Materials Research Express

PAPER

Effect of heat treatment on surface hardness and tribological behavior of
XC38 steel—approach by the experiments plans
To cite this article: M Bourebia et al 2019 Mater. Res. Express 6 076568

View the article online for updates and enhancements.

This content was downloaded from IP address 89.202.245.164 on 18/04/2019 at 09:25

Mater. Res. Express 6 (2019) 076568

https://doi.org/10.1088/2053-1591/ab1728

PAPER

RECEIVED

19 February 2019

Effect of heat treatment on surface hardness and tribological
behavior of XC38 steel—approach by the experiments plans

REVISED

1 April 2019
ACCEPTED FOR PUBLICATION

M Bourebia1 , S Meddah1, H Hamadache2, A Taleb1 , A Gharbi1 and L Laouar3

8 April 2019

1

PUBLISHED

17 April 2019

2
3

Research Center in Industrial Technologies. CRTI. PO Box 64, chéraga-16014, Algeria
University Badji Mokhtar Bp 12-2300, Annaba, Algeria
Laboratory of Industrial Mechanics, University Badji Mokhtar Bp 12-2300, Annaba, Algeria

E-mail: mounirabourbia@gmail.com and m.bourebia@crti.d
Keywords: heat treatment, factorial plans, prediction, superﬁcial hardness, tribological behavior

Abstract
This work aims at predicting the micro-hardness of XC38 steel using the experiments plans as well as
study of tribological behavior of this steel. The heat treatments were considered by adopting the
factorial plans 22 methodology at two factors (temperature ‘T’ and holding time ‘t’), each at two levels
(−1, +1). The results obtained allowed lead to a mathematical model predicting the micro-hardness
‘Hv’ in every point of the study ﬁeld. Moreover, the curves of the responses surfaces clearly show the
inﬂuence of two factors studied (T, t) on ‘Hv’. Mechanical characterization of treated samples showed
a signiﬁcant increase in the micro-hardness, which achieve to 76% for the treated sample at 850 °C
during 2 h compared to untreated state. An investigation of wear tracks morphology shows that
friction under a load of 10 N results in predominant adhesive wear, while a load of 2 N favor
abrasive wear.

1. Introduction
In the mechanical industry sector, we always try to improve the performances and the service life of mechanical
pieces surfaces. Several techniques such as heat treatments are used to enhance the mechanical properties of
materials. These treatments are widely applied to mechanical pieces to strengthen, their ability to resist wear, to
corrosion and fatigue [1]. Moreover, they offer the possibility to modify the structural state and to adjust the
mechanical properties of steels, such as elasticity limit, tensile strength and hardness [2] as well as tribological
characteristics [3, 4]. The effect of these treatments on the structure [5] and mechanical properties [6] of
materials, was studied in several works [7–11]. Indeed, hardness is one of the important mechanical
characteristics that can be increased by this process. Moreover, its improvement confers the materials good
resistance to fatigue (mechanical, thermal) [1] as well as resistance to ﬁction and wear [12, 13]. However, the
hardness evolution depends on heat treatment parameters such as the heating temperature, the cooling mode
and the holding time. Therefore, the mastery of these parameters will help to optimize the hardness of
mechanical pieces according to their uses. However, modeling and numerical simulation has greatly advanced
research and results [14, 15]. Thus, the adoption of experiments plans methodology makes it possible to deduce
the correlation between the input parameters and the response studied in considered domain. The advantage of
this approach is to establish a modeling of the studied phenomenon with an efﬁciency maximum and a
minimum of experiments, which will allow to saving the material [16]. This research work aims to study the
effect of heat treatments on the micro-hardness of XC38 steel using factorial plans 22. Therefore, the
mathematical model obtained, will allow predicting the micro-hardness depending on the heating temperature
and the holding time in domain chosen for this study. An investigation by means of an optical microscope and
electronic scanning (MEB), was realized in order to appreciate the evolution of structure as well as the
tribological behavior after heat treatment.
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Figure 1. Sample for analysis.

Figure 2. Microstructure of material.

