grades were analysed with five different measuring devices. The 
results showed that mechanical stylus instrumentations are not enough to describe 
very smooth surfaces, but measurement devices with better resolution are needed, 
such as interferometers. 
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1. INTRODUCTION 
 
Tools for e.g. injection moulding and sheet steel 
stamping dies require high surface finishes obtained 
via different polishing techniques to function 
properly in the actual tooling application. As the 
customer demands of the surface finish increase, the 
polishing process becomes more and more important 
(Dambon and Demmer, 2006; Rosén, et al., 2004). It 
is well known that both the polishing technique and 
the microstructure of the steel being polished will 
have an effect on the final result; e.g. non-metallic 
inclusions of oxide types and open cavities give an 
immediate bad polishing result. Pitting, small pores 
in the surface, is one of the biggest problem for 
mould makers today.  
 
Surface roughness and texture of polished moulds 
have also an important impact on tool wear, visual 
appearance of moulds, and quality of the final 
products (Shiou, 2006), e.g. on injection moulding 
components as they are direct replicas of the tool 
surface structure. A good mould surface for shiny 
plastic components must be free from defects, such 
as pores and scratches, clean and, be very smooth 
(roughness parameters in the nm-range). However, 
too smooth surfaces can give rise to sticking 
problems (Navabpour, et al., 2006), i.e. the plastic 
component sticks to the mould surface, like the 
crème caramel to its plastic tin.  
 

This paper is a part of a PhD-work aiming to better 
understand the effect of defect structure of the 
material on polishability and to establish relevant 
evaluation routines for characterisation of polished 
surfaces. The influence of microstructure, in terms of 
different process routes, hardness on the polished 
surface condition and, different polishing techniques 
is here elucidated.  
 
 

2. MATERIAL AND METHODS 
 
Tool steels Three different tool steels from 
Uddeholm Tooling AB (UTAB) were included in this 
study; A, a material produced via powder metallurgy 
(PM) heat treated to a hardness of 60 HRC, B, an 
electro slag remelted (ESR) material hardened and 
tempered to a hardness of 48 HRC, and C, an ingot 
cast material heat treated to a hardness of 45 HRC.  
 
All samples (size 15x15x40 mm) were machine-
polished to a high gloss surface appearance using an 
identical process route; first two grinding steps (mesh 
80 and 150) for some few minutes, then three 
polishing steps with a diamond paste, grain size of 9, 
3 and 1 µm respectively.  
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Measuring devices A light optical microscope 
(LOM), a Phase Shift Technology MicroXam1 
optical interferometer operating in the phase-shifting 
mode, a Somicronic Surfascan 3CS mechanical 
stylus2 (with a tip radius of 2 µm), a Danish Micro 
Engineering3, DME, DualScope atomic force 
microscope (AFM) operating in the non-contacting 
mode and a JEOL4 JSM-6480LV scanning electron 
microscope with a second electron detector were 
used to measure and examine the surfaces at different 
magnifications.  
 
Software 3D surface parameters were calculated with 
help of SURFASCAN2 (Sds) and MATLAB 
(remaining 3D parameters included in this study). 
The latter was chosen to get better accuracy of the 
parameter values. All measurements were levelled 
with respect to the least squares plane and a form 
removing step was applied to remove any remaining 
curvatures of the surface. The interferometer 
measurements in the magnification of 25 and 100 
were filtered (Robust Gaussian filter, cut-off 250 µm) 
to discern the roughness from waviness (see 
discussion below). The measurements in the 
magnification of 500 were not filtered.  
 
The parameters included in the study were 

- Ra, the roughness average value, an 
arithmetic mean height of the surface 

- Rq, the root-mean-square average between 
the height deviations and the mean line of 
the surface (ISO 4287:1998) 

- Sa, the roughness average value (3D), 
representing the arithmetic mean of the 
absolute values of the surface deviations 
from the mean plane (Veeco, 2003) 

- Sq, the root-mean-square deviation, 
equivalent to the 2D parameter Rq  

- Sz, the ten-point height, which is an average 
of the absolute heights of the five highest 
peaks and five deepest valleys 

- Sds, the density of summits of the surface, 
i.e. the number of summits within the 
surface (Blunt, et al., 2003) 

 
The parameter values shown in this paper are all 
mean values based on five, randomly chosen 
measurement points on each sample. Measurement 
areas with unrepresentative features were avoided, 
e.g. deep scratches, individual big pores and 
inclusions.  
 
