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Abstract A new methodology to quantify scratch-

induced damage visibility on polymer surfaces is proposed.

The color image analysis using a hue–saturation–intensity

(HSI) color space combination provides satisfactory results

in quantifying scratch visibility and in monitoring surface

damage features along the scratch path. The effectiveness

of the HSI color image analysis methodology is validated

via comparison of the results from a model of polypro-

pylene blend using three linearly increasing normal load

conditions. The scratch damage transitions are correlated

with the HSI color transitions and show good agreement.

Implication of the present finding for the evaluation of

scratch visibility resistance of polymers is discussed.

Introduction

One of the major concerns on polymer scratch research is

the standardization of test methodologies and appropriate

evaluation techniques that can precisely quantify the

scratch damage resistance of polymers [1–5]. Recently,

two internationally recognized test methods, i.e., ASTM

standard (D7027-05) [6] and ISO standard (19252:2008)

[7], for obtaining meaningful and reproducible results on

the scratch behaviors of polymers have been developed.

However, both of the standards only emphasized the test

methodology and observation of the surface damage fea-

tures, without explicit reference to quantification of the

scratch visibility resistance of polymers [8–16]. Both of the

standards utilize a 1-mm diameter steel ball as the scratch

tip. During an increasing normal load test (e.g., 1–50 N),

the mar and ironing phenomena are clearly observed in an

early stage of the scratch testing; sometimes, it even occurs

at the beginning of the test [5].

To illustrate how the applied normal load (P) influences

the stresses generated on the polymer surfaces, a schematic

is drawn in Fig. 1a. The stress magnitude at the initial point

is theoretically infinite since the contact area of the ball

indenter to the polymer surface is very small. As P is

gradually increased, the contact area will also become

larger. Therefore, to experimentally determine the stress

magnitude imposed on the polymer surface, the scratch

widths and the corresponding contact areas should be

monitored during the movement of the indenter tip. It

should be noted that the stress magnitude in an early stage

of the scratch test cannot be easily obtained if the inertial

effect due to the acceleration of the scratcher head move-

ment from static to a velocity of 100 mm/s is present.

Significant stress magnitude fluctuation will occur on the

polymer surfaces as the scratch tip moves until the inertia

effect diminishes, which usually corresponds the scratch tip

movement of about 0.5 mm.

The second issue comes from the determination and

quantification of scratch visibility [12, 17–20]. It is non-

trivial to determine the visibility onsets of mars and scrat-

ches on polymer surfaces because it involves a lot of

unquantifiable factors that may affect how a viewer recog-

nizes scratch damage with un-calibrated eyes. There are still

some shortcomings in the determination of the scratch vis-

ibility onset using both standards proposed. These defi-

ciencies arise from the determination of value referred to as
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the critical normal load for the onset of the corresponding

surface damage feature, i.e., whitening and cutting, even

though several image analysis techniques were employed

[7–10]. These measurements are prone to be dependent on

the competency of the operator. In addition, the critical

normal load determined is not a normalized value. They are

scratch tip geometry dependent. In other words, a new value

(i.e., material property) that normalized by the correspond-

ing contact area, similar to the definition of yield stress

(N/m2) and impact resistance (J/m), needs to be expressed to

quantify the whitening point and the initiation of cutting.

Finally, it is difficult to quantify the scratch damage vis-

ibility of colored polymers containing various kinds of pig-

ments using the current ASTM and ISO standards. Polymers

with various colors for aesthetics reasons have been used for

automotive interior and exterior parts. The scratch visibility

of colored polymer surfaces is more complex because

additional light absorption and reflection at different wave-

lengths take place on colored polymer surfaces. Until now,

the scratch damage analyses with an 8-bits gray scale, not a

24-bits color scale, have been carried out to quantify the

scratch visibility. Those approaches are not suitable for

evaluating scratch visibility of colored polymer surfaces.

The main objective of this article is to propose a new

approach that can quantitatively determine the scratch

damage visibility onset of polymers. The effectiveness of

the new approach for determining the scratch visibility

resistance of a typical automotive plastic is demonstrated.

The observed scratch damage transition is correlated with

the corresponding scratch visibility transition. The impli-

cation of the present approach for effective evaluation of the

scratch visibility resistance of polymers is also discussed.

