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A B S T R A C T	   A R T I C L E   I N F O	

In	order	to	optimize	the	structure	and	properties	of	tool	steel,	it	is	necessary	
to	take	 into	account	the	effect	of	 the	self‐organization	of	a	dissipative	struc‐
ture	with	 fractal	 properties	 at	 load.	 Fractal	material	 science	 researches	 the	
relationship	between	the	parameters	of	fractal	structures	and	the	dissipative	
properties	of	tool	steel.	This	paper	describes	the	application	of	fractal	dimen‐
sion	in	robot	laser‐hardening	specimens.	By	using	fractal	dimensions,	chang‐
es	in	the	structure	can	be	determined	because	the	fractal	dimension	is	a	pre‐
sent	indicator	of	the	complexities	of	the	sample	forms.	We	hardened	tool	steel	
at	 different	 speeds	 and	 different	 temperatures.	 By	 researching	 the	 fractal
dimensions	of	the	microstructures	of	the	hardened	specimens	we	could	bet‐
ter	understand	the	effects	of	the	parameters	of	robot	cells	on	the	material.	We	
show	the	experimental	 results	and	an	analysis	of	 those	 fractal	patterns	 that
occur	during	robot	laser	hardening	with	the	different	parameters	of	tempera‐
ture	 and	 speed.	 Finally,	we	 present	 the	 relationship	 between	 the	 fractal	 di‐
mensions	and	the	parameters	of	temperature	and	speed	of	robot	laser	hard‐
ening.	The	hardening	of	various	metal	 alloys	 showed	 that	when	melting	oc‐
curs,	 fractal	 geometry	 can	 be	 used	 to	 calculate	 the	 fractal	 dimension.	 The
dependence	 of	 the	 fractal	 dimension	on	 the	hardness	was	 ascertained.	 This	
finding	 is	 important	when	we	realize	 that	certain	alloys	mix	poorly	because	
they	have	different	melting	temperatures	but	such	alloys	have	a	much	higher
hardness	and	better	technical	characteristics.	
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1. Introduction  

