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Abstract

The environmental and pollution materials emission stan-

dards in Europe are going to be more strict. In order to meet

the standards, a European automotive manufacturer performs a

finishing laser treatment on the honed cast iron cylinder bores of

their V-engine blocks. Samples of laser treated cast iron cylin-

der bores with lamellar graphite were investigated. Due to the

growing popularity and high efficiency of fiber lasers, samples

treated with Yb-fiber lasers were investigated. In order to eval-

uate the microstructure and grain size of the laser treated layer,

scanning electron microscopic images were taken on cross sec-

tioned samples with a scanning electron microscope/focused ion

beam dual beam electron microscope. The samples were found

to be ultra fine grained. Nanoindentation hardness measure-

ments of the surface layer showed a clear linear trend between

the laser power density in the applied range and the measured

hardness. Additional micro hardness measurements suggest an

annealed region beneath the surface.
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1 Introduction

The environmental and pollution materials emission stan-

dards in Europe and worldwide are going to be more strict,

and fuel prices are continuously increasing. These facts per-

suade the automotive engine developers to build more efficient

and environmentally friendly engines. To meet environmental

regulations and because of increasing fuel prices, it is expected

that, even at higher engine power, the fuel and oil consumption

should not increase. It is also obvious that the engines should

have a long lifetime [1]. Both the consumption reduction and

the power increase of Otto- or Diesel-engines cause higher pres-

sures in the combustion chamber resulting higher tribological

load and wear rate for the piston rings and to the cylinder bore

[1]. Laser treatments are widely used for surface modifications,

from surface alloying to surface shock hardening [2–5] to im-

prove surface properties of sliding machine parts. Thus, laser

surface treatments gain an increasing significance in the auto-

motive industry. A wide range of automotive parts, from brake

drums to engine parts [6–10], are laser treated to alter the sur-

face and near surface properties of the materials. To improve

the mechanical and tribological properties of different cylinder

bores it is possible to use special mechanical treatment [11] or

chemical coatings [12–14] and laser structuring treatments [15]

or – which is used by a large European automotive manufacturer

– a special laser surface treatment on the cast iron V-block en-

gines to alter the properties of the cylinder bores. Due to the

laser treatment, the area near the surface of the cylinder bore be-

comes harder and more wear resistant. Furthermore, due to the

inhomogenity of the pearlitic matrix and carbon lamellae, oil re-

serving holes are formed. This treatment results in an increased

power output and reduced oil consumption [1, 16].

2 Materials and methods

2.1 Leaser treatment

The goal of the laser treatment is to melt a thin layer of

the surface. At the same time, the laser induced plasma over

the surface evaporates the graphite lamellae, deeper than the

metallic surface itself. So these "holes" are practically non-

communicating oil reservoirs [1]. This treatment is patented, the
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patent number is: EP 1 738 859 A1. Recently, the cylinder bores

in the mass-production are treated with a Xe-Cl excimer laser

which works in the UV wavelength region (308 nm). During

treatment the workpiece is treated with a rectangular laserspot

with 4 times overlap in a definite raster. The adjustable parame-

ters during the laser treatment are: the scale of the overlap (scan-

ning grid), the mean laser energy density on the surface and the

speed of the scanning. There are further experiments to find

alternative laser sources, because the excimer lasers have high

maintenance requirements and the maintenance and servicing

costs are higher than those of the solid state lasers. A further dis-

advantage of the currently applied excimer laser is that, because

of the geometry of the optical output system during laser treat-

ment, the whole cylinder block has to be rotated around the laser

output window which significantly reduces the efficiency of the

laser system. Furthermore, excimer lasers have large space re-

quirements.The material of the samples was grey cast iron with

lamellar graphite and pearlitic microstructure (GJL-250). After

the hone process and the final laser treatment, the samples were

cut out from the cast iron engine blocks. In order to replace the

excimer laser, four samples treated with an IPG Yb-fiber laser

source with different laser energy densities were investigated.

The samples were treated with two times overlap during the in-

sertion as well as during removal (four time overlap) of the laser

output tube. The spot form was a 0.9 × 0.9 mm rectangle. The

main laser parameters for the laser treatment are shown in Tab. 1.

