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________________________________________________________________________________ 

ABSTRACT 
The accurate knowledge of Heat Transfer Coefficients (which shows the amount of heat exchanged between an object and its 

environment) is essential for the design of precise heat transfer operations. There are many numerical methods available (usually based 
on heuristics, like Genetic Algorithms, Particle Swarm Optimization, Fireworks Algorithm, etc.) for solving the Inverse Heat 
Conduction Problem, but these usually have a high computational demand. As an alternative, it is possible to design an Artificial Neural 
Network model efficiently predicting the shape of the HTC function based on the temperature signals recorded during real heat 
treatment processes. This paper presents a feed-forward network and examines various aspects (learning time, training loss, validation 
loss) of the model using three different hardware configurations (single CPU, single GPU, multiple GPUs). 
Keywords: Artificial Neural Networks, Heat treatment, GPU, Multiple GPUs, Benchmark testing 

_____________________________________________________________________________________________________________ 

 

1. INTRODUCTION 

It is a fundamental experience that the properties of materials 

are influenced by their microstructure. Heat treatment is one of 

the available methods by which this microstructure can be 

modified with the aim of improving mechanical properties [1]. 

The two main steps of this operation are a) heating up the work-

object to a specific temperature; b) cooling it down to achieve 

the required microstructure. This heat-treating process needs 

precise control of temperature over the cooling time. The result 

of the heat treatment is significantly influenced by the heat 

transferability between the object and the cooling medium 

(which can be some kind of liquid, gas, salt, etc.). The Heat 

Transfer Coefficient (HTC) functions characterize the heat 

exchange from the object to be cooled down to its surroundings. 

To achieve the desired performance, it is necessary to determine 

the appropriate value of this parameter, which task belongs to 

the Inverse Heat Transfer Problems (IHCP). HTC can vary in 

time and location of the work-piece and therefore the 

appropriate heat exchange can be expressed only by using one-

dimensional functions (in the case of 1D IHCP) or two-

dimensional functions (in the case of 2D IHCP) [2]. 

There are several attempts to solve the IHCP, usually based 

on direct numerical methods. Heuristic search algorithms, like 

Genetic Algorithms [3], [4], or Particle Swarm Optimisation 

[3], [5], and other methods using swarm theory, give promising 

results but have high computation demand. The basis of these 

evolution/swarm-based algorithms is that each instance 

represents an HTC function candidate, and the fitness value of 

each item is the squared difference of the measured and the 

simulated cooling curves using this function. This needs a full 

heat transfer simulation for each instance in all iterations 

making the process very time-consuming. 

Authors suggest the application of Artificial Neural Networks 

(ANN) to solve the IHCP. Neural networks are such powerful 

and flexible models that now have a widespread application in 

modelling of nonlinear, complex, and multivariable systems [6]. 

These were initially motivated by biological structures of the 

brain [7], having the capability for learning, adaptation and 

information processing. An ANN consists of several basic 

construction units (artificial neurons) arranged to various 

structures. This paper presents a feed-forward network without 

any convolutional or recurrent layers. After the required 

training process, this network is able to give estimations about 

the characteristics of the HTC function. 

One of the main drawbacks of ANNs is a very resource-

intensive learning process. In the case of large problems (and 

complex networks), it takes days or weeks to prepare the 

network because the already known learning algorithms (like 

backprop-agation) have very high computational demand. 

Neurons of the network are usually arranged in parallel 

constructing layers. This makes it possible to develop highly 

parallelized learning methods utilizing the resources of multiple 

parallel hardware devices (multi-core CPUs, GPUs, TPUs). 

This paper presents an analysis of the same neural network 

structure using different hardware backgrounds. The next 

section contains the details of the three configurations (CPU, 

single GPU, dual GPU) and the measurements (execution time 

and accuracy). The final section summarizes these results and 

presents our findings and recommendations. 

 

2. METHODOLOGY 

A. Train data generation 

One of the major constraints of every machine learning 

application is the availability of enough training data. To train 

an artificial neural network, millions of training input-output 

data pairs are required. However, there are several real-world 

measurements; but, the amount of these is far from satisfactory. 

Therefore, it is necessary to develop a novel way to generate the 

corresponding HTC/temperature series pairs. 

This paper focuses on the one-dimensional IHCP, where the 

HTC is a one-dimensional function of temperature given 

between 0°C and 850°C. 

The novel method presented in this paper is based on control 

points. Every HTC function can be described by N control 

points (named as P1 , P2 , ..., PN ). In the case of one-peak 

functions, it is enough to use three control points; in the case of 



two-peak functions, the number of required control points is 

five. Control points have two attributes: the temperature (Pi 

.temp) and the HTC (Pi.htc) value as presented by (1)–(3). 

(1) 

(2) 

(3) 

Table 1 contains the lower and higher limits for these points 

based on several real-world measurements. 

Table 1: Limits for control points (N=5) 

 

 

Fig. 1. P1, P2,..., P5 control points of an example HTC function. 

Fig. 1 presents that how the control points can describe a one-

dimensional HTC function. There are two non-visible 

additional points: P0 (where P0.temp = 0°C and P0.htc = P1.htc) 

and PN+1 (where PN +1.temp = 850°C and PN +1.htc = PN.htc). 

The HTC values between control points are controlled by an 

additional parameter (αi ), according to (4). 

(4) 

The HTC value for a given T temperature between control 

points Pi and Pi+1 is given by the following equations: 

(5) 

(6) 

 

(7) 

 

(8) 

Where: 

• Cα : scaling factor; 

• Pi : control point before T ; 

• Pi+1 : control point after T ; 

• αi : the already presented parameter; 

• T : temperature; 

• HTC: calculated HTC value for the given temperature. 

The α = 0 selection leads to a division by zero error. In this 

special case, the points of the linear curve are simply calculated 

by (9). 

(9) 

Using these control points makes it possible to generate 

millions of potential HTC functions. These will be the training 

output data of the network. 

To solve the IHCP, the temperature history for these HTC 

series is also necessary. As a further step, an explicit finite 

difference method (FDM) presented by Smith was used to 

simulate the heat transfer. The result of this simulation is the 

temporal history which will be the training input of the neural 

network. 

 

 

Fig. 2. Structure of the artifical neural network used to solve the 
IHCP 

B. Network structure 

The universal approximation theorem states that a feed-

forward network with a finite number of neurons can 

approximate continuous functions on compact subsets of ℝn 

using given activation functions. We have used a feed-forward 

ANN with one dense layer and sigmoid activation function 

implemented by the Keras framework. 

The ANN has three fully connected layers as visible in Fig. 2: 

• Input layer: this layer consists of 85 neurons. These feed 

the data to the network from the training database (X). 

• Hidden layer: this layer consists of 64 neurons. These 

neurons are responsible for the learning and prediction 

process. 

• This layer uses a sigmoid function (σ). 