Of	all	microscopic	methods,	electron	microscopy	images	give	the	best	resolution,	the	most	accu‐
rate	information	of	the	distribution	of	crystals	in	a	building,	the	best	morphology	of	the	various	
structural	 types,	 and	 the	best	 structural	 surface	 topography.	Fractal	 geometry	provides	a	new	
approach	 in	describing	 the	structure	of	various	 illegal	structures.	Fractal	 theory	has	also	been	
used	 in	 the	 field	of	materials	 science.	Models	of	 fractal	 lines	 and	surfaces	were	 created	 to	de‐
scribe	the	properties	of	the	microstructure	of	materials	[1].	The	subject	of	fractals	can	be	used	to	
assist	 in	the	analysis	of	surfaces	encountered	 in	robot	 laser	hardening.	 It	should	be	noted	that	
the	morphology	of	a	surface	will	change	if	material	is	hardened	with	robot	laser	cells.	Analysis	of	
fractal	dimensions	is	a	method	used	to	study	the	surface	properties	of	materials.	Fractal	dimen‐
sion	[2]	is	a	property	of	fractals	that	is	maintained	over	all	magnifications	and	is	therefore	well	
defined,	but	in	addition,	it	also	reveals	the	complexity	of	the	fractal.	In	general,	we	cannot	calcu‐
late	 the	 fractal	dimension	 for	 the	above‐mentioned	procedure,	as	 this	 is	possible	only	on	pure	
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mathematical	constructs,	and	not	by	nature.	In	practical	terms,	to	determine	the	dimensions	the	
most	used	method	 is	 that	 “of	 counting	boxes”	 (box‐counting	dimension),	which	studies	 fractal	
cover	using	a	square	grid,	which	is	then	reduced	and	the	change	in	the	number	of	squares	need‐
ed	 to	 cover	 the	 entire	 crowd	 observed.	We	 face	many	 problems	 in	 robot	 laser	 hardening	 [3].	
Robot	laser	hardening	[4]	with	an	overlapping	laser	beam	is	particularly	interesting.	The	result	
is,	of	course,	an	approximation,	which	is	calculated	by	the	desired	number	of	places.		
	 In	this	paper,	fractal	analysis	is	used	to	determine	how	parameters	of	robot	laser	hardening	
affect	the	hardness	of	the	hardened	material.	Robot	laser	surface	hardening	heat	treatment	[5‐6]	
is	 complementary	 to	 conventional	 flame	 or	 inductive	 hardening.	 The	 energy	 source	 for	 laser	
hardening	is	the	laser	beam,	which	heats	up	very	quickly,	and	works	on	the	metal	surface	area	of	
points	up	to	1.5	mm	and	a	hardness	of	65	HRC.	Laser	hardening	is	a	process	of	projecting	fea‐
tures,	such	as	non‐controlled	energy	intake,	high‐performance	constancy	and	an	accurate	posi‐
tioning	process.	A	hard	martensitic	microstructure	provides	improved	surface	properties,	such	
as	wear	resistance	and	high	strength	[7‐8].	Fractal	analysis	[9‐10]	is	useful	when	classical	geom‐
etry	cannot	be	sufficiently	useful	 to	precisely	describe	 the	results	of	 irregular	 facilities.	A	pro‐
found	feature	of	fractals	is	the	fractal	dimension	D	[11‐13],	which	provides	an	important	view	of	
the	physical	properties	of	various	materials.		
	 This	article	describes	the	fractal	structure	[14]	of	robot	laser‐hardened	tool	steel.	Fractal	pat‐
terns	 have	 been	 found	 in	 different	mechanical	 properties	 of	 hardened	materials	 (Mandelbrot	
1982,	 Feder	 1988).	 Fractal	 features	 have	 also	 been	 observed	 in	mechanical	 computer	 simula‐
tions,	which	can	be	explained	by	Gauss‐Marc	fractal	random	fields.	In	this	work,	we	have	used	a	
scanning	electronic	microscope	(SEM)	[15‐16]	to	research	for	and	analyse	the	fractal	structure	
of	robotic	laser‐hardened	material.	The	aim	of	the	research	is	to	ascertain	how	robotic	laser	cell	
parameters	for	optimal	tempering	affect	the	fractal	dimension	of	hardened	material.	

2. Experimental method and materials preparation 

The	 study	was	undertaken	using	 tool	 steel	 standard	 label	DIN	 standard	1.7225.	 The	 chemical	
composition	of	the	material	was	0.38‐0.45	%	C,	maximum	of	0.4	%	Si,	0.6‐0.9	%	Mn,	maximum	of	
0.025	%	P,	maximum	of	0.035	%	S,	and	0.15‐0.3	%	Mo.	The	specimen	test	section	was	in	a	cylin‐
drical	 form	 with	 dimensions	 of	 25×10	 mm.	 After	 hardening,	 the	 test	 specimen	 was	 cut	 into	
smaller	parts.	Tool	steel	was	forged	with	a	laser	at	different	speeds	and	at	different	powers.	So	
we	changed	the	two	parameters:	speed	v	was	set	to	2‐5	mm/s	in	steps	of	1	mm/s,	and	tempera‐
ture	T	to	1000‐1400	°C	in	steps	of	50	°C.	During	all	these	tests,	we	recorded	the	microstructure.	

We	recorded	the	hardened	surface	area	as	well	as	the	deep	hardened	zone	of	the	clips.	Of	in‐
terest	to	us	was	whether	the	robotic	laser	hardening	parameters	for	different	fractal	structures	
found	microparticles.	Also,	we	wanted	to	know	or	ascertain	the	fractal	structure	of	the	optimal	
parameters	of	hardening.	Fig.	1	shows	the	longitudinal	and	transverse	cross	section	of	hardened	
tool	steel.	In	Figs.	2,	3,	4,	and	5	the	microstructures	of	tempered	tool	steel	at	different	magnifica‐
tions	are	shown.	
	