 
 
 
1ADE Phase Shift Inc., USA, www.phase-shift.com 
2Hommel-Etamic GmbH, Germany, www.hommel-
etamic.com  
3Danish Micro Engineering A/S, Denmark, www.dme-
spm.dk 
4JEOL Ltd., Japan, www.jeol.com  

3. RESULTS 
 
3.1 Polishability test at UTAB 
 
UTAB´s testing method is designed to specifically 
evaluate the resistance to pitting formation on the 
surface being polished. The assessment is based on 
the size and amount of pores detected on a sample 
surface polished to a mirror-like appearance. The 
polishing steps are the same as the ones described 
above. The samples are estimated with help of a light 
microscope (magnification of 10) with light from two 
sides, which make it easier to detect any pores. The 
scale has five grades;   
 
1. A few small pores 
2. Small pores 
3. Many small pores 
4. Many small pores + a few big ones 
5. Many small pores + many big ones 
 
1 corresponds to ‘very good polishability’ and 5 to 
‘bad polishability’. Pores smaller than 10 µm in 
diameter are neglected.  
 
The number of pores is not specified in detail, so it 
requires experienced and consistent users to get 
reliable results. Further this method is not 
considering any roughness values or details of the 
surfaces, but gives a good overview of the surface 
quality and the possibility and easiness to achieve a 
fine surface finish on a particular steel grade. The 
grading results of the steels included in this study are 
shown in table 1. As can be seen all steel grades are 
estimated to have good polishability.  
 
Table 1 Results from UTAB’s polishing grading test  

 
Sample Grade Comments   

  
  A   1  Very good!  
  B   1   Few small pores  
  C   2   Small pores in a higher number  
         than in B 
 
The final control of polished surfaces, e.g. high gloss 
polished moulds, is today often only a visual 
estimation of the surface, which both is subjective 
and give results that are hard to discuss with 
customers (Zanola, 2007). To find parameters 
describing the surface quality would make it easier to 
discuss and specify polished surfaces. Different kind 
of comparing scales with reference surfaces and 
belonging roughness parameter values are also used 
to specify surface quality (Dagnall, 1980).  
 
The polishing technique is an important factor 
influencing the final result, but, will two different 
tool steels get the same surface finish after they have 
been polished after the same ‘recipe’? The answer is  
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Fig. 1.  Images of sample A, B and C with image 

area of 2.25 x 3.05 mm, measured with the 
interferometer (magnification of 25x).  

 
no, which is clearly shown in figure 1, where images 
(measured with the interferometer, magnification of 
25x) of the three samples are shown. Sample C has 
scattered peaks and pits (due to different kind of 
inclusions), sample B smaller ridges, while sample A 
seems to have an even, but rough surface compared 
to the other two.  
 
However, some polishing shops claim that it is more 
a function of polishing technique than the steel grade 
it self that determines the final surface quality.  
 
 
3.2 Different magnifications 
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Fig. 2.  Images of sample A, B and C; to the left an 
image area of 2.25x3.05 mm and to the right  
an image area of 125x165 µm, measured 

with the interferometer (magnification of 
25x and 500x respectively).  

 
A comparison between the images in magnification 
of 25x and 500x of sample A, B and C shows quite 
different results (fig.2); ‘ridges’ in the 25x-image of 
sample B are not visible in the 500x-image, since 
they are too big to be detected in such high 
magnification and, the rough structure of sample A 
looks even worse in 500x, which also is confirmed 
by its Sq-value. The high Sz-value of sample C is 
probably due to the small pores and peaks in its 
surface. Scratches from the polishing process are 
hard to detect even in the magnification of 500x.  
 
The study of their P-profiles (unfiltered profiles) 
shows similar results (fig.3); sample A seems to have 
a rougher surface than sample B and C. The ‘ridges’ 
seen in the images of sample B are, however, not 
clearly seen in the corresponding P-profile.  

