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ABSTRACT
The goal of this study is to increase the impact toughness of the borided steel without much compromising the 
surface microhardness. An optimization technique known as Response Surface Methodology was employed to 
achieve the goal of this work. The pack borided specimens at optimized conditions were analyzed in terms of 
microstructure, microhardness, XRD, and Impact toughness and compared with borided specimens treated for 
950°C for 180minutes. The poly-phase iron borides zone, transition zone, and base metal were all evident. In the 
iron borides zone, the microhardness was 1745HV, then 345HV in the transition zone, and lastly 245HV in the 
matrix area. The XRD technique was used to identify the growth of Fe2B and FeB phases. The impact toughness 
was 44.182 J when the specimens treated at optimized conditions.
Keywords: Steel; Boriding; Toughness, Optimization; Hardness; Microstructure.

1. INTRODUCTION
Steel is a very influential substance that is widely used in the construction of buildings and dams, manufacturing 
industries, military and aerospace applications [1]. Despite its high industrialization, this material has a  number 
of issues, including low wear and corrosion resistance [2]. Boriding is an important aspect in overcoming such 
challenges. Boronizing creates a hard coating layer on the surface, but does not change the interior of the sub-
strate. Thus, the surface resists plastic deformation thanks to its hardness against abrasive environments, while 
the ductile matrix absorbs the incoming impacts [3]. In general, pack boriding provides exceptionally high 
surface hardness at a maximum of 2100HV, which is superior than carburizing [4], plasma nitriding [5], and 
chromizing treatments [6]. It is a more cost-effective and ecologically beneficial approach, not only because it 
delivers high hardness, but also when compared to other boriding procedures [7]. The pack boriding process is 
carried out at temperatures ranging from 850°C to 1050°C for 2 to 6 hours [8]. Boron atoms are diffused into 
the surface region and form a hard iron boride layer during the pack boriding process [9]. In the surface region, 
this process results in the development of a two-phase iron boride layer, namely FeB and Fe2B [10]. Boride  
needles produced a non-homogeneous and acicular structure during this procedure [11]. It is heavily influenced 
by time, temperature, and chemical composition [12]. It has a low coefficient of friction and is resistant to 
wear, corrosion, and oxidation [13]. While this technique offers several benefits, it lowers ductility, strength, 
and toughness [14]. This is related to the brittleness effect. The development of the FeB phase causes extreme 
 brittleness [15]. The thermal expansion numbers of FeB and Fe2B layers are distinct causing brittleness and pull-
off in the coating layers [16]. Many techniques were attempted to overcome this problem, such as inter-rupted 
boriding, superplastic boriding, and many multi-component treatments, but none of them have used the multi 
objective optimization technique (Response Surface Methodology) to find the better toughness value without 
significantly compromising the value of microhardness.

Despite this, various material handling equipment (drill bits) and machinery parts (gears, crankshafts, 
train wheels, etc.) are in great demand to fulfill the need for high hardness and high toughness [17, 18]. As a 
result, several researchers have concentrated on improving mechanical characteristics [19] and tribo proper-
ties [20, 21]. Nevertheless, many studies have explored the impact of multicomponent boride layer, but they 
are unable to maximize the toughness without significantly reducing the microhardness. Many approaches 
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were available to improve the toughness of the material. Plamqvist, Berkovich, micro indentation, and nano 
 indentation are some ways for measuring the material’s fracture toughness [22, 23].

The probable path for future development of this technique is to improve toughness without significantly 
compromising hardness while improving toughness of the boride layer.

The objective of this work is to identify the optimum temperature and time in the pack boriding process 
using response surface methodology in order to improve the toughness without much drop in surface hardness.

2. MATERIALS AND METHODS

2.1. Base material
The fundamental material in this work was commercially available AISI 1015 low carbon steel. A spectrometer 
was used to determine the chemical composition of this steel sample. Table 1 shows the chemical composition 
of base material. The cylindrical steel specimens of dimensions 25 mm in diameter and 12.5 mm in height were 
used. Investigations were conducted using these samples. The samples were properly prepared for metallography  
in accordance with standards.