 

Fig.	1		Hardened	tool	steel	
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  Prior	 to	 testing,	 the	 specimens	were	 subjected	 first	 to	mechanical	 and	 then	 to	 electrolytic	
polishing	[17]	in	H3PO4	+	CrO3	at	the	IMT	Institute	of	Metals	and	Technology,	Ljubljana,	Slovenia.	
After	polishing	we	made	images	with	a	microscope.	First,	we	made	recordings	using	an	optical	
microscope	and	then	with	an	electron	microscope.	Images	were	made	using	a	JEOL	JSM‐7600F	
field	emission	scanning	electron	microscope.	Irregular	surface	textures	with	a	few	breaks,	repre‐
sented	by	black	islands,	were	revealed	(Fig.	2).	
	

 

Fig.	2		SEM	image	of	1000	°C	and	2	mm/s	at	50000×	magnification	on	the	surface	
	
	

 

Fig.	3		SEM	image	of	1400	°C	and	5	mm/s	at	10,000×	magnification	on	the	surface	
	
	

 

Fig.	4		SEM	image	of	1000	°C	and	3	mm/s	at	5000×	magnification	on	the	depth	
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Fig.	5		SEM	image	of	1400	°C	and	2	mm/s	at	10000×	magnification	on	the	depth	

3. The concept of fractals 

When	 analysing	 the	 fractal	 dimensions,	 we	 used	 the	 R/S	method.	 The	 R/S	method	 (adjusted	
rescaled	range	method)	or	the	adjusted	scale	is	a	graphical	method	and	was	selected	for	the	es‐
timation	of	the	Hurst	exponent.	Hurst,	the	discoverer	of	the	exponent	that	bears	his	name,	stud‐
ied	power	laws	as	they	related	to	the	Nile	river	floods.	The	adjusted	scale	of	the	partial	summa‐
tion	area	space	component	series	deviates	from	the	mean.	Following	Feder,	the	R/S	analysis	is	as	
follows.	Let	the	time	series	of	natural	phenomena	in	discrete	time	in	the	space	component	period	
τ	be	{x1,	x2,...,	xn}.	The	calculation	of	the	average	distance	m	for	the	period	t	is	presented	in	Eq.	1.	

݉ ൌ
1
݊
෍ ௜ܺ

௡

௨ୀଵ

	 (1)

Z(t)	calculates	as	in	Eq.	2.	

ܼሺݐሻ ൌ ෍ሺ ௜ܺ െ ݉ሻ
௧

௨ୀଵ

	 (2)

R(n)	calculates	as	in	Eq.	3.	

ܴሺ݊ሻ ൌ maxሺܼଵ, ܼଶ, … , ܼ௡ሻ െ minሺܼଵ, ܼଶ, … , ܼ௡ሻ	 (3)

S(n)2	calculates	as	in	Eq.	4.	

ܵሺ݊ሻଶ ൌ ෍ሺ ௜ܺ െ ݉ሻ ∙ ሺ ௜ܺ െ ݉ሻ
௧

௨ୀଵ

	 (4)

Hurst	observed	the	relationship	R/S	for	a	large	number	of	natural	phenomena	and	found	the	
following	empirical	relationship	in	Eq.	5:	

ܴ
ܵ
ൌ ሺcሻு	 (5)

The	relationship	between	Hurst’s	exponent	H	and	the	Box‐counting	method	for	determining	
the	fractal	dimension	D	is	very	simple	[10].	It	is	presented	in	Eq.	6	(in	the	plane)	and	Eq.	7	(in	the	
space).	