• Output layer: this layer consists of 86 neurons. These 

give the output of the network (Y ). 

The hidden layer uses the sigmoid activation function (Eq. 

10). 

(10) 

The temperature curves of the training database are fed into 

the network as input variable X (representing the input layer), 

which tries to predict the HTC function represented by the Y 

variable. For the training database, the original HTC functions 

are known, represented by Ytrue . Based on these variables, the 

loss function is designed as (Eq. 11): 

(11) 



We have a separate database for validation to provide an 

unbiased evaluation of the model. The validation dataset does 

not affect the training phase, and it is used only in the validation 

phase. This separation makes it possible to avoid overfitting. Y’ 

contains the prediction of the ANN for the validation inputs, 

and Y’true represents the expected values (Eq. 12). 

(12) 

The aim of the training process is to find the appropriate 

weights for the ANN to minimize training loss. As a further 

step, we analyze the trained network using the validation loss. 

 

C. Hardware environment 

The following hardware devices were used for the tests: 

• Central Processing Unit 

o Processor: Intelr CoreTM Quad Q9400 

o Number of cores: 4 

o Memory: 8GB DDR2 

• Graphical Processing Units 

o Graphics accelerators: 2×Nvidia GTX Titan Black 

o Architecture: Kepler (GK110B) 

o Number of shaders: 2880 

o SMX Count: 15 

o Memory: 6GB GDDR5 

The benchmarks of this paper are based on the following 

hardware configurations: 

• CPU: only the Central Processing Unit 

• Single GPU: one of the Graphical Processing Units using 

the 16× PCIe connection 

• Dual GPU: both Graphical Processing Units using a 16× 

and a 8× PCIe connection 

 

D. CPU results 

First, we trained the ANN using the CPU configuration. Fig. 

3 shows the runtime of each training batch. The average 

runtime was 3.54 seconds with relatively high variance (0.023 

sec). 

 
Fig. 3. Runtime of training batches for the one CPU configuration 

As expected, the training loss decreases over time (Fig. 4). 

After 200 iterations, the training loss was 0.045533. As visible 

in Fig. 5, the characteristics of the validation loss is very 

similar. After 200 iterations, the validation loss was 0.036698. 

 

E. Single GPU results 

We also trained the network with a single GPU configuration. 

Fig. 6 shows the runtime of each training batch. As visible, the 

training time for the first iteration was higher (8.66 sec). The 

average runtime was 2.11 seconds with a relatively low 

variance (0.0015 sec, ignoring the first batch). 

The training loss decreases (Fig. 7). At the end of the 

experiment, it was 0.045129. The validation loss decreases too 

(Fig. 5). After 200 iterations, its value was 0.036757. 

 

F. Multiple GPU results 

Finally, we have re-run the training process using the dual 

GPU configuration. As is visible from Fig. 9, the first batch 

takes a bit more time, but the difference is not as significant as 

for the single GPU configuration. The average runtime was 

2.42 seconds, and the variance of the runtimes was 0.0024. 

 
Fig. 4. Training loss by iteration for the one CPU configuration 

 
Fig. 5. Validation loss by iteration for the one CPU configuration 

 
Fig. 6. Runtime of training batches for the single GPU configuration 

 
Fig. 7. Training loss by iteration for the single GPU configuration 

 
Fig. 8. Validation loss by iteration for the single GPU configuration 



The training loss is visible in Fig. 10. The final value was 

0.044788. 

 
Fig. 9. Runtime of training batches for the dual GPU configuration 

 
Fig. 10. Training loss by iteration for the dual GPU configuration 

The validation loss was 0.036746 in the last iteration. Details 

are visible in Fig. 11. 

 
Fig. 11. Validation loss by iteration for the dual GPU configuration 

 

3. CONCLUSIONS 

Table 2 shows the comparison of the results given by the 

examinations. As expected, the training and the validation 

losses are not affected by the training configuration. The 

absolute value of the training loss is acceptable, and these 

results are applicable for further processing. The similar 

(smaller) values of validation loss show that there is no 

overfitting, the trained network can predict values for unknown 

input data as well. 

In contrast, the measured average runtime values are 

interesting. It is well known that GPUs can accelerate the 

training of machine learning models. It is well visible from 

Table 2 that the GPU models were able to learn significantly 

faster than the CPU one. 

 

Table 2: Overview of measured data 

 
But the negative speed difference between the single and dual 

GPU models is not expected. There may be several reasons for 

this behaviour: 

• In the case of single GPU configuration, the framework 

was able to keep all data in this GPU without any 

memory copy. The CPU does not have any work, in this 

case, the training process is handled by the dedicated 

GPU device. In the case of dual GPU configuration, the 

CPU has to coordinate the work between the different 

graphics cards. As suspected, the model splits the input 

matrices and transfers these halves to the GPUs. After 

the parallel gradient calculation, the CPU transfers back 

the results and calculates the summarized gradient. This 

process has a high memory transfer demand, slowing 

down the devices. 

•  Our second GPU was on a 8×PCIe slot, which slows 

down the memory transfers. 

•  To fully utilize a graphics accelerator, the process needs 

a high compute/memory transfer ratio. It seems that 

using a single feed-forward neural network model does 

not satisfy this criterion, causing the GPU devices to 

underperform. 

Finding the appropriate answer needs some further 

investigation about the Keras multi-GPU model. As a 

consequence, it is worth noting that switching to multiple 

devices does not automatically give better results (in fact, the 

runtime can be even worse). 
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ABSTRACT  
The demand for lightweight metals and alloys has enormously increased over the past decade in response to the government environmental 
legislative. The magnesium and its alloys among the lightest, possess excellent mechanical and forming properties but poor corrosion 
resistance owing to its high electrochemical reactivity hinders its uses in hostile environment. The surface coating and modification is an 
appropriate method to increase the corrosion resistance of magnesium alloys for engineering applications. The electroless (EN) and 
electroplating techniques are economically used in industries to coat various engineering components for corrosion resistance. The plating of 
magnesium alloys is, however, difficult due to the formation of poor oxide or hydroxide layer and therefore need special surface pretreatments 
to enable the aqueous plating. We discuss here the environment-friendly pretreatments, such as without fluoride and Cr6+/Cr3+ developed and 
applied prior to EN coating on magnesium alloys.  
The Ni-P/Ni coating by electroless and electroplating technique (in aqueous and non-aqueous medium) are successfully obtained to increase 
the corrosion and scratch resistance of AZ91 alloy using pretreatments. The surface of the uncoated, pretreated, and Ni-P/Ni coated specimens 
are investigated using SEM with EDX, Raman spectrometer and 3D surface profilometer. The corrosion resistance is quantified using 
potentiodynamic, EIS studies (short and long term) and salt spray test; the adhesion resistance is measured by scratch test in terms of critical 
load to delaminated the coating. The overall highest corrosion resistance, among all the Ni-P/Ni coating applied in an aqueous and non-
aqueous medium, is shown by the Ni electroplating in ionic liquid (IL) bath on prior treated magnesium alloy. The prior treatment was 
obtained from the cerium nitrate containing bath. Such coatings (from IL bath) were sustained for 250 h during long term EIS exposure in 
0.5 % NaCl solution and salt spray resistance up to 9 h. The aqueous Ni electroplating process obtained on prior treated AZ91 in phosphoric 
acid followed by NaOH bath, offered 200 h sustained corrosion resistance during long term EIS and 8.5 h of salt spray corrosion resistance. 
The lowest corrosion resistance is observed for electroless Ni-P coating which resulted in a long term EIS sustainability for 100 h and salt 
spray resistance up to 1.5 h only. The scratch resistance of IL Ni electroplating also increased to 15.53 N as compared to aqueous Ni 
electroplating (13.6 N) and electroless Ni-P coating (10.39 N).  
 