2.2. Pack boriding process
The AISI 1015 steel specimens along with pack chemicals (5% B4C + 5%KBF4 + 90%SiC) were enclosed in 
a stainless-steel box. The box was loaded in the muffle furnace. The process time, and the temperature were 
chosen as a most influencing variables for optimization studies. The process time was varied from 60minutes 
to 180minutes. The temperature range was 850°C to 1050°C. The schematic of pack boriding process setup is 
shown in Figure 1.

2.3. Response surface methodology
RSM is one of the reliable statistical and mathematical methods that has been used to model, analyze, and 
anticipate the right appropriate value for the issues [24]. This method’s goal is to maximize the response (the 
output variables) in relation to several independent factors (the input variable) [25]. When it is expected that all 
unreliable variables are measured with minimal error. The most basic model that may be applied in RSM is one 
that is based on a linear function and the corresponding equation (1) is mentioned below:

y = f (x1, x2, x3…, xi) (1)

Where xi is the number of independent variables and y is the dependent variable.

Table 1: AISI 1015 steel chemical composition (in weight%).

CARBON SILICON MANGANESE PHOSPHORUS SULPHUR IRON

0.152 0.246 0.689 0.017 0.001 Balance

Figure 1: Schematic of pack boriding process setup.
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Regression modeling illustrates the relationship between input and output parameters. Analysis of 
Variance (ANOVA) approach was used to assess the significance of the created model [25]. Utilizing Design- 
Expert software, three level three factorial designs were conducted in this approach (version 11.5). The central 
composite design (CCD) approach was used for model development in RSM to analyze the interaction effect 
on microhardness and toughness of the borided specimen for multivariable (time and temperature) conditions. 
The goal of applying CCD to the variables used in the present investigation is that the 2nd order model can be 
developed efficiently [26]. The extra central and axial points in CCD systems allow for the estimation of control 
parameters in a second-order model. Table 2 shows the list of parameters for pack boriding process. Time and 
temperature were chosen as the influencing parameters. The minimum (low) and maximum values (high) of time 
and temperature are mentioned in the Table 2. Using the created regression model, the ideal parameter value for 
this parameter was obtained. Using numerical approach, optimized parameters were determined.

It is almost hard to detect and manage the minor contributions from each variable, which may have a 
significant impact on the behavior of the system. As a result, the factors having the greatest influence must be 
chosen. Screening designs should be used to discover which of the various experimental variables and their 
interactions have the most significant impacts. Due to their effectiveness and affordability, factorial designs may 
be used to achieve this goal. Based on the central composite design (CCD), the input and output variables are 
produced. Thirteen runs were generated according to the CCD. With regard to the state of the input variable, all 
values for the output parameter are empirically tested. The response data of the pack boriding process is given 
in Table 3.

2.4. Microstructural analysis
In order to conduct metallographic examinations, the processed specimens were sliced perpendicular to the 
treated surface. Using emery paper with a 1200 grid, the sample surfaces were polished to a very fine shine.  

Table 2: List of pack boriding process parameters for optimization.

NAME UNITS LOW HIGH

Time Minutes 60 180

Temperature Celsius 850 1050

Table 3: Response table of pack boriding process.

STD RUN FACTOR 1 FACTOR 2 RESPONSE 1 RESPONSE 2

A:TIME B:TEMPERATURE AVERAGE  
MICROHARDNESS

AVERAGE 
TOUGHNESS

MINUTES CELSIUS HV J

3 1 60 1050 1725 ± 17 15 ± 4

11 2 120 950 1785 ± 23 35 ± 5

1 3 60 850 1635 ± 20 45 ± 3

7 4 120 808 1680 ± 22 38 ± 7

5 5 35 950 1610 ± 15 36 ± 6

4 6 180 1050 2150 ± 15 10 ± 3

13 7 120 950 1795 ± 22 31 ± 7

6 8 204 950 1910 ± 25 16 ± 4

10 9 120 950 1825 ± 21 32 ± 5

2 10 180 850 1740 ± 18 28 ± 6

8 11 120 1091 2050 ± 10 12 ± 3

9 12 120 950 1825 ± 22 34 ± 5

12 13 120 950 1810 ± 23 35 ± 6
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3% Nital was used to etch the polished specimens’ cross sections for 10 seconds to 15 seconds while they were 
held in atmospheric air. Using a Dwinter optical microscope, the microstructures of pack borided were obtained 
at the proper magnifications.