ܦ ൌ 2 െ 	ܪ (6)
	 	

ܦ ൌ 3 െ 	ܪ (7)
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4. Results and discussions 

We	analysed	 the	 image	 format	 (e.g.,	 JPEG)	with	256	grey	 level	numerical	matrices	 (level	1	 for	
black	and	256	for	white)	with	the	program	ImageJ.	At	each	point	(x,	y)	in	the	image	(2D	plane)	
the	value	of	1	to	256	is	assigned.	This	value	is	then	determined	by	a	third	coordinate	in	the	3D	
coordinate	 system,	 or	z‐coordinate.	 This	means	 that	 the	 point	T	=	 (x,	y)	 plane	 is	 given	by	 the	
third	component	and	 then	 forms	T3D	=	 (x,	y,	z).	This	 is	presented	 in	Figs.	6,	7,	8,	and	9	which	
show	 the	 profile	 of	 a	 hardened	 specimen	 with	 certain	 parameters	 on	 the	 surface	 and	 in	 the	
depth.	The	graph	of	grey	value	presents	the	average	of	all	lines	on	the	y‐axis.	For	each	specimen,	
we	have	made	an	image	of	the	microstructure	at	5000×,	10,000×,	20,000×,	30,000×,	and	50,000×	
magnification.	Then,	when	we	analysed	the	profile	graphs	and	profiles,	we	found	that	the	graphs	
are	similar.	
	

	
Fig.	6		Profile	graph	of	surface	pattern	hardened	by	2	mm/s	at	1000	°C	on	surface	

	

	
Fig.	7		Profile	graph	of	depth	pattern	hardened	by	3	mm/s	at	1000	°C	on	depth	

	
Comparing	the	profiles	of	the	graphs	we	show	the	fractality	of	the	robot	laser‐hardened	spec‐

imens.	The	comparison	is	analysed	with	Hurst	parameter	H.	
	

					 	
Fig.	8		Three‐dimensional	graph	of	the	hardened	surface	of	a	sample	of	2	mm/s	at	1000	°C	
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Fig. 9  Three-dimensional graph for of hardened surface of a sample at a depth of 3 mm/s at 1000 °C 

 
For each specimen we calculated the fractal dimension at different magnifications. The re-

sults show that the fractal dimension is equal at different magnifications. With this we show the 
comparison of the microstructures of robot laser-hardened specimens.  
 Fig. 8 shows an example of the fractal structure of a robot laser-hardened specimen at 1000 °C 
with 2 mm/s velocity on the surface. Fig. 9 shows an example of the fractal structure of a robot 
laser-hardened specimen at 1000 °C with a 3 mm/s velocity at depth. 

4.1 Influence of parameter temperature of robot laser cell on the fractal dimension 

Fig. 10 and Fig. 11 show the relationship between temperature and speed of the robot laser 
hardening and fractal dimensions on the surface and at depth. If we increase the temperature of 
the robot laser cell, then the fractal dimension also increases. Fractal dimension is higher on the 
surface of robot laser hardening patterns. We can see that the fractal dimension decreased in a 
specimen when we increased the temperature.  
 
 

  
Fig. 10  Fractal dimension at 1000 °C at different speeds of hardening 
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Fig. 11  Dimension at 1400 °C at different speeds of hardening 

 

4.2 Influence of parameter velocity of robot laser cell on the fractal dimension 

The speed of the robot laser cell impacts on hardening. We can see that the fractal dimension is 
higher in depth robot laser-hardened specimens. If we increase the velocity of the robot laser 
cell then that fractal dimension also increases. This also happens on the depth of robot laser-
hardened specimens but differently.  

4.3 Fractal dimension and hardness of specimen 

Fig. 12 and Fig. 13 present the relationship between fractal dimension and the hardness of spec-
imens hardened with different parameters of the robot laser cell. We can see that the specimen 
with the least fractal dimension is the hardest. 
 

 
Fig. 12  The fractal dimension at 1000 °C at different speeds depending on hardness 

 
 

 
Fig. 13  The fractal dimension at 1400 °C at different speeds depending on hardness 
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For	Fig.	12	and	Fig.	13	we	calculated	the	correlation	coefficient,	showing	the	size	of	the	linear	
connection	between	hardness	and	fractal	dimension.	The	correlation	coefficient	for	Fig.	12	is	R	=	
0.0415.	The	correlation	coefficient	for	Fig.	13	is	R	=	0.2446.	We	can	see	that	the	correlation	coef‐
ficients	are	not	similar.	Because	the	correlation	coefficients	are	not	0,	the	variable	hardness	and	
fractal	dimensions	are	correlated.	The	purpose	of	this	work	has	been	to	study	how	the	parame‐
ters	of	robot	laser	cells	impact	on	the	hardness	of	hardened	specimens.		
	 The	fractal	analysis	of	a	series	of	digitized	surface	microstructures	from	the	robot	laser	sur‐
face	modified	 specimens	 indicated	 that	useful	 correlations	 can	be	derived	between	 the	 fractal	
dimensions	and	the	surface	microstructural	features	such	as	hardness.		