The slight difference between the two series Y1-Y4 and Y5-Y8

is that the Y1-Y4 laser treatments were made in the same bore

of the cylinder block and the Y5-Y8 laser treatments were made

in the same engine block but in separate cylinder bores.

2.2 Experimental

2.2.1 Focused Ion Beam investigation

The focused ion beam (FIB) investigations were made by a

LEO Gemini cross beam scanning electron microscope (SEM),

SEM/FIB scanning electron microscope. Images were taken

from regions at least 10 µm away from the graphite lamellaes to

avoid their influence. In earlier works [17–19], half of a regular

cross section for TEM lamellae cutout were made with the ion

beam and then images were taken, with lowered ion current, of

the wall of the obtained cavity. This process was simplified, by

making the FIB cut on the edge of a polished bulk samples. The

protective Pt layer was also left from the surface. The main pa-

rameters for FIB machining and imaging are displayed in Tab. 2.

Due to the difficulties with the sample, the ion beam current

during coarse cutting was 2 nA.The angle between the measured

surface and the ion beam during imaging was 54 o. To deter-

mine the average grain size and layer thickness, several FIB im-

ages were merged together to cover an area of approximately

20× 7µm (20 µm in horizontal and 7 µm in vertical direction).

The average grain size was determined along 3 lines (3 hori-

zontal lines were drawn into the laser treated layer, from grain

boundary to grain boundary, and the number of the grains along

these lines with known length were counted). Additional im-

ages from the laser treated surface were taken by a Philips XL

30 SEM.

2.2.2 Nanoindentation measurement

To determine the hardness of the laser treated layer, nanoin-

dentation measurements were performed with an UMIS nanoin-

denter equipped with a Vickers pyramid. Four hundred measure-

ment points were made, with 5 mN load, within a 20× 20 raster,

with 20 µm distance between indentations. The acceptable load

vs. indentation curves were selected by different criteria (like

maximal indentations depth 200 nm and null point error < 10

nm) to avoid false hardness values. Only the hardness values

of the good measurement points were evaluated. A frequency

count was calculated and displayed in a histogram, then differ-

ent curves were fitted to the diagram. The lognormal curve was

found to fit the best for the hardness values (see Fig. 1)

Fig. 1. Histogram of the nanoindentation hardness values of sample d and

the fitted lognormal curve.

Fig. 2. SEM image of the honed surface.

The hardness of the base material was also determined. To

avoid the effect of the top layer of the surface, which had been
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Tab. 1. The main laser parameters for the laser treatment with Yb-fiberlaser

Sample Wavelength

(nm)

Pulselength

(ns)

Pulse fre-

quency (Hz)

Energy density

(mJ/mm2)

Power density

(mJ/(mm2ns))

Y1 1065 140 12500 15.8 0.1129

Y2 1065 140 12500 19.8 0.1411

Y3 1065 140 12500 24.7 0.1764

Y4 1065 140 12500 29.6 0.2116

Y5 1065 140 12500 19.2 0.1369

Y6 1065 140 12500 22.6 0.1616

Y7 1065 140 12500 26.7 0.1905

Y8 1065 140 12500 30.4 0.2173

Tab. 2. The main parameters for FIB machining and imaging

FIB operation Ion beam voltage Ion beam current

Coarse cut 30 kV 1 nA

Fine cut 30 kV 200 pA

Ion beam etching 30 kV 50 pA

Ion beam imaging 30 kV 20 pA

Tab. 3. The molten layer depths measured on FIB and SEM images and grain size measured on FIB images.

Sample Molten layer depth Grain size

RFIB (µm) RSEM (µm) dFIB (nm)

Y1 n. a. 0.50 – 1.14 n. a.

Y2 n. a. 0.51 – 1.01 n. a.

Y3 n. a. 0.52 – 1.83 n. a.

Y4 n. a. 0.55 – 1.67 n. a.