2.5. XRD analysis
The phase analyses of borided specimens treated at optimum parameters were examined using XRD  
(SHIMADZU) at 30 mA and 30 kV with CoK radiation with = 1.78897 A°. The scanning speed and range are 
set at 5°/min and 10–80°, respectively.

2.6. Microhardness analysis
Vickers Mitutoyo microhardness tester was used to quantify microhardness in accordance with ASTM E384 
standards from the surface to the core. This study made use of a 50 g load. For the borided specimens, the hard-
ness change throughout the depth was investigated. The value of microhardness was measured at five different 
locations and the average value was taken in an account and mentioned in Table 3.

2.7. Impact analysis
Using a chary impact testing equipment, impact tests were performed. The material utilized for this test has the 
following measurements: 55 mm length, 10 mm width, and 10 mm thickness. The V-shaped notch had dimen-
sions of 2 mm in width and depth and a 45° angle respectively. The Charpy impact toughness in joules was 
evaluated for the pack-borided specimens. This test was carried for three times and the average value of Impact 
toughness was noted and mentioned in Table 3. Scanning electron microscopy was used to analyse the fractured 
surface.

3. RESULT AND DISCUSSION

3.1. Process parameter optimization
For borided samples, the output responses for micro hardness and toughness were seen in Table 3 for various 
input values (temperature and time). Thirteen tests had been completed in accordance with the matrix of the two 
factor, two level central composite design [27].

3.1.1. ANOVA for microhardness and toughness
The main purpose of ANOVA is to analyse the significant parameter and to steer the design space. The results 
of ANOVA of microhardness and toughness are mentioned in the Tables 4 and 5. If the P value is less than  

Table 4: ANOVA for microhardness analysis.

SOURCE SUM OF 
SQUARES

DOF MEAN 
SQUARE

F-VALUE p-VALUE

Model 2.814E+05 5 56279.43 143.51 <0.0001 significant
A-Time 1.138E+05 1 1.138E+05 290.26 <0.0001

B-Temperature 1.309E+05 1 1.309E+05 333.75 <0.0001
AB – Time*Temperature 25600.00 1 25600.00 65.28 <0.0001

A2 – (Time)2 4006.96 1 4006.96 10.22 0.0151
B2 – (Temperature)2 5650.43 1 5650.43 14.41 0.0068

Residual 2745.13 7 392.16
Lack of Fit 1465.13 3 488.38 1.53 0.3374 not significant
Pure Error 1280.00 4 320.00
Cor Total 2.841E+05 12
Std. Dev. 19.80 R2 0.9903

Mean 1810.77 Adjusted R2 0.9834
C.V.% 1.09 Predicted R2 0.9563

Adequate  
Precision 40.7612
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0.5 and the F value is greater than 1, the corresponding parameter are considered to be significant [28]. The 
microhardness model of P value is less than 0.5. Hence, the model is considered to be statistically significant. 
The model F value of microhardness and toughness are 86.59 and 17.83 which is greater than the value of 
1. Hence, the F-value of microhardness and toughness are significant. The R2 value is desired as 1, which 
tends the corresponding model to be significant. The R2 value for microhardness and toughness are 0.9841 
and 0.9272 respectively. Adequate Precision measures the signal to noise ratio [29]. A ratio greater than 4 is  
desirable. 31.5050 and 13.1415 are the adequated precision values obtained for microhardness and toughness 
which indicates the value is greater than 4. So the corresponding values are statically significant.