Experimental

Model material and scratching test conditions

A polypropylene blend that contains 15 wt% of talc,

25 wt% of ethylene–octene rubber (EOR), and *1 wt% of

carbon black pigment was provided by Hyundai EP Co.,

Ltd, for the present study. The as-received plaques having

dimensions of 345 9 98 9 3 mm were injection molded.

Scratch tests were carried out at room temperature using a

CETR UMT-2 machine. The scratch length was set to be

50 mm. A constant scratch velocity of 1 mm/s with three

linearly increasing normal loads, ranging 1–30, 1–40, and

1–50, were performed. The tip used was a stainless steel

cylinder with a diameter of 1 mm and a length of 1 mm.

The detailed geometry of the stylus tip is shown in Fig. 1b.

Scratch damage analysis and quantification

Scanned images of the scratch tested surfaces were pre-

pared using an Epson Perfection V700 Photo flatbed

scanner, set at a resolution of 600 9 600 dpi and 24-bit

color mode for the quantification of scratch damage.

A commercial surface analysis software, QWin, using

various color space models (e.g., HSI, RGB), was subse-

quently used to quantify the surface damage. In order to

increase the reliability of experimental data and to exclude

the unusual data on the edge region, as shown in Fig. 1b, a

set of color coordinates within a 90% region of the scratch

width was chosen: i.e., each row set along the scratch path

was expressed as an average of the corresponding vertical

values. The average value and standard deviation were

recorded after performing five scratch tests of each sample.

Optical microscopy (OM) observation, performed on a

Hirox KH-7700 digital microscope, was used to observe

the scratch damage and the damage transition along the

scratch path.

Results and discussion

During the scratch test, there exist two orthogonal vectors,

the applied normal force F~n

� �
and the resulting tangential

force F~t

� �
; on a scratched surface. The total force, termed

Fig. 1 Schematics of scratch behaviors in polymers: a contact area

and corresponding stress magnitude applied to the polymer surface for

a ball-type stylus tip. The applied normal load is P, and b the stylus

tip geometry and the corresponding surface damage illustrated by the

HSI color image analysis methodology proposed in this study
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‘‘scratch force’’ F~s

� �
; applied to the surface can be defined

as the summation of the two vectors. Thus, in this study,

the scratch resistance R~
� �

; expressed in kN/m, is calculated

by dividing the scratch force with the length of indenter tip.

Scratched surfaces of the PP blend under three different

loading conditions were scanned using a commercial

scanner and the representative photographs are shown in

Fig. 2. It is evident that three zones can be distinguished

without any post-processing using image analysis tools

[17–20]: non-damage, mar, and scratch-induced damage

zones. An increase in applied normal load leads to an

increase in surface damage and in scratch visibility. In

general, the damage features can be detected by significant

light scattering from the scratched surface damage features.

However, so far, it is nontrivial to quantify these damage

features as well as the onset of scratch visibility.

Three-dimensional (3-D) color spaces are further uti-

lized to quantify the observed surface damages and scratch

visibility resistance. The change in the scratch damage

mode transition is accompanied by the corresponding

variation in color perceived from the scratch-induced sur-

face. The severity of the surface damage can be captured

by the color coordinates (e.g., HSI values) of the 3-D color

models along the scratch path. As a result, the scratch

damage and its transition can be determined by means of

the corresponding color values. To establish relationships

among the scratch damage features, their transition and the

corresponding scratch visibility, the HSI color space model

is employed. The HSI color space model is an attractive

color model for image processing applications since it

represents colors similarly to how the human eyes perceive

colors. In the HSI model, each color is expressed by three

components: hue (H), saturation (S), and intensity (I): the

hue component describes the color itself, the saturation part

signals how much the color is polluted with white color,

and the intensity illustrates the brightness of the color.

Figure 3 shows how the HSI color space represents colors.

The values of HSI are assumed to be in the range of 0–255.

The surface analysis results of PP blend with respect to

the three test conditions using the HSI color space are

shown in Fig. 4. For all samples, the hue value remains

constant along the scratch path, while there is a gradual

increase in intensity and a decrease in saturation numbers.