5. Conclusion 

Fractal	structures	are	also	found	in	robot	laser‐hardened	samples	when	viewed	under	sufficient	
magnification.	The	hardening	of	various	metal	alloys	has	shown	that	when	melting	occurs,	frac‐
tal	geometry	can	be	used	to	calculate	the	fractal	dimension.	
	 Using	the	R/S	method,	we	analysed	specimens	of	equal	tempered	metal	after	subjecting	them	
to	 robot	 laser	 hardening	 using	 various	 parameters.	 The	main	 findings	 can	 be	 summarized	 as	
follows:	

 A	fractal	structure	exists	in	robot	laser	hardening.	
 The	R/S	method	calculates	the	fractal	dimensions	for	different	parameters	of	 laser	hard‐

ening	robotic	cells.	
 The	 optimal	 fractal	 dimensions	 of	 different	 parameter	 robotic	 laser‐hardened	 tool	 steel	

have	been	identified.	
 The	fractal	dimension	varies	between	2	and	3.	By	increasing	the	temperature	of	the	robot	

laser	cell,	the	fractal	dimension	becomes	larger	and	the	grain	size	becomes	smaller.	Con‐
sequently,	 we	 can	 use	 the	 fractal	 dimension	 as	 an	 important	 factor	 to	 define	 the	 grain	
shape.	

 The	dependence	of	the	fractal	dimension	on	hardness	was	ascertained.	This	finding	is	im‐
portant	 if	 we	 know	 that	 certain	 alloys	 mix	 poorly	 because	 they	 have	 different	 melting	
temperatures,	but	such	alloys	have	much	higher	hardness	and	better	technical	characteris‐
tics.	By	varying	different	parameters	 (temperature	and	speed),	 robot	 laser	cells	produce	
different	fractal	patterns	with	different	fractal	dimensions.	

 Materials	with	higher	fractal	dimensions	are	less	porous	than	those	with	lower	fractal	di‐
mensions.	

 Fractal	dimension	is	higher	in	depth	robot	laser‐hardened	specimens.	
 Specimens	with	lower	fractal	dimensions	are	the	hardest.	
 With	 the	 correlation	 coefficients	 we	 show	 a	 connection	 between	 the	 hardness	 and	 the	

fractal	dimension	of	robot	laser‐hardened	specimens.	

	 The	 relationship	 between	 the	microstructure	 and	 the	 parameters	 of	 robot	 laser	 cells	may	
enable	a	better	understanding	of	the	fractal	dimensions	by	exploring	the	microstructure.	
	 In	the	future,	we	want	to	explore	fractal	dimension	as	a	function	of	the	parameters	of	a	robot	
cell	for	laser	hardening	for	pinned	robot	laser	hardening:	laser	parameters	such	as	power,	ener‐
gy	density,	focal	distance,	energy	density	in	the	focus,	focal	position,	the	shape	of	the	laser	flash,	
flash	 frequency,	 temperature	and	speed	of	hardening.	We	want	 to	calculate	 fractal	dimensions	
for	different	materials	to	ascertain	the	relationship	between	the	materials	and	these	parameters	
of	the	robot	laser	cell.	We	are	interested	in	calculating	the	fractal	dimensions	in:	

 Two‐beam	laser	robot	hardening	(where	the	laser	beam	is	divided	into	two	parts).	
 Areas	of	overlap	(where	the	laser	beam	covers	the	already	hardened	area).	
 Robot	 laser	hardening	at	different	angles	 (where	 the	angles	change	depending	on	 the	x‐	

and	y‐axes).	
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