Keywords: Magnesium alloy, corrosion resistance, surface pretreatment, nickel coating, EIS, salt spray resistance, scratch resistance 

 

1. INTRODUCTION  

Magnesium and its alloys are used in various sector, including 
automobiles (for engine block, seat frame, steering wheel frame, 
cylinder head), aerospace (for gearbox, engines, transmission 
casings) and electronic components (for cell phones, computers, 
laptops, portable media players) due to their excellent physical 
and mechanical properties e.g. low density, high specific strength, 
good castability, good weldability and good electromagnetic 
shielding characteristics etc.[1-4]. Despite having these advantages 
magnesium and its alloys have not been utilized to its potential 
due to their high chemical activity and large susceptibility to 
galvanic corrosion when come into contact with other metals and 
alloys [5-6]. The surface coating and modification is an appropriate 
method to enhance the corrosion resistance of magnesium alloys 
for different applications. The EN and electroplating are 
economically used methods in industries to coat various 
engineering components [7]. Magnesium alloys are not easy to 
plate due to the formation of poor corrosion product layer and 
therefore need surface pretreatment to enable the aqueous plating 
[8]. 

The development of appropriate pretreatment/ pre-plating 
technologies to enable coating has been a major focus of the 
current research related to the magnesium alloys. The 
development of pretreatment processes is mainly aimed at to 
reduce the dissolution of magnesium substrate in the subsequent 
plating bath or to accelerate early nucleation and growth of the 
nickel deposits to suppress further dissolution. The pretreatment 

processes consist of mainly four steps (alkaline cleaning, pickling 
and activation, and pre-plating such as Zn immersion or zincating, 
copper strike, etc.)[9]. Another important reason to treat the 
magnesium alloy is to create an equipotential surface as it 
contains several intermetallic phases (such as β phase Mg17Al12) 
with varied corrosion behaviour. Their electrochemical potential 
and corrosion resistance are different, thus obstruct the formation 
of a uniform coating on the substrate [10-11]. The pretreatment 
processes, generally used, contains mineral acid, chromic acid, 
and fluoride containing compounds such as HF, NH4F etc. which 
are often unacceptable due to their environment damaging nature. 
Further, the performance of the resultant coating from these 
pretreatments/pre-plating processes is widely varied and yet to be 
established in actual service conditions [12-15].  

The present study aims at developing and comparing the various 
environment friendly pretreatments such as non-fluoride and non-
Cr6+/Cr3+ to enable the Ni-P/Ni coating on AZ91 alloy to increase 
the corrosion and scratch resistance. The success of pretreatment 
is assessed by quality of subsequent Ni-P/Ni coating obtained 
using the electroless and electroplating in aqueous and non-
aqueous bath. 

2. EXPERIMENTAL METHOD 

Specimens were fabricated from a cast AZ91 alloy plate 
containing (wt%) Al-8.5; Zn-1.06; Mn-0.076; Si-0.039; Cu-
0.014; Fe-0.017 and balance magnesium. The alloy chosen is 
frequently used for fabricating the automobile components. The 



specimens were cut into an approximate size of 30×20×6 mm and 
drilled to hold into the solution during pretreatment and 
deposition. The specimens were surface finished by grinding and 
polishing using fine emery papers up to 600 grit size. They were 
then degreased ultrasonically in acetone for 5 min at room 
temperature prior to other treatments. To determine the deposition 
rate and thickness of the Ni coatings obtained in the plating bath, 
weighing and dimensional measurements were performed before 
and after each pretreatment or deposition experiment.  
Various pretreatment processes were applied to prevent the 
dissolution of the substrate in the Ni-P/Ni plating bath and to 
improve the adhesion and corrosion resistance of the coating. The 
formulation of pre-treatment processes is based on the objective 
to produce dense and low soluble oxide/ hydroxide, metal 
carbonate, and phosphates on the surface of the alloy [13]. These 
processes are designated as process I-V. This was attempted by 
immersing the bare AZ91 in i) lactic acid (C3H6O3) (25ml/L) for 
1min followed by sodium hydroxide (NaOH) (10g/L) for 5min at 
room temperature (ii) NaOH (10g/L) + sodium carbonate 
(Na2CO3) (25 g/L) solution at room temperature for 5min (iii) 
acidic nickel carbonate (NiCO3) (10g/L) for 30sec at room 
temperature (iv) phosphoric acid (H3PO4) (8ml/L) containing 
solution for 30 min at 35°C followed by the pore sealing in NaOH 
(40g/L) at 80°C for 120 min and (v) cerium nitrate containing 
solution (Ce(NO3)2.6H2O (10g/L) with H2O2 (20ml/L)) for 3min 
at room temperature. 

After applying various pretreatments, the specimens were 
subjected to Ni-P/Ni plating bath by electroless and electroplating 
technique. The EN plating bath contains nickel acetate 
(C4H6NiO4.4H2O), sodium citrate (Na3C6H5O7) and sodium 
hypophosphite (NaH2PO2.H2O); the ammonium hydroxide was 
used to maintain the pH of the bath (pH ~10.5). The plating was 
carried out at 80±2°C for 60 min to obtain a 10μm coating 
thickness. The Ni electroplating bath contains nickel sulphate 
(NiSO4.6H2O) with an alkaline pH (~8) at temperature 25-70°C; 
plating was done at current density of 25 mA cm-2. In non-
aqueous Ni electroplating process, deposition bath contains ChCl: 
EG (1:2 ratio) and 0.2 M NiCl2 with the addition of nicotinic acid 
(NA), at 50-90°C temperature and plating was performed at 
5mA/cm2 current density. The Ni electroplating process (in both 
aqueous and non-aqueous medium) was accomplished by 
employing two rectangular anodes of pure Ni (99% purity),  size 
~50 mm × 30 mm ×10 mm kept at an equal distance from the 
cathode substrate. Both the electrodes were made +ve with 
respect to AZ91 specimen (–ve), using DC rectifier. The current 
density and bath temperature were optimized by visually 
observing the superiority of the deposits (through several 
experiments). 