The unexpected variability in the data is determined by the coefficient of variant (C.V.) [30]. The 
observed C.V. values for microhardness, and toughness are 1.09%, and 8.02%, respectively. These trials should 
have  adequate reliability and accuracy, according to their low C.V. [31]. The lack of fit (LOF) compares the 
residual error from the repeated experimental design points to the pure error. Microhardness and toughness all 
have LOF values larger than 0.05, indicating that the LOF of these models is negligible [32]. The findings of the 
ANOVA test in Tables 4 and 5 indicate that the Temperature (B) and Time (A) are both expected to be important 
 influencing factors. The microhardness, and toughness are not significantly impacted by the interaction (AB) 
effect or second order effects of A2 and B2.

The statistical findings from ANOVA (Tables 4 and 5) supported the relevance of temperature. The  
p-values for microhardness and toughness are 0.0001, and 0.0001, respectively, which are fewer than the  
p-values mentioned for time. As a result, the temperature as well as time has the most influential parameters in 
this model for controlling the responses. The regression model in the form of actual variables may be written 
as follows:

Microhardness = +4350.43890 – 9.07862A – 5.73593B + 0.013333AB – 0.006667A2 + 0.002850B2 (2)

Toughness = –213.77759 – 0.316426A + 0.679538B + 0.005AB – 0.001097A2 – 0.000445B2 (3)

Microhardness = +1808.00 +119.28A + 127.91B + 80.00AB – 24.00A2 + 28.50B2 (4)

Toughness = +33.40 – 6.29A – 10.60B + 3.00AB – 3.95A2 – 4.45B2 (5)

 The interaction effect and behaviour of the microhardness and toughness for the chosen two input 
 parameters are shown using the 2D contour and 3D surface graphs (shown in Figure 2). Figure 2(a) and (b) 
illustrate the connection between time and temperature and the hardness of the boron layer. Increasing the 

Table 5: ANOVA for Impact toughness analysis.

SOURCE SUM OF 
SQUARES

DOF MEAN 
SQUARE

F-VALUE p-VALUE

Model 1468.41 5 293.68 57.26 <0.0001 significant

A-Time 316.06 1 316.06 61.62 0.0001

B-Temperature 898.23 1 898.23 175.13 <0.0001

AB – Time*Temperature 36.00 1 36.00 7.02 0.0330

A2 – (Time)2 108.54 1 108.54 21.16 0.0025

B2 – (Temperature)2 137.76 1 137.76 26.86 0.0013

Residual 35.90 7 5.13

Lack of Fit 22.70 3 7.57 2.29 0.2199 not significant

Pure Error 13.20 4 3.30

Cor Total 1504.31 12

Std. Dev. 2.26 R2 0.9761

Mean 28.23 Adjusted R2 0.9591

C.V.% 8.02 Predicted R2 0.8790

Adequate  
Precision

22.9871
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temperature and prolongation period above 950°C will increase the hardness to its maximum. The contour and 
surface plots in Figure 2(c) and (d), respectively, illustrate the interaction impact of time and temperature on  
the toughness. The response surface plot showed that, when compared to 850°C temperature with low duration 
of time had more improvement to the value of toughness. At high temperature and long duration of time leads 
to poor toughness value due to the parameter of high brittleness.

3.2. Numerical analysis

3.2.1. Desirability approach
Finding the ideal boriding process settings may be difficult due to the large number of quadratic and interac-
tion terms with independent factors. To solve this issue, the combined objective optimization method should 
be employed. Finding the independent conditions on the variables that drive the output variables to their ideal 
levels is the aim of multi-objective optimization. The goal in this case is to identify the ideal set of settings that 
satisfy several objectives, compromising microhardness, and higher toughness. A numerical strategy for solving 
a mixed objective optimization issue is the desirability function [25]. Between 0 and 1 is desirable. The desir-
ability value 1 reflects the ideal configuration for the chosen response, whereas the desirability value 0 denotes 
an unsatisfactory design.