Y5 0.90 – 1.04 0.52 – 1.35 243

Y6 0.51 – 0.81 0.55 – 2.07 151

Y7 0.73 – 0.97 0.56 – 1.57 214

Y8 0.93 – 1.13 0.76 – 2.11 204

previously mechanically deformed, it was prepared similarly to

a sample for electron backscattered diffraction (EBSD) mea-

surement. The sample was embedded in metallographic mold

resign, prepared like a normal metallographic sample [20], and

after polishing by 1 µm grain sized Al2O3 suspension it was

etched for 10 sec with 2% nital etchant. Afterwards, the sample

was further polished with an automatic polishing machine, by

a 0.05 µm grain sized SiO2 suspension, with 5 N force, for 35

minutes.

2.2.3 Microhardness measurements

The microhardness measurements were carried out by a

Buehler 1011 microhardness tester with a Vickers pyramid. The

applied loads were 1000, 500, 300, 200, 100, 50, 25 and 10

grams. For every load, at least 15 measurements were made

and the Gaussian mean values were determined (like described

above). The measurement points were selected far away from

the graphite lamellaes in order to avoid their influence. To mea-

sure the imprints obtained by 10 g load, an SEM was used.

3 Results and discussion

3.1 Focused Ion Beam investigation

In FIB cross section images (Fig. 3), it is well seen that the

laser treatment caused the top of the surface to melt. As it was

mentioned previously, sample Y5 (Fig. 3) was cut in the first

step with 2 nA ion beam current, which caused a visible cur-

taining effect [21, 22] that could not have been removed by the

fine cut step. To obtain fine surface quality, it is necessary by

this cast iron to reduce the current by the coarse cut step, to fur-

ther processing we applied. The thickness of the laser treated

layers on the FIB images (RFIB) was determined by an image

analysing software. The thickness values were measured also

by SEM (RSEM) on cross section samples prepared by a conven-

tional mechanical method [20]. The molten layer thicknesses

are displayed in Table. 3. As it can be seen the layer thickness

widely varies with the place of measurement (between 0.5-2.1

µm), because of the wavy surface after honing. However, with

the exception of some regions, it can be said that the thickness

of the top layer after laser treatment is cca. 1 µm. The av-

erage grain sizes (dFIB) measured on FIB images with the Im-

age Pro Plus program are also listed in Tab. 3. All of the sam-
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Fig. 3. FIB cross section images of the cylinder bores.The laser treated sur-

face can be seen above the dotted line for samples Y5) ,Y6) ,Y7) and Y8) re-

spectively.

Fig. 4. SEM images of the laser treated surfaces for samples Y1), Y2), Y3) and Y4) respectively.

Fig. 5. SEM images of the laser treated surfaces for samples Y5), Y6),Y7) and Y8) respectively.

ples were found to have ultra fine grained structure with grain

sizes between 150-240 nm. The ultra-fine grained structure was

most likely formed due to the rapid cooling caused by the large

heat gradient during solidification of the molten surface. It is

well known that during solidification, the critical core size is
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inversely proportional to the undercooling:

r =
2γ TE

L1T
(1)

where r is the critical core radius, γ is the surface energy of

the core, TE is the equilibrium temperature (the melting point),

L is the latent heat during solidification, and T is the undercool-

ing. Here, the undercooling is very high due to the small molten

volume and the high volume of surrounding cold bulk. There-

fore, the critical core radius is small, which means that several

cores are formed in the same time and thus the final grain size is

very small.

Below this layer, the base material has many larger grains.

These grains are slightly curved in one direction due to the me-

chanical machining of the cylinder bores. Surface morphology

highly influences the sliding behavior of friction parts. In order

to investigate this morphology, SEM images were taken from

the laser treated surfaces. First SEM images were taken from

the honed surface (Fig. 2). There are honing marks/scretches

with different width and depth on the surface after the hone pro-

cess. This schratches form a communicating channel system,

where the oil can escape along the piston ring during the op-

eration of the engine. The laser treatment smoothens this sur-

face (Fig. 4), (Fig. 5) and in the outburned graphite holes a non

communicative oil reserving system is formed, which provides

good sliding properties and reduced oil consumption. As it can

be seen in the low magnification SEM images (Fig. 4, Fig. 5),

the surfaces of sample Y1, Y2 and Y5, Y6 are not uniformly

molten: the metal layer above the graphite lamellaes are molten

and are kept together by the graphite lamellaes. The marks of

the hone process and the wavy surface are still noticeable. This

is unwanted during the operation of the engine, and failure can

result from friction by the piston rings in the engine. The sam-

ples Y4, Y5 and Y7, Y8 treated with more laser energy show

much smother surfaces, which are applicable for the operation

of the motor. For further investigation of the surface properties

nanoindentation measurements were performed.