The surface morphology of the uncoated, pretreated and Ni-P/Ni 
specimens were investigated using scanning electron microscope 
(SEM) with energy dispersive X- ray (EDX) analysis (SEM, 
Nova Nano SEM 430, Netherland make). The pretreated AZ91 
specimens were probed to unveil the product film on the surface 
using the Raman spectrometer with laser wavelength ∼532 nm, 
in the spectral range of 400–4000 cm−1. A 3D surface 
profilometer was deployed to characterize the topographical 
features and roughness of the pretreated specimens (Confocal 
laser scanning microscope, OLS 4000). The sessile drop 
measurement technique (SCA-20 software) was used for contact 
angle measurements (make–Data Physics, model–15EC). The 

scratch test was carried out to determine the adhesion strength of 
the coating by scratch tester with Rockwell C diamond indenter 
(120° angle, 200 μm radius) (TR101, DUCON).  

The corrosion characterization of bare and Ni-P/Ni coated 
specimens was investigated via potentiodynamic polarization and 
electrochemical impedance spectroscopy (EIS) techniques. These 
experiments were performed in 0.5% NaCl solution at a room 
temperature. The Potentiostat/ Galvanostat Reference 600, 
(Gamry instrument, USA make) and a three electrode 
electrochemical system comprised; working electrode (bare and 
plated substrate) of exposed area of 0.5 cm2, reference electrode 
(saturated calomel electrode (SCE)) and counter electrode 
(graphite), were used to conduct the electrochemical tests. The 
polarization tests were performed in the potential range -250 mV 
vs SCE to >+250 mV vs SCE with respect to the open circuit 
potential (OCP), at a scan rate of 0.6 V/h. The EIS studies of base 
and coated substrates were conducted at OCP in the frequency 
range 10000–0.01 Hz at 10 mV AC amplitude. 

3. RESULTS & DISCUSSION  

The environment-friendly pretreatment processes are 
successfully developed to enable the Ni/Ni-P coating on AZ91 
alloy to increase the corrosion and scratch resistance. The 
developed pretreatment processes succeeded either by i) 
strengthening and improving the stability of Mg(OH)2 film or ii) 
producing a film that is stable and resistant to the solution used 
for plating iii) receptive film formed to subsequent Ni-P/Ni 
coatings. 
3.1 Surface analysis of the pretreated AZ91 alloy 

The Raman spectroscopy was deployed to characterize the after 
pretreatments effects on the AZ91 surface. The process II (NaOH 
and Na2CO3 treatment) yielded into the Mg5(CO3)4(OH)2 film 
formation corresponding to wave number ~3616 cm-1, may be 
attributed to the Mg-OH stretching vibrations during analysis. 
The intense Raman peak at 3654 cm-1 indicated the presence of 
Ni2(OH)2CO3.H2O due to process III (acidic NiCO3) treatment. In 
process IV (H3PO4 treatment followed by pore sealing in NaOH 
solution), the wavenumber ~958 and ~1074 cm-1 indicated the 
presence of Ca3(PO4)2 and Ca5(PO4)3OH compound on the 
resultant surface. The Raman peak at 958 cm-1 is assigned to the 
internal modes of the PO43- tetrahedral ν1 frequency 
corresponding to the symmetric stretching of P-O bonds. The 
Raman spectra of the process V treated surface unveiled CePO4 
peak at ~1060 cm-1 which is attributed to the symmetric stretching 
of (P-O) mode. Further the details of the Raman analysis were 
also explained in our earlier study [13].  

The pretreatment effects were probed through the 3D 
profilometer, as the surface texture plays a vital role for 
subsequent coatings with respect to i) adhesion strength and ii) 
corrosion resistance. The average surface roughness of the 
substrate after being treated with the process I and II was ~ 0.65 
and ~0.25 μm respectively. The surface roughness was observed 
to increase from ~0.65 to ~2.19 μm due to the process III 
pretreatment. The surface roughness of the process IV-V treated 
was found to reduce to ~1.30, and ~0.84 µm, respectively. 
Irrespective of the specific Ra value, which is indicative of the 
average roughness, the overall profile of the surface appears 
important to justify the bond strength of the coating to the surface. 



3.2 Ni coatings on prior pretreated AZ91 alloy 

The performance of the surface pretreatments was validated by 
the EN coating with single or two (duplex) layers on the prior 
surface pretreated AZ91 alloy in the subsequent bath. Further, the 
nickel electroplating of AZ91 magnesium alloy was also explored 
with and without employing surface pretreatment. The 
electroplating was achieved at 25-70°C temperature and 25 mA 
cm-2 current density after applying surface pretreatments and EN 
interlayer. In order to avoid the use of pretreatments or preplating 
and to increase the corrosion resistance, Ni electroplating on 
AZ91 magnesium alloy was carried out in eutectic based ionic 
liquid, a novel non-aqueous plating method. The study noticed 
that the nickel electroplating in ILs, with or without prior 
environment friendly pretreatment is not possible, similar to as 
observed in an aqueous bath. This revealed the complexities 
involved in direct Ni electroplating on a magnesium substrate 
without any prior surface treatments. The deposition was, 
however, successfully produced on a 10 µm thick prior treated 
and EN deposited surface of the AZ91 alloy. It has been observed 
that the role of pretreatment and EN under-layer is of great 
importance in successful Ni electrodeposition on AZ91 alloy in 
1:2 ChCl:EG IL as it can effectively protect the magnsium 
substrate from the severe corrosion during the process. It was 
noticed that the electroplating in an aqueous bath on 10 µm thick 
prior EN deposited AZ91 was not successful and therefore 20 µm 
thick EN was required to perform prior electroplating. The 
increased IL bath temperature from 50 to 90°C and post heat 
treatment of coated specimens at 150°C for 30 min resulted into 
enhanced corrosion resistance of the AZ91 Mg alloy. 

The surface morphology of the resultant Ni-P/Ni coatings by 
electroless and electroplating techniques were investigated using 
SEM and depicted in Fig. 1. The figure reveals complete coverage 
of the substrate and microscopic galvanic cell formation may be 
less likely in electrodeposited specimens. 

 

Fig.1: Various Ni coatings on prior pretreated AZ91 surface (a) EN 
coating, (b) Ni electroplating in aqueous bath and (c) Ni electroplating in 

non-aqueous bath 

3.3 Corrosion characterization of the Ni coatings 

The corrosion resistance of the Ni coatings obtained at different 
conditions (electroless and electroplating technique) were studied 
and compared with the bare AZ91 alloy using potentiodynamic 
polarization test and EIS test (during short and long term 
duration) in 0.5% NaCl solution. The polarization curves and EIS 

data (presented in Nyquist format, Z’ vs. Z’’) obtained from Ni 
coating are shown in Fig. 2a and 2b. The parameters including 
corrosion potential (Ecorr), corrosion current density (jcorr) and 
polarization resistance Rp derived from potentiodynamic 
polarization and EIS curves are summarized in Table 1.  