Table 1. Chemical elements of steel XC38.
Chemical
elements
% mass

C

Mn

Si

P

S

Cu

Al

Ti

Ni

Cr

Mo

V

Sn

Fe

0.40

0.79

0.36

0.014

0.042

0.262

0.018

0.001

0.171

0.115

0.034

0.003

0.065

97.7

2. Materials and methods
2.1. Materials characterization
2.1.1. Material
The sample intended for determination of chemical composition is taken from a carbon steel forged ball
(ﬁgure 1). The chemical analysis was realized in central laboratory at IMETAL complex using the x-ray
ﬂuorescence technique. The results of chemical analysis are shown in table 1.
2.1.2. Microstructure
For the microstructure observation of the steel, a Nikon ECLIPSE LV 150 N type optical microscope equipped with
the software ‘NIS-Elements F 4.00’ is used. The sample was previously prepared by mechanical polishing using an
abrasive paper (SiC) of different particle sizes and ﬁnished with alumina suspension. After a chemical attack with
Nital 3%, the micrograph of the sample (ﬁgure 2) clearly reveals the presence of two phases, pearlite and ferrite .
2.1.3. Resilience
The impact material resistance was measured by the resilience test at level of URASM/CRTI laboratory on a
Charpy machine (ﬁgure 3). The specimens were prepared in accordance with NFA 03-161. The energy absorbed
to break the material is the order of W=24.6 j.
2.2. Experimental methodology
The tests were conducted according to the factorials plans combination of type: 22 indicated in table 2, where two
factors were considered: the temperature ‘T’encoded in factor X1 and holding time ‘t’ encoded in factor X2. Each
of them is taken at its low levels (−1) and high (+1) [16].
2
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Figure 3. (a) Charpy machine (b) Specimen after rupture.

Table 2. Coded factors for heat treatment.
Tests N°

Temperature X1

Holding time X2

−1
+1
−1
+1
850 °C
1000 °C

−1
−1
+1
+1
2
5

E1
E2
E3
E4
level −
level +

Table 3. Conduct of tests and experimental results.

Tests N°

T (°C)

t (h)

Hv
after
HT

E1
E2
E3
E4

850
1000
850
1000

2
2
5
5

750
505
641
524

Hvi
before
HT

Improvement
rate (IR %)

179
177
220
225

76
64
65
59

The ball action takes place over a distance D=100 m. The friction coefﬁcients measured during the friction
tests, and the wear rates values are records in table 4.
2.3. Experimental procedure
In order to respect the experiments plans, four samples of size (10 mm×10 mm×10 mm) were cuts and
polished. The heat treatments (water quenching) were realized in a programmable electric mufﬂe furnace. The
surface hardness before and after heat treatment, was measured with an INNOVA TEST type micro-durometer
under a 300 gram indentation load. The results are recorded in table 3. The structure observations were
performedafter heat treatment using an optical microscope.
The friction tests were realized using a tribometer ball/pawn-disk, of CSM-Instrument mark (ﬁgure 4). The
friction is ensured by a steel ball 100C6, of diameter d=6 mm which rolls on the piece with a speed
V=5 cm s−1, under a load of 2 N and 10 N.

3. Mathematical model
The ‘Hv’ measurement results obtained after heat treatment are using to deduce a mathematical model
(equation (1)) allowing output response prediction (Yi) as a function of input factors (Xi) their interaction (Xij).
Yi = ao +

å aiXi + å ajXj + å aijXiXj

Where:
a0: constant coefﬁcient of model;
ai: factor coefﬁcient Xi;
aj: factor coefﬁcient Xj;
3
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Figure 4. CSM-instrument tribometer.

Table 4. Friction coefﬁcients measured and wears
rates.
Friction
coefﬁcients ‘μ’

Wear rate
mm3.N−1.m

Test N°

2N

10 N

2N

10 N

E1
E2
E3
E4

0, 64
0, 53
0, 68
0, 59

0, 58
0, 47
0, 60
0, 51

1131
938
519
980

889
3337
607
692

aij: term coefﬁcient XiXj;
Y: response.
Thus for the two factors considered (X1 and X2), the equation (1) of model takes the following form
(equation (2)).
Y = a 0 + a1 X1 + a2 X2 + a12 X1 X2

(2)

The resolution of equation (2) allows predicting the response (for Hv) at any point of study ﬁeld covered by
the factors X1 (for T) and X2 (for t). The result in reduced centered values is given by (equation (3)).
Hv = 604.98 - 90.63 X1 - 22.33X2 + 32.06X1X2

(3)

The legal values of coded factors (X1 and X2) can be deduced from the following relationships (equations (4)
and (5)).
X1 =

T - T0
T + Tmin
T - Tmin
where T0 = max
DT = max
T
2
2

(4)

t - t0
t
+ tmin
t
- tmin
to = max
t = max
t
2
2

(5)

X2 =

So, by replacing the coded factors (X1 and X2) by their values in the equation (3). The prediction model of
micro-hardness ‘Hv’ can be written in legal values as follows (equation (6)).
Hv = 2695.5 - 2.2T - 278.41t + 0.28Tt