The amount of light scattering (i.e., whitening) along the

scratch path increases with increasing applied normal load,

with no change in color itself (hue value). In other words,

the appearance of whitening directly causes intensity value

to increase and a moderate decrease in saturation value.

A careful observation indicates that the intensity and sat-

uration value profiles are distinctively marked by the

changes of their slopes that are obviously derived from the

alteration of color, i.e., whitening, as scratching progresses.

The first color transition region exhibits an increase in

intensity number and afterward, the slope becomes flatter,

followed by the repetition of the same trends along the

scratch path. This implies that whenever the variation of

the slope takes place, the change of surface damage fea-

tures also occurs.

OM observations are further employed to correlate the

observed damage morphologies with the corresponding

color transitions in intensity and saturation values. Several

regions of interest for scratch-induced PP blends are

observed. Close-up views of regions that are marked with

Fig. 2 Optically scanned

images of scratch-induced PP

blend surfaces with increasing

normal load ranges of:

a 1–30 N, b 1–40 N, and

c 1–50 N. The brackets and

arrows indicate the

corresponding mar zones and

onset of scratch visibility,

respectively

Fig. 3 Schematic diagram of HSI color model and its color

coordinates
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numbering in Fig. 2 are shown in Fig. 5. Figure 5a–c

shows in sequence the damage features at the first, second,

and third color transition points for PP blend surface

scratched with a load range of 1–30 N. In region I, mild

damages by plastic ironing are observed at the beginning

and then small cracks or fragments are initiated at the end

of the stage. This feature is termed as ‘‘mar.’’ A rough and

wave-like sheared pattern is observed in region II. The

wave-like patterns appear to be closely spaced. This indi-

cates that the surface damage mode is changed due to the

increase of applied scratch force. Interestingly, these

damages can be perceived by the naked eyes, because of

the intensive light scattering from the scratched path. Thus,

the second color transition point can be defined as the

‘‘onset of scratch visibility.’’ In addition, the onset of

scratch visibility can be quantified and expressed by the

term ‘‘Scratch Visibility Index (SVI)’’. SVI is defined as a

set of intensity, saturation, and scratch resistance values

Ic; Sc;R~c

� �
; where the onset of scratch visibility occurs.

The SVI can be readily obtained from the plot in Fig. 4.

Region III represents the corresponding damage feature

around the third color transition. The wave-like fragments

are broadened, signifying the increase of the severity of

surface damage. The same damage feathers as those shown

in Fig. 5a, b are shown in the samples with two different

loading ranges of 1–40 N (Fig. 5d, e) and 1–50 N (Fig. 5g,

h) in spite of the difference in scratching characteristics. It

should be addressed that the three samples tested have the

same intensity and saturation values on SVI, while the R~c

values are slightly different (Table 1). This difference may

be due to the effect of the loading rate against a constant

scratch length. The above finding suggests that the HSI

color image analysis methodology is effective in quanti-

fying scratch visibility and in monitoring surface damage

features along the scratch path. The loading rate mentioned

above has also had an effect on the size of the non-damage

and mar zones. An increase in the maximum normal load

leads to a decrease in their sizes (Table 1). Figure 5f, i

shows the material removal zone as a result of the rupture

of the repeated wave-like patterns, leading to an intensified

plastic deformation with higher light scattering and scratch

visibility.

Conclusion

A new methodology using a HSI color image analysis tool

is proposed to quantify scratch visibility resistance and

surface damage features on polymer surfaces. The scratch

visibility index, which is composed of the critical intensity

value, saturation value, and scratch resistance to the point

where the surface damage can be perceived by the visible

eye, is presented to quantify the onset of scratch visibility.

Microscopy study supports the detailed damage feature and

transition in the scratch-induced surfaces of PP blend. Good

agreement is found between the scratch damage feature

transitions and their corresponding color transitions.

Fig. 4 HSI color image analysis results and the corresponding

scratch visibility resistance of PP blend surfaces with different normal

load ranges of: a 1–30 N, b 1–40 N, and c 1–50 N (H: hue value, S:

saturation value, I: intensity value, R~ : scratch resistance, Znd: no

damage zone, Zmar: mar damage zone, ti: the first color transition

point, tii: the second color transition point, tiii: the third color

transition point, OSV: the onset of scratch visibility)
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