 

 

 

 

 

 

 

Fig.2: Electrochemical results of Ni coatings on prior pretreated AZ91 
alloy (a) potentiodynamic polarization curves and (b) EIS curves 

Table 1: Electrochemical results of various Ni coatings and compared 
with the uncoated AZ91 alloy 

Coating 
process 

Coating 
thickness 
(μm) 

Ecorr 
(mV 
vs 

SCE) 

Jcorr 
(µA 

cm-2) 

Rp 

(103Ωcm2) 

Uncoated 
AZ91 

- -1401 46.91 1.36 

EN with 
process III 

30 -422 3.5 33.49 

Ni 
electroplating 

in aqueous 
bath with 
process IV  

30 -341 1.36 41.25 

Ni 
electroplating 

in non-aqueous 
bath with 
process V 

30 -269 0.95 50.86 

 

The EN coating (process III) shows a large shift in corrosion 
potential towards more positive direction (Ecorr ~ −422 mV vs 
SCE) and a lower jcorr ~3.5 µA cm-2 as compared to the bare AZ91 
(Ecorr ~ −1401 mV vs SCE) with high  jcorr ~46.91 µA cm-2. After 
Ni electroplating in aqueous bath and pretreated with process IV, 
the jcorr is reduced further to 1.36 µA cm-2 with corresponding 
increase in Ecorr  to −341 mV vs SCE; these values indicate 
substantial enhancement in the corrosion resistance as compared 
to the EN coating. The maximum improvement in corrosion 
resistance was revealed by non-aqueous Ni electroplating as 
shown in Fig. 2 and Table 1. The findings from the EIS results 
are consistent with the corrosion behavior revealed by the 
potentiodynamic polarization study as presented in Table 1. The 
similar trend was also observed during long term EIS exposure, 
the highest corrosion resistance among all the Ni-P/Ni coating 
applied in an aqueous and non-aqueous medium, was shown by 
the Ni electroplating in IL bath as the same could sustain for 250 
h during the continued immersion in 0.5 % NaCl solution. In 
aqueous Ni electroplating process, the coating sustained up to 200 
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h; relatively lowest corrosion resistance was observed for 
electroless Ni-P coating (long term EIS sustainability 100 h only). 

Results from the above study clearly brought out that the non-
aqueous Ni electroplating increased the corrosion resistance of 
AZ91 alloy. The above observations are explainable partly by the 
porosity present the coating, represented by the porosity index. 
The pores allow to pass the solution to reach the surface 
underneath which results corrosion of AZ91 at high rate due to 
micro-galvanic cell formed between two metals (nickel and 
magnesium) of widely different redox potential (−2.37 and −0.26 
V vs. SHE). The porosity index obtained using an electrochemical 
method worked out for various coatings is described elsewhere 
[13]. The porosity in coating correlates well with the coating 
resistance. The porosity index of the non-aqueous 
electrodeposited AZ91 was observed in the order of ≤10-12 which 
is relatively much lower than that of the EN coated specimen 
(≤10-6). The porosity is also expected to influence the surface 
properties of the coating such as wetting, due to an interaction of 
the composite surface of the two different contact angles. This 
was verified by measuring the contact angle using the sessile drop 
method with SCA–20 software. The highest contact angle (98.4) 
was found for the coatings with the least porosity (10-12). 

3.4 Scratch resistance of the Ni coatings  

The adhesion strength of the coating was determined by the 
method of scratch where the critical load (Lc) was used to 
represent the apparent scratch resistance of the coating. The 
adhesion resistance of the EN coating was successively increased 
from ∼5.2 N to 10.39 N using pretreatments from processes II to 
V. The scratch resistance was remarkably improved after non-
aqueous Ni electroplating (15.53 N) as compared to aqueous Ni 
electroplating (13.6 N) and electroless Ni-P coating (10.39 N). 
The improvement in scratch resistance depends on the 
homogeneous growth of the Ni with large particle size. The larger 
particles with uniform growth have shown a higher scratch 
resistance than that by the correspondingly lower particle size 
with non-uniform coating (Fig. 1). The average particle sizes of 
EN, aqueous and non-aqueous deposited coating are ~294, ~311 
and 346 µm2, respectively. The crack during scratch test 
propagates through the inter-phase boundary between particles as 
it provides an easy path for the propagation; therefore, the coating 
with smaller and non-uniform particle size is expected to fail early 
due to the larger interphase boundary area. The coating that 
contains a large particle would encompass a smaller grain 
boundary area compared to the smaller particles [13, 16-18].  

Conclusion  

The environment-friendly pretreatment processes such as non-
fluoride and non-Cr6+/ Cr3+ were successfully incorporated to 
enable the Ni/Ni-P coating on AZ91 Mg alloy to increase the 
corrosion and scratch resistance. The developed pretreatment 
processes III-V facilitates the adherent and corrosion resistant Ni-
P/Ni coatings on the surface of AZ91 alloys in the subsequent 
bath without degradation. The highest corrosion resistance, 
among all the Ni-P/Ni coating applied in an aqueous and non-
aqueous medium, is shown by the IL Ni electroplating (with 
cerium nitrate containing surface pretreatment) as it could sustain 
for 250 h during the continued EIS exposure to 0.5 % NaCl 
solution and salt spray resistance up to 9 h. In aqueous Ni 
electroplating process, the coating sustained up to 200 h EIS test 

and salt spray resistance up to 8.5 h. The lowest corrosion 
resistance was observed for electroless Ni-P coating (long term 
EIS sustainability 100 h and salt spray resistance up to 1.5 h only). 
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ABSTRACT: 
  
Manual transmissions are predominantly being used in Automotive and Farm equipment’s in India. Generally, gear shifting fork requires 
high wear resistance because of high contact stress at fork tip due to repeated sliding motion in application. One of the common problems 
is fork worn out due to very high contact stress during application. However rapid worn out also observed due to severe loading and 
driving style. Hence various suitable Heat treatment / surface treatment process to overcome the worn-out issue was studied. For this study, 
three different processes like Induction Hardening, Boronizing and Induction hardening followed by Hard chrome plating were considered. 
Gear Shifting forks processed with these processes separately and performance validation was done with both transmission system level 
and Vehicle level as per application requirements. Furthermore, standard pins were made and processed with above said all three processes 
separately. Those pins were tested on pin-on-disc tribotester to compare the wear rate of these three processes. Standard pin preparation 
and testing was carried out as per standard ASTM G99. In Pin on disc study, material considered for the pin is as same as shifting fork 
grade and the ball bearing steel was used for Counterpart (Disc). Test parameters like Sliding speed 800 rpm and Load 5kg were considered 
in this wear study. And total distance covered is 10000m. The correlation between transmission system / Vehicle performance validation 
results and sliding wear results were compared. Finally, from all this study, we would have been able to finalize the best process to 
overcome the worn out in Shifting forks. 
Keywords: High durable Shifting fork, Worn out, Induction Hardening, Boronizing and Induction hardening followed by Hard chrome 
plating, Vehicle validation, sliding wear. 
 