(6)

4. Results and discussion
4.1. Evolution of surface hardness ‘Hv’ under heat treatment effect
Knowing that, the water quenching confers at the surface an improvement in micro-hardness [4]. Indeed, for all
treatment conditions ‘Hv’ has increased remarkable way (ﬁgure 5). An important improvement of 59% to 76%
respectably (524÷750) Hv was observed compared to the untreated state, where the micro-hardness varies
from (177.3÷225) Hv. This may be due to the effect of temperature that favors structural transformations.
Furthermore, the fast cooling at water makes the structure harder and more resistant [9].
4
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Figure 5. Evolution of surface hardness ‘Hv’ under heat treatment effect.

4.2. Inﬂuence of heat treatment parameters on ‘Hv’
The improvement of the material hardness allows a better resistance to fatigue, corrosion and wear according to
[11]. The effect of treatment parameters (T, t) on the micro-hardness ‘Hv’ is evaluating by the iso-responses
curves illustrated in ﬁgure 4. Indeed, it was noticed that holding time is no signiﬁcant effect on the ‘Hv’ when the
temperature is at its low level, where the values of ‘Hv’ oscillate between (641÷750) Hv (ﬁgure 6(a)). This
explains by the temperature effect [1] and cooling. In addition, this generates transformations in the material
structure allowing intense hardening, from where the increase of ‘Hv’. In contrast, the use of a maximum
temperature (1000 °C) associated with a holding time (2 h or 5 h), causes a decrease of ‘Hv’ compared to the
previous case (ﬁgure 6(b)). Consequently, the high temperatures seem to alter the material structure, which
modiﬁes these mechanical properties, among others the micro-hardness ‘Hv’ according to [17].
4.3. Effect of heat treatment on the material structure
The structure morphology of material (ﬁgure 7) shows the appearance of a ﬁne-grained martensitic needle
structure for the samples (E1–E3), in comparison with the untreated state, which presents a ferro-pearlitic
structure (ﬁgure 1) [18]. This transformation causes a shear deformation of the austenite crystal lattice, with the
presence of strong local stresses favoring the increase of micro-hardness that reaches thevalues of 641 to 750 Hv.
However, the samples (E2-E4) reveal a martensitic structure in latte, with a grain magniﬁcation and a residual
quantity of austenite. Thus, an extension of holding time causes a grain enlargement and a superﬁcial
decarburization of surface, resulting in a decrease of micro-hardness.
4.4. Evolution of friction coefﬁcient under load effect
More often, the friction depends on the structural and mechanical properties of material. The evolution of the
friction coefﬁcient (COF) as a function of distance traveled, for the pair XC38/100C6 is illustrated in ﬁgures 8
and 9. These curves (ﬁgures 6(a) and 7(a)) clearly indicate the existence of two phases, one of transition during
which the coefﬁcient increases rapidly, with the presence of a running-in period and a plastic deformation of the
surface asperities. The second period the friction coefﬁcient stabilizes and its value remain constant regardless of
the distance traveled. Thus, friction tests performed under a 2 N load on the samples (E1 and E3) recorded the
high COF values compared to the samples (E2 and E4) (ﬁgure 8(b)). This phenomenon is probably due to the
rupture of asperities. These asperities form very hard debris that by rubbing between the two surfaces in contact,
cause to an increase of the COF [19]. However, the COF decreases for the four samples (E1, E2, E3, E4) when
applying a 10 N load (ﬁgure 9(b)). This explains by the fact that a high load causes an increase in contact surface,
which results in the formation of an iron oxide layer on surface serving as protection [20]. In addition, hardness,
ductility and surface condition inﬂuence the friction coefﬁcient.
4.5. Effect of heat treatment on the wear rate
The wear rates recorded (ﬁgure 10) after the friction tests show that the sample ‘E1’ (Hv=750) present a wear
rate which varies between (1131÷889)10−6 mm3.N−1.m respectively for 2 N and 10 N, which is marked by the
presence of wear grooves on the topography (ﬁgure 11(a)). This is related to the structure, the surface state of
sample and the steel micro-hardness. As regards, the sample ‘E3’ the wear rate decreases to reach the values of
(519÷607)10−6 mm3.N−1.m, respectively for 2 N and 10 N. This is probably due to the increased adhesion of
5
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Figure 6. Variation of surface hardness Hv in study ﬁeld.