 
Table 2 Some selected parameters 

 
  Parameters (mean values) 
Sample Sa Sq Sds Sz  
  [nm] [nm] [/mm2] [nm]  
A, 25x 2.206 2.813    1032   69.53 
B, 25x 1.250 1.662      832   69.00 
C, 25x 1.700 2.750      730 188.7 
A, 100x 3.384 4.273   19306   60.91 
B, 100x 1.382 1.801   15792   53.45 
C, 100x 1.718 2.300   13635   69.18 
A, 500x 4.242 5.329 120060   48.29 
B, 500x 1.114 1.428 186365   27.56 
C, 500x 1.329 1.693 303636   41.00 
 
Investigation of the samples measured in the 
magnification of 25x does not clearly distinguish 
them from each other in terms of their Sa- and Sq-
values. However there is a clear difference in the Sq- 
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Fig. 3.  P-profiles of sample A, B and C measured 

with the interferometer (magnification of 
25x and 500x). The left images are scaled: x 
0-2 mm, y ±20 nm, the right ones x 0-120 
µm, y ±20 nm.  

Copyrights belong to the authors of this paper

Swedish Production Symposium 2007 Rebeggiani... 3



and Sa-values belonging to the measurements in the 
magnification of 100x and 500x; again sample B and 
C seem to have smoother surfaces than sample A. 
Further the Sa- and Sq-values for sample A vary 
more between different magnifications than they do 
for sample B and C, indicating that sample A is 
unsatisfactory sampled with the lower 
magnifications. The scale of topography detected by 
the higher magnifications is nearly the same for 25x, 
100x and 500x for sample B and C, i.e. the lower 
magnification is enough to sample their structures.  
 
Noticeable are also that the Sa- and Sq-values are 
increasing with increasing magnification for sample 
A, but nearly constant or somewhat decreasing for 
sample B and C and, that the Sds-value for sample A 
is decreasing with increasing magnification, but 
increasing for sample B and C.  
 
The investigation in LOM showed that both sample 
B and C had some pull-outs (probably from oxide 
inclusions) while sample A was nearly free from 
inclusions. Sample C had also other inclusion types, 
probably sulphides, which can be seen in figure 2. 
Sample A had a clear carbide structure and both 
sample B and C can have primary carbides.  
 
 
3.3 Different instruments 
 
Traditionally surface roughness is specified as the 
average amplitude roughness, Ra, in industry, 
measured with different kind of mechanical stylus 
instrumentations.  The roughness for a polished tool 
is usually stated to be between 0.2 µm to less than 
0.006 µm (UTAB, 2007). Since the tip diameter often 
is around 4 µm and the roughness values usually 
much smaller than that, other instruments should give 
more accurate results due to their better resolutions, 
and their possibilities to make 3D measurements. A 
3D characterisation of a mould surface includes a 
larger analysis area, which will generate more 
truthful parameter values of the surface since a single 
analysis line probably miss a lot of information e.g. 
pores or scratches behind it (Thomas, 1999). Further 
the topography of the surface can be studied as 3D 
images, were height variations in the surfaces can be 
studied in wanted magnification.  
 
Comparisons between the 2D parameters Ra and Rq 
based on measurement data from different measuring 
devices were done (table 3); the stylus results were 
compared with the results from the interferometer 
(magnification of 25x) and the interferometer 
(magnification of 500x) results were compared with 
the results from the AFM (40x40 µm).  
 
The R-parameters from the interferometer 
(magnification of 25x) measurements were 
considerable lower than the R-parameters based on 
the stylus measurements, mainly due to its physical 

limitations of the tip diameter, i.e. the samples are 
too smooth to be measured with mechanical stylus.  
 

Table 3 Ra and Rq based on data from different 
measuring devices  

 
Sample Parameter Stylus  25x I 500x AFM  
 
A  Ra [nm] 13 2  6 11 
A  Rq [nm]  17 2 8 15 
B  Ra [nm]   9 1 1 12 
B  Rq [nm]   12 1 2 16 
C  Ra [nm]  11 1 1 22 
C  Rq [nm]   14 1 1 28 
Glass Ra [nm] 14 0 
Glass Rq [nm] 18 1 
I = interferometer, AFM 40x40 µm area 
 
Below (fig 4) the R-profiles from the stylus and 
interferometer measurements (magnification of 25x) 
respectively are shown in graphs with the same x- 
and y-scale (x 0.2-1.3 mm, y ±50 nm). As can be 
seen, the stylus R-profiles look quite different to the 
interferometer ones. When comparing the sample 
profiles to the flat glass reference profile, it is clear 
that the stylus measurements are strongly affected by 
noise. Brune et al. (1997) reported that super-
polished surfaces need to be measured with profilers 
having a height noise level better than 0.1 nm rms 
(root-mean-square) to get reliable results. The stylus 
used in this study has a noise level of maximum 20 
nm Ra. The Ra-value of the flat glass reference was 
13 nm.  
 