 
 
1. INTRODUCTION 
 
Generally, Transmission gear box includes the components like 
Shafts, Gears, Shifter fork, Rail and Bearings etc., Gear box is 
used to vary different speed and torque based on the vehicle 
loading requirements. It does by changing the gear ratio. Here, 
the purpose of Shift fork is to slide gears into or out of 
engagement with other gears in order change from one gear ratio 
to another in a manual transmission. During gear shifting, the 
shifter fork will get high contact stresses at fork ends because of 
repeated sliding motion. Hence the common problem with 
shifter fork is worn out and in some high durable applications, 
this issue occurs very soon. Thus, the property of wear 
resistance is must for shifter forks. 
 
 

 
 
 

 
 
Fig. 1: Image of Shifter fork with transmission assembly 

Shifter fork 

Sleeve 
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                        Fig 2: Image of Shifter fork 

 
2. MATERIAL 
 
The shifter fork is made of different materials like Steel, Cast 
iron and Aluminum. In this study, the material considered for 
shifter fork is medium carbon steel and the chemistry of the 
same is tabulated below: 
 

Table 1: Chemistry of Medium Carbon steel 
Elements C Mn Si S&P 
Chemistry in 
% 

0.38-
0.43 

0.70-
0.90 

0.05-
0.35 

0.06 
max. 

 
3. HEAT TREATMENT  
 
Shifter fork needs strength as it shifts or changes the gear ratio 
while gears are rotating at higher RPM also it requires wear 
resistance because there is a friction between shifter fork and 
sleeve when changing the gears. So, the suitable Heat treatment 
or Surface treatment process is required to enhance the former 
said properties. In this case study, shifter fork was processed 
with following processes, thus the required properties will be 
met. 
 
Induction Hardening 
Boronizing  
Induction Hardening followed by Hard chrome plating 
 
3.1    Induction Hardening 

 
Induction hardening is a type of surface hardening process in 
which a metal part is induction-heated to an austenitic 
temperature and holding in a while for uniform structure and 
then quenched in Polymer. The quenched metal undergoes a 
martensitic transformation, increasing the hardness and 
brittleness of the part. Induction hardening is used to selectively 
harden areas of a part or assembly without affecting the 
properties of the part as a whole. The parts will get high wear 
and fatigue resistance after undergoing this process. In shifter 
fork application, the fork requires high wear resistance at shift 
fork ends since it directly touches the sleeve while shifting the 
gears. 
In this study, the forks were induction hardened at fork ends and 

then tempered. Tempering is a process of heat treating, which is 
used to increase the toughness and to decrease the hardness, 
strength of hardened parts to the required level. The properties 
which is achieved after induction hardening and tempering is 
given below: 
 

Table 2: Properties of Induction Hardened Shifter fork 
Properties Observed values 
Surface Hardness 52 HRC 
Effective case depth at 
hardness 400HV1 

1.8mm 

Microstructure in case Fine tempered martensite 
Microstructure in core Ferrite and Pearlite 

 

 
 
 

3.2 Boronizing: 
 
Boriding, or Boronizing, is a thermo-chemical surface hardening 
process. In this process boron atoms are diffused into the surface 
of a metal component. The resulting surface contains metal 
borides, such as iron borides, nickel borides, and cobalt borides. 
Boronizing gives the material the following desirable properties: 
wear resistance, improved hardness (1300-2000HV is possible), 
thermal stability, reduced coefficient of friction, and increased 
galling/cold-welding resistance. There are four significant 
methods used for boronizing process i.e. Solid powder, Paste, 
Liquid and Gaseous medium. 
 
In this study, the fork samples tips were applied with paste of 
boron carbide or with other boron compounds. The shifter fork 
samples were kept in heat resistant box and heated to the 
temperature at 910±10°C for 90±3 minutes followed by air 
cooling. The properties of Boronized fork is listed in below 
table. 
 

Table 3: Properties of Boronized Shifter fork 
Properties Observed values 
Surface Hardness 1770-2020 HV0.1 
Boronized layer thickness 85-100 microns 
Microstructure in case Boronized layer 

Fork tip/end 

Fig 3: Microstructure image of Induction hardened Shifter 
fork (Magnification 100X & Etchant: 4% Nital) 



Microstructure in core Ferrite and Pearlite 

 

 
 

 
 

3.3   Induction Hardening + Hard chrome plating: 
 
Hard chrome plating is an electrolytic process in which 
chromium is deposited onto a metal substrate. The electrolytic 
process is generally achieved by passing an electric current 
through a chromic acid solution (called an electrolyte bath) 
between two electrodes, one of which will be the substrate 
which is to be plated. When the current flows between the 
electrodes, a chemical reaction is induced whereby the 
chromium metal from the solution is deposited in a thin layer on 
the component to be plated. Hard chrome plating process gives 
the following properties such as, improved hardness, low 
friction, wear and corrosion resistance. 
 
For this study, the shifter fork samples were induction hardened 
+ Hard chrome plated. In hard chrome plating, the chromic acid 
was an electrolytic bath solution and the process temperature 
was 60±5°C and soaking time was 20±2 minutes. The 
metallurgical results of shifter fork which was induction 
hardened followed by hard chrome plated as follows: 
 

Table 4: Properties of Hard chrome plated Shifter fork 
Properties Observed values 
Surface Hardness 1020-1085 HV0.1 

Hard chrome layer thickness 15-26 microns 
Effective case depth at 
hardness 400HV1 

1.5mm 

Microstructure in case Fine tempered martensite 
with Hard chrome layer 

Microstructure in core Ferrite and Pearlite 

 

 
 
 
 

4. VALIDATION RESULTS 
 
To evaluate the proposed processes for application suitability, 
below validations were carried out. 
Skid / Transmission level validation 
Tractor level validation  

 
4.1   Skid level validations: 
 
Shifter endurance test was performed for gear shifter fork as a 
transmission condition. The test was done for induction 
hardened, Boronized and Induction hardened + Hard chrome 
plated shifter forks. The test cycle is as follows. If fork is 
engaging 1st & 2nd gear, then the test cycle is 1-N-2 & if fork is 
engaging 3rd & 4th gear, then the test cycle is 3-N-4. The testing 
was continued like this for defined no of cycles. Tear down 
analysis was done after completion of skid level validation. The 
shifter fork was examined and measured for worn out at tip and 
results of the same is as tabulated below. 
 