oxide layer to surface, which plays the role of protection [21, 22]. However, the use of a 2 N load for the tests
realized on the samples ‘E2’ and ‘E4’ generated a wear rate corresponding to (938÷98)10−6 mm3.N−1.m
respectively. This wear process is directly related to the structure formed after heat treatment.
While the tests performed with a load of 10 N reveal for the sample ‘E2’ a rate of very high wear which is
equivalent to 3333.10−6 mm3.N−1.m. This can be explained by the presence of oxide debris formed under the
sliding effect. They tend to compact to form a layer whose delamination determines additional wear. This is
visible on the topography (ﬁgure 11(b)) where the grooves are wider and deeper, characterizing a high wear rate,
conﬁrmed by [23, 24].
4.6. Morphology of wear tracks
The micrographs (MEB) of untreated surfaces and solicited at friction under a 2 N load reveal grooves parallel to
the sliding direction. This conﬁrms the presence of abrasive and adhesive wear caused by the delamination of the
contact surface due to the ball sliding (ﬁgure 12(a)). In addition, the application a load of 10 N results in
detachment of the material in the form of ﬂakes, which accentuates the adhesive wear (ﬁgure 12(b)) [25].
The friction tests realized on treated samples indicate that whatever the load applied on the sample ‘E1’, the
surface clearly shows the presence of grooves due to the passage of ball, and plastic deformations (ﬁgure 13(a)).
These grooves appear deeper and wider for 10 N loading (ﬁgure 13(b)) with the presence of adhesion at edge. For
the sample ‘E3’, (ﬁgures 13(a), (b)), the predominant wear mechanism is adhesion, which is more intense for the
load of 10 N. This can be related to the structural state and adhesion of the iron oxide at contact surface forming
the third body. The good ductility of these iron oxides creates non-abrasive particles favoring adhesion wear
[26]. The micrograph of the sample ‘E2’ (ﬁgure 13(a)) shows the predominance of abrasionwear mechanism
favoring the delamination of rubbed surface. Thisphenomenon is all the more important because the load is
6
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Figure 7. Microstructure of samples after heat treatment.

important (10 N) (ﬁgure 13(b)), with the presence of grooves and areas of plastic deformation. This explains the
action of surface asperities during friction [26]. Moreover, when applying a load of 2 N, the contact surface of the
sample ‘E4’ develops a mechanism of wear by abrasion and adhesion (ﬁgure 13(a)). The adhesion mechanism is
more pronounced when the load achieve 10 N (ﬁgure 13(b)), thus causing an increase of the contact surface and
the adhesion of asperity debris to the surface [27].

7
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Figure 8. Evolution of friction coefﬁcient ‘μ’ for load of 2 N.

Figure 9. Evolution of friction coefﬁcient ‘μ’ for load of 10 N.

Figure 10. Variation of wear rate.
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Figure 11. Examples of 3D topography of worn surfaces.

Figure 12. MEB image of machined surface after Friction testing (a) P=2 N, (b) P=10 N.

9
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Figure 13. Microstructures of samples after friction test observed at MEBx500.

5. Conclusion
Surface hardness is an essential parameter that characterizes the material surface and contributes to increasing
the service life of mechanical pieces and allows improves their wear resistance. In light of experimental results,
the heat treatments allowed the formation of austenite and its transformation into martensite, hence the
improvement of micro-hardness ‘Hv’. The methodology of factorial plans 22 contributes to quantitatively
evaluating the effects of heat treatments on the surface hardness ‘Hv’. The following conclusions can be drawn:
10
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• The mathematical model developed allowed to predict the surface micro-hardness ‘Hv’ according to
parameters of treatment (T and t) in ﬁeld of study;
• The temperature (T) has a signiﬁcant effect on the micro-hardness ‘Hv’, the minimum level (T=850 °C),
leads the best ‘Hv’ which reaches an improvement rate of 76% for t=2 h;
• When the temperature is at maximum (T=1000 °C) and whatever the holding time, the surface hardness
‘Hv’ is reduced;
• The low temperatures offer a martensitic structure in needle and ﬁne allowing a better value of ‘Hv’, while
the maximum temperatures presenting a martensitic structure in latte resulting in a decrease of ‘Hv’;
• The iso-responses curves derived from numerical simulation contributed more clearly to analysis of the
effects of treatment parameters (input factors) on response studied ‘Hv’;
• The wear resistance is intimately related to the structure of material and the hardness;
• The predominance of adhesive wear for 10 N load and abrasive wear for 2 N load;
• For two charges applied, the sample treated at a temperature of 850 °C during 5 h (E3) possesses the lowest
wear rate.
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