Figure 2: (a, c) 2D and 3D plots of pack borided at 850°C 60minutes and (b, d) pack borided at 950°C 180minutes.
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Table 6 shows the optimization criteria (goals and factor range) for this optimization model. Except for 
hardness, which is specified in range, all parameters are given equal priority during the optimization process. 
The best values should meet the aims of maximizing toughness and ranged microhardness. Table 8 displays 
the solutions achieved for the specified range and criteria. The contour plot for overall desirability is presented 
in Figure 3, which depicts the desire for the optimized boronizing settings with a combined desirability rating 
of 0. 989. The optimized values are shown in Figure 3 and the data are represented in Table 7. The best pack 
 boronizing process parameters are microhardness 1656HV and 44 J toughness.

To plan the experiment, the RSM method is used. The results of the values predicted by both responses 
are found, and the optimization strategy suggests the best process parameters. During the execution of the 
 operation, it is typical to discover the discrepancy between the real and projected value.

Table 6: Goals and factors of pack boriding process.

NAME GOAL LOWER 
LIMIT

UPPER 
LIMIT

LOWER 
WEIGHT

UPPER 
WEIGHT

IMPORTANCE

A-Time minimize 60 180 1 1 3
B-Temperature minimize 850 1050 1 1 3
Microhardness is in range 1610 2150 1 1 4

Toughness’ maximize 10 40 1 1 5

Table 7: Solutions table of boriding process.

NUMBER TIME TEMPERATURE MICROHARDNESS IMPACT 
TOUGHNESS DESIRABILITY

1 62.668 850.000 1649.143 44.812 0.989 selected
2 73.487 850.000 1670.700 40.930 0.968
3 67.922 850.000 1656.415 44.630 0.966
4 81.457 850.001 1683.733 40.677 0.948

Figure 3: Desirability approach for optimized pack boriding process parameters.



GOPALA KRISHNAN, S.R.; MUTHIAH, P.; JAGANATHAN, M., revista Matéria, v.28, n.2, 2023

3.2.2. Validation result
The proportion of error is calculated by comparing the expected and actual results in the validation test. The 
validation tests for the relevant parameter are shown in Table 8. The difference in error between experimental 
and anticipated values is less than 4.5%, which is acceptable. The validation result shows that there is high 
agreement between experimental and predicted values. As a result, the RSM-derived optimum parameter offers 
better accuracy.

3.3. Microstructural analysis
The microstructure of pack borided specimen are shown in Figure 4. It exhibits three different zones 1. Iron 
borided zone 2. Transition zone and 3. Base metal. The optimized borided specimen exhibit two phase iron 
boride at the diffused zone with the formation of sawtooth morphology. The hardness gradient is gradually drops 
from borided zone to base metal. The 950°C 180minutes borided samples exhibits sudden drops of hardness 
gradient from surface to matrix. The content of FeB formation is lower than other higher temperature and long 
prolongation period conditions. The 950°C 180minutes boriding process exhibit grain coarsening effect in the 
transient zone. The depth of the continuous and optimum boride layer exhibit 96µm and 62µm respectively.

3.4. X-ray diffraction analysis
The XRD result revealed that the two phase iron borides were formed in both optimized boriding specimen and 
950°C 180minutes borided specimen. In Optimized boriding, the formation of FeB phase is minimum and at 
the process of 950°C 180minutes boriding, the formation of FeB phase is maximum. The differences in FeB 
peak are attributable to process duration and temperature maintenance. The following figure of both the XRD 
processes are shown in Figure 5.

3.5. Hardness analysis
The hardness of optimized parameter exhibits 1680 ± 15HV at the FeB zone then it reduces to 1425 ± 25 in 
the Fe2B zone. Then the value of hardness is drops to 395 ± 10HV in the transient zone. At last, 280 ± 5HV 

Figure 4: (a) Microstructure of pack borided at 850°C, 60minutes and (b) microstructure of pack borided at 950°C,  
180minutes.

Table 8: Validation result of pack boriding process.

SL.NO RESPONSE PREDICTED 
RESULTS DESIRABILITY EXPERIMENTAL 

RESULTS ERROR (%)

1. Microhardness 1649.1 0.989 1740 1.05

2. Impact toughness 44.8 0.989 40 1.10
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Figure 5: (a) XRD results of 850°C, 60minutes pack boriding process (b) XRD result of 950°C, 180minutes pack boriding 
process.