Table 5: Worn out results after Skid level validation 
Sample 
condition Property Fork tip 1  Fork tip 2 

Induction 
hardened 

Worn out 
in mm 

3.049 3.288 

Boronized 0.036 0.055 

Induction 
hardened + 
Hard chrome 
plated 

0.041 0.060 

 
4.2   Tractor level validation: 
 
The tractor level validation was done by means of Roller rig. 
The processed samples (induction hardened, Boronized and 
Induction hardened + Hard chrome plated shifter forks) were 
assembled in transmission and fitted into the tractor and test was 
conducted. During testing, the gear shifter lever was operated 
manually as like real conditions. The shifting was done like 1-
N-2 and it continued for defined no of cycles. (1-N-2-N = 1 

Boronized 
layer 

Figure 4: Microstructure image of Boronized Shifter fork 
(Magnification 100X & Etchant: 4% Nital) 

Figure 5: Microstructure image of Induction hardened plus Hard 
chrome plated Shifter fork (Magnification 200X & Etchant: 4% 
Nital)  

 

Hard chrome 
layer 



cycle). The tear down analysis was done after completion of 
testing. The shifter fork was examined for wear and results are 
tabulated below. 
 

Table 6: Worn out results after Tractor level validation 
Sample 
condition Property Fork tip 1  Fork tip 2 

Induction 
hardened 

Worn out in 
mm 

0.197 0.209 

Boronized 0.036 0.051 

Induction 
hardened + 
Hard chrome 
plated 

0.036 0.043 

 
 
5. PIN ON DISC VALIDATION RESULTS 
 
Standard pins were made as per standard ASTM G99 and 
material of the pin is as same as shifter fork material. Then 
following processes like Induction Hardening, Boronizing and 
Induction hardening + Hard chrome plating were done with 
standard pins. Those processed pins were tested with Pin on disc 
tribotester to validate the wear phenomena among the various 
processes. In testing, the ball bearing steel was used as a 
Counterpart (Disc). Test parameters like Sliding speed 800 rpm 
and Load 5kg were considered in this wear study. And total 
distance covered is 10000m.The wear was calculated in terms of 
weight loss and the result is tabulated below. 
 

          
 
 

 
                                                       

 
Fig 6: (a) Pin - Induction Hardened, (b) Pin - Boronized   
(c) Pin – Induction hardened + Hard chrome plated 
 
 
 
 
 

 
Table 7: Weight loss results in Pin on disc test 

Processes Weight loss in mg 

Induction hardening 4.3 

Boronizing 0.2 

Induction Hardening + Hard 
chrome plating 0.2 

 
6. RESULTS WITH GRAPHICAL 

REPRESENTATION 
 
 

 
 

 
 
 
 
 
 

(a) (b) 

(c) 

Fig 7: Worn out 
results after Skid 
level validation 

Fig 8: Worn out 
results after 
Tractor level 
validation 



 
 
 
7. CONCLUSION 
 
The following conclusions have been made based on this 
experimental study on Gear shifter fork with Induction 
hardening, Boronizing and Induction Hardening + Hard chrome 
plating process. 
 

▪ Boronizing and Induction Hardening + Hard chrome plating 
processed shifter forks have less wear than Induction 
hardened forks in Tractor and Skid level testing. Moreover, 
the wear results of Boronizing and Induction Hardening + 
Hard chrome plating processed shifter forks are comparable. 

▪ The wear results obtained from pin on disc tribotester shows 
that the weight loss of Boronizing and Induction Hardening 
+ Hard chrome plating processed pins are lesser than 
Induction hardened pins. It reveals the wear resistance of 
Boronizing, and Induction Hardening + Hard chrome plating 
processed pins are better than Induction hardened pin. 

▪ The correlation between Skid level, Tractor validation and 
Pin-on-disc Sliding wear results were compared. Finally, 
from all this study, we were able to finalize the best process 
to overcome the worn out in Gear Shifting forks. 
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ABSTRACT 
 
In injection moulding process, cooling cycle is traditionally the 
longest portion of the manufacturing cycle.  An effective cooling 
provides more efficient cycle times.   To achieve this, 
“Conformal cooling” is the key.  In a typical mould design, the 
cooling paths do not provide an optimum cooling leading to hot 
spots in the mould during moulding. This further leads to poor 
product quality.  Adaption of cooling channel course to cavity 
shape will lead to best conformal cooling/ vario-thermic 
processing.   A complex cooling channel design can be achieved 
through Additive Manufacturing technology, called Laminated 
Object Manufacturing.   After the desired cooling channel shape 
is achieved through layered objects (plates), those can be 
diffusion bonded through Diffusion bonding furnace developed 
by PVA Industrial Vacuum systems, Germany.    In Diffusion 
bonding process, layers are joined through thermally activated 
solid state diffusion of atoms across the interface area, without 
use of any additional filler material.    This process is divided 
into four distinct phases.  Phase 1 is the Contact formation on 
roughness tips, Phase 2 is the Deformation of the roughness 
peaks, Phase 3 is the Diffusion over grain boundaries, grain 
boundary migration and Phase 4 is the Volume Diffusion to 
close the remaining pore spaces.   Solid bond produced as the 
result of Diffusion bonding will have no dissimilar joining seam, 
will have strength of 95 to 99% of the base material and 
corrosion resistance same as base material.   Conformal cooling 
design leads to an overall reduction of 30 to 40% of injection 
moulding cycle time and results in enhancement of product 
quality.   This will give overall benefit for an Injection moulding 
industry to think of complicated part designs, which would not 
have been achieved otherwise.   This will also result in 
improving the Injection moulding machine capacity.  Diffusion 
bonding process can be applied to Hot runner manifold 
manufacturing also.  Diffusion bonding process through the 
PVA’s furnace has been proved for joining of various materials 
and alloys like Different grades of Tool Steel, Stainless steel, 
Aluminium, Titanium, etc. and also for joining Dissimilar 
materials like Ti – Ni,  Ag – Cu, Al – Mo, etc.  Diffusion 
bonding process is also found superior to 3D printing process 
being adopted for conformal cooling application.   Advantages 

include higher strength, ability to do diffusion bonding for 
higher sizes, etc. This process can be adopted for Aluminium 
Die-casting die elements also. 
PVA, Germany has developed diffusion bonding furnaces upto 
the size of 900mm x 1500mm x 500mm.  PVA provides process 
support to the mould designers and manufacturers in this area. 
 
 
1. CONFORMAL COOLING 
 
In an injection moulding process, traditionally cooling is the 
longest portion of the manufacturing cycle  
 

 
Figure 1 – Cooling time vs Residual time 
 
Hence, an effective cooling provides an efficient cycle time.  For 
this purpose, conformal cooling is the key.  A conventional 
cooling channel leaves a lot of hot spots in the moulding leading 
to a lot of quality defects and reduction in the cycle time.  Also, 
the mould life gets affected over a period of time.   
 
An additive manufacturing technology, eg. Laminated Object 
Manufacturing helps to get the desired cooling channel, course 
to cavity shape leading to best conformal cooling.  This leads to 
reduction in the cycle time and enhancement of product quality.   
 