3.2 Nanoindentation measurement

As displayed in Fig. 6, a considerable hardness increment of

the surface took place after the mechanical hone process and

also after laser treatment.In the case of a honed surface, the top

layer of the surface is heavily deformed, due to the effect of

mechanical machining. During laser pulses, plasma is formed

over the surface, which only allows the top layer of the cast iron

surface to melt. The hardness increment shows a clear linear

connection with the increasing laser power density in the investi-

gated regimes. In case of samples Y1-Y4 (from the same bore),

a much better correlations coefficient of the linear fitting was

observed than in case of samples Y5-Y6 (different bores) due

to the less inhomogenity of the cast iron base material within a

single cylinder bore than the whole engine block. This hardness

increment of the surface layer is caused most likely by the ultra

fine grained structure and high dislocation densities on the sur-

face after the laser pulse. To achieve a higher hardness than that

of the honed surface, a laser energy density higher than about

0.16-0.185 mJ/(mm2ns) is needed. In order to investigate if the

laser treatment had any effect in deeper layers in the surface,

microhardness measurements were made with increasing load

levels.

Fig. 6. Hardness values of the laser treated surfaces, the base material and

the honed surface measured by nanoindenter. � are the Y1-Y4 samples the

square of the correlations coefficient of the linear fitting is R2=0.998, are the

Y5-Y8 samples, the square of the correlations coefficient of the linear fitting is

R2=0.935

Fig. 7. Microvickers hardness values of the Y5-Y8 laser treated and the

honed surface measured at different loads and the hardness values of the base

material are subtracted.

3.3 Microhardness measurement

The microhardness values are displayed in Fig. 7 and Fig. 8.

The penetration depths of the diamond tip were calculated from

the Vickers hardness formulae and displayed in these figures.

First the hardness values of the base material at different loads

were substracted from the values of the laser treated surfaces in

Fig. 7.All the samples showed increasing hardness compared to

the base material, especially in the 1-3 µm penetration range.

The honed specimens were found to be softer than the laser

treated ones, above ca. 6 µm depth. However, at smaller inden-
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Fig. 8. Mickrovickers hardness values of the Y5-Y8 laser treated surface

measured at different loads where the hardness values of the honed surface are

subtracted.

tation depths, it was the hardest. This was caused by the high

deformation rate and dislocation density in the top 1-3 µm layer

of the surface. The hardness values of the laser treated sam-

ples were identical, within the standard deviation. The hardness

values of the honed surface and the laser treated samples were

compared in Fig. 8 where the hardness values of the honed sur-

face were subtracted from the laser treated ones. Due to the laser

treatment, a softer layer was formed beneath the outermost sur-

face. This should be due to the annealing effect under the molten

zone, reducing the dislocation density by the laser remelting.

These two layers together caused an overall softening until the

penetration depth reached ca. 6 µm. The sample treated with

the largest energy was the softest in the top region, where the

thickest annealed zone could exist.

3.4 Conclusion

From the results of the above mentioned and discussed FIB

and hardness measurements, the following conclusions can be

drawn: Due to the laser treatment of the honed surface of

pearlitic cast iron with graphite lamellaes in the 0.1129 -0.2116

and 0.1369-0.2173 mJ/(mm2ns) laser power density range, the

top 1-2 µm melts and an ultra fine grained structure was formed.

Considerable hardness increments, compared to the base mate-

rial, was observed by nanoindentation measurements which in-

creased in this range linearly. However, microhardness measure-

ments showed softening. Since the penetration depth of micro-

hardness measurement is much larger than that of nanoindenta-

tion, this suggests the existence of an annealed volume beneath

the top molten layer of the surface.
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