Figure 6: Comparison of microhardness analysis of specimens pack borided at 850°C, 60minutes and pack borided at 
950°C, 180minutes.

was obtained in the zone of base metal. In the process of 950°C 180minutes borided sample, 2010 ± 25HV was 
obtained in FeB phase region. Then 1715 ± 20HV was obtained in the Fe2B phase region. Then the value of 
hardness is suddenly drops to 315 ± 10HV in the transient zone. Finally, 265 ± 5HV was obtained in the matrix 
region. It indicates that the hardness gradient of optimized borided sample exhibits better value than 950°C 
180minutes borided process. Process time and temperature both contribute to the enhancement of the hardness 
gradient. The graph of optimized boriding and 950°C 180minutes boriding is shown in Figure 6.

3.6. Impact test analysis
The impact test of optimized borided specimen exhibit better toughness value than 950°C 180minutes borided 
samples at the applied constant load condition. This is purely depending upon time, temperature, and  chemical 
composition [33]. The value of toughness value of optimized boriding exhibit 40 J and the value of 950°C 
180minutes boriding exhibit 12 J respectively. It confirms that optimized borided specimen exhibit 3.3 times 
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higher toughness than 950°C 180minutes boriding. The SEM image of optimized boriding process and 950°C 
180minutes boriding Processes are shown in Figure 7. The optimized borided method exhibits cleavage struc-
tures and numerous dimples in between them, indicating ductile – brittle fracture mode of failure [34]. Round 
pores and pits with fewer micro cracks were observed at the region. It is due to the diffusivity of boron elements 
is decreased due to the shorter process time and lower temperature. In the process of 950°C 3Hour boriding rep-
resent the formation of cleavage structure with the formation of secondary cracks. The formation of secondary 
cracks is due to the effect of high hardness of the material. This indicates the failure was occurred in the manner 
of brittle mode. Finally, it confirms that optimized borided process had an ability to increase toughness while 
concurrently decreasing brittleness.

4. CONCLUSION
The important results are summarized as follows:

• Using the RSM approach, empirical models for impact toughness and microhardness have been created. 
According to the regression models, temperature and time have the most impacts on impact toughness and 
microhardness. The values of microhardness and toughness are 1649.14HV0.5 and 44.8 J, respectively, are 
predicted under optimized conditions of 850°C 60minutes of processing time.

• Predicted and actual results are consistently correlated. The regression models capacity to predict outcomes 
is confirmed by the proof experiment. It has been determined that there is a 1.05% error for microhardness 
and a 1.10% error for impact toughness between anticipated and experimental results.

• The RSM models are effective for determining the optimized process parameters, which are then used to 
calculate the effective value for microhardness and impact toughness.

• The MCIBC borided sample exhibits three distinct zones in its microstructure: 1. Zone of iron boride (Fe2B 
and FeB Phases) 2. The transition zone; 3. The base material.

• The optimum Boride layer’s surface hardness at the material’s surface is 1745HV0.5. At the transition zone, 
the microhardness value drops to 345HV0.5. At the base material, the hardness drops to 245HV0.5. In the 
continuous boriding method, the boride layer’s hardness was 2100HV0.5, 375HV0.5 in the transient zone, and 
215HV0.5 in the base metal. The hardness gradient quickly decreases from the surface of the boride layer to 
the base metal as compared to the optimized boriding procedure.

• The XRD results show that Fe2B and FeB phases are present during both the optimized boriding method 
and the 950°C 180minutes boriding process. The growth of the FeB phase during the optimum 180minutes 
boriding procedure is less than 950°C.

• Compared to the 950°C 180minutes boriding technique, the impact toughness of the optimized boriding 
method was 3.3 times greater. The processing time, temperature, and behavior are responsible for this 
improvement. Continuous heating causes the treated steel to become more brittle in continuous boriding. It 
has the effect of decreasing toughness’ value.

Figure 7: SEM images of specimens (a) pack borided at 850°C 60minutes and (b) pack borided at 950°C 180minutes.
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