The AFM, used to investigate the detailed nano- 
topography in relation to the interferometer measured 
detail level, measured the samples to be rougher than 
the interferometer indicated. The reason for this can 
be that the surfaces were not clean enough, the 
measurements were done on different spots on each 
sample, and/or, most likely, the resolution of the 
AFM is better than for the interferometer. The 
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Fig. 4.  R-profiles of sample A, B, C and a reference 

of glass, measured with a mechanical stylus, 
to the left, and with the interferometer 
(magnification of 25x), to the right. All 
images scaled:  x 1100 µm and y ± 50 µm. 
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 vertical resolution is around 10-12 m for the AFM 
and 10-10 m for the interferometer, which means that 
the AFM will generate higher roughness values due 
to its tip’s ability to track into small pores and valleys 
(Blunt et al., 2003).  
 
The samples can be grouped/ranked after their Ra- 
and Rq-parameters; B and C together and A alone if 
the interferometer measurements (magnification of 
500x) are taken into consideration and, A and B 
together and C alone if the AFM measurements are 
taken into consideration. This is a further reason why 
surface topography should not only be described by 
2D parameters and that different kinds of parameters 
are needed to fully describe the surface quality.  
 
Scratches from the polishing process, which are not 
visible in the interferometer image of sample A, can 
be seen in the AFM image (fig 5). Also the carbide 
structure in sample A is more detailed in both the 
AFM and SEM images (fig 5 and 6). The white spots 
in sample B, which are clearly visible in the AMF 
image and very diffuse in the interferometer image, 
are probably representing primary carbides. Even the 
features in sample C (AFM image) might be primary 
carbides, but can also be dirt on the surface.  
 
The three images from the SEM measurements show 
also significant differences in the surface structure in 
the samples; sample C seems to have more scratches 
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Fig. 5.  Images of sample A, B and C measured with 

the interferometer (magnification of 500x) 
to the left, and the AFM to the right. Notice 
that all images have the size 40x40 µm. 
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Fig. 6.  Images of sample A, B and C measured with 

the SEM (vertical resolution of 2 nm) in the 
magnification of 2700x (the image area 
around 45x35 µm).  

 
left from the polishing process than the other two and 
the presumed carbides in sample A are clearly visible 
again.  
 
 
3.4 Parameter variation 
 
It was not possible to make any conclusions from 
other 3D parameters than the Sa-, Sq-, Sds- and Sz-
value) since they vary several units within each 
sample, even when the amount of measurements was 
doubled. Further studies will include more 
measurements to see if 20 or even more 
measurements will generate more stable results. 
Blunt et al. (2003) reported that 5-10 measurements 
were needed to get stable mean values for most 
parameters (±20% at the 95% confidence level), 
whereas some parameters needed over 25 
measurements.  
 
 
3.5 With or without filters? 
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Fig. 7.  P-profiles of sample A measured with the 

interferometer (magnification of 25x, 100x 
and 500x). All profiles are levelled with 
respect to the least squares plane. 
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A robust Gaussian filter (cut-off 250 µm) were 
chosen for the data from the interferometer 
measurements in the magnification of 25x and 100x 
since smaller cut-offs might take away too much 
from the interest structure (fig 7).  
 
The data from the 500x magnification measurements 
are not filtered because of the risk to remove 
important information, but, as all other data in this 
study, a form removal and levelling process (with 
respect to the least squares plane) was used to get rid 
of the longest wavelengths.  
 
 

4. CONCLUSIONS 
 
The mechanical stylus can not generate satisfactory 
results of the surface roughness due to its high noise 
level.  
 
There are clearly differences of the surface 
topography for the three samples included in this 
study. 
 
The material structure has an influence on the 
resulting topography, especially for high resolution 
measurements, revealing the finer details of the 
polishing scratches and material. 
 
Different measurement devices and magnifications 
generate different values of the surface parameters.  
 
To get more representative parameter values 
describing the surface quality further studies have to 
be made in order to specify number of measurements 
needed and which type of measurement devices, and 
belonging settings, that should be a good choice in 
terms of surface characterisation of high gloss 
polished surfaces.  
 
 

5. FUTURE WORK 
 
Future studies will include more steel grades and 
more measurements on each sample to establish 
robust topography measurements and knowledge of 
the importance of material type.   Also the polishing 
techniques will be investigated to model the 
influences on the final surface quality.  
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