 

Residual time 
 

Cooling time 
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2. Laminated Object Manufacturing 
 
Simple geometries can be made by conventional technologies. 
 
 

 
Figure 2 – Solid section through turning/ milling 
 
 
However, for sophisticated/ complex geometries, solid part has 
to be divided into Laminated Objects and the desired cooling 
channel can be achieved by processes like Laser cutting, etc.    
 

 
Figure 3 – LOM section 

 
 
Figure 4 – 3D model of Solid + LOM section  

 
 

   
 
Figure 5 – Final shape of Mould element  
 
Real challenge is how to do the bonding of the layers of the 
laminated sections. 
 
3. Diffusion bonding 
 
Few of the mould manufacturers use the technology of 3D 
printing to get the conformal cooling structure.   Thought it has 
few advantages, it has several limitations, which are explained in 
the subsequent sections.   
 
PVA Industrial Vacuum Systems GmbH has adopted Diffusion 
bonding technology to join the laminated objects.  
 
In Diffusion bonding process, layers are joined through 
thermally activated solid state diffusion of atoms across the 
interface area, without use of any additional filler material.    
This process is divided into four distinct phases.  Phase 1 is the 
Contact formation on roughness tips, Phase 2 is the Deformation 
of the roughness peaks, Phase 3 is the Diffusion over grain 
boundaries, grain boundary migration and Phase 4 is the Volume 
Diffusion to close the remaining pore spaces. 
 

 
 

 
 
Figure 6 – Phases of Diffusion bonding 
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Joint performance of Diffusion bonded layers – 
 

 No molten phase 
 Solid bond typically performed without filler metal 

(no dissimilar joining seam) 
 
 

 
Figure 8 –  
Joint by Diffusion bonding          Joint by brazing 
                                       
 
4. Process advantages of Diffusion bonding 
 
Similar and dissimilar material joints possible 
Joint properties similar to bulk material 
Highest strength of bonding furnace (95 to 98% 
  of the parent material strength) 
Best corrosion resistance of bonding interface 
Optimum thermal stability of produced parts 
Uniform and repeatable process results 
Bonding of highly reactive materials (eg. Ti, Nb, Zr) 
 
5. Application examples 
 
Plastic Injection moulds and dies 
Aluminium Pressure Die-casting dies 
Cooling plates 
Bonding of micro-reactors 
Bonding of high temperature alloys for aircraft industry 
 
Parts design must provide an outer planar surface and a 
homogenous force transfer over the complete bonding area. 
 
 

 
 
Figure 9 – Conformal cooling channel in an injection mould 
which will now be diffusion bonded 
 

The above is an example achieved through Diffusion bonding 
furnace of PVA.   Material is of Tool steel, multi layer design is 
achieved through Additive processing. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 – Mold application 
 
 
The above is an example of an injection mold manifold, Material 
– Tool Steel and 2 layer design, bonded through Diffusion 
bonding in a furnace of PVA. 
 
 
 
6. Material combinations those can be Diffusion bonded 
 
Al  Al 

 AW6061 
 AW3003 

 
 Stainless Steel 

 1.4301 
 1.4404 
 1.4571 

  
Tool Steel: 

 M333 
 1.2083 
 Mirax  
 Stavax  
 1.2316 
 1.2343 
 1.2344 

 
Titan: 

 Grade 2 
 Grade 5  

 
Superalloys  

 Hastelloy C22 
 Inconel 617 

 
Dissimilar Materials combination:  
 

 TiNi  
 Ag Cu  
 Al2O3/Cu  Cu  
 Al  Mo 
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7. About PVA and Diffusion bonding furnace 
 
PVA Industrial Vacuum Systems GmbH is a German-based 
vacuum specialist for high temperature and plasma treatment 
processes.   PVA TePla AG is one of the world’s leading plant 
engineering companies.    
 
PVA is the pioneer in the field of diffusion bonding with the 
following features - 
 

 Standard load up to 8000 kN – higher on request 
 Temperature homogeneity:  +/- 5 K 
 High vacuum possible (< 1 x 10-6 mbar) 
 Pressing Plate size:  up to 

- 900*1000 mm² one-cylinder version 
- 900*1500 mm² two-cylinder version (higher on 

request)  
 Pressing height:  50 – 550 mm 

 
Apart from supplying the furnace, PVA supports their customers 
in developing the conformal cooling channels and the diffusion 
bonding process through their highly skilled team of process 
engineers. 
 
PVA also provides Diffusion bonding as a Heat treatment 
service to the customers through their furnace available at 
Germany. 
 
8. Advantages over 3D printing process  
 
Few of the mould designers/manufacturers are using metal 3D 
printing process for achieving conformal cooling. 
 
Diffusion bonding process is much better to 3D printing process 
in this application.   
 
Feature Advantage 
All common tool steels can be 
processed such as STAVAX or 
MIRRAX 

No restrictions in the material  

Different types of steel can be 
combined 

Adapted properties within the 
component  

Production of several parts in 
one run 

Fast, economical production 

Smooth surfaces of the cooling 
channels 

Less flow resistance 

No stresses in the component 
after bonding 

No stress relieving necessary, 
hence cost effective 
production 

Large tools can be produced No restrictions in size of the 
tools 

 
 
Keywords: Conformal cooling, laminated object manufacturing, 
diffusion bonding, 3D printing, dissimilar materials. 
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ABSTRACT 
Tribological components used in several industrial applications such as in power plants, aircraft, marine, automobile, mineral processing 
plants, nuclear power plants, cement, pressure vessel, petrochemical and fertilizer plants, etc. are exposed to severe working conditions 
which degrades the surface properties of these materials. Surface modification techniques can be economical solution to improve surface 
properties of these materials such as resistance to wear, corrosion, fatigue, etc. which in turn increases the service life of components. 
Plasma transferred arc welding (PTAW) is the widely used weld overlay process for deposition of highly resistant overlay materials on low 
grade materials to improve their surface properties. It is always necessary to understand the effect of most influencing process parameters 
on weld bead characteristics such as weld bead width, thickness and penetration to obtain the appropriate weld bead geometry. This article 
presents experimental investigations considering the effect of powder feed rate on weld bead characteristics and percentage dilution of 
nickel based Colmonoy 6 coating on 304 SS substrate by the application of PTAW. Single track experiments are conducted for six different 
values of powder feed rate while other parameters are kept constant to identify its effect on weld bead characteristics and dilution. It is 
observed that, powder feed rate has directly proportional relationship with the coating width and coating thickness and inversely 
proportional relationship with penetration and dilution. The present article aims to know the exact variation obtained for weld bead 
characteristics and dilution of the advanced grades of materials under consideration. This would become ready information for subsequent 
authors to decide their further line of action. 
Keywords: Weld bead characteristics, surface modification technique, dilution, powder feed rate, plasma transferred arc welding 
________________________________________________________________________________________________________________ 
 

1. INTRODUCTION 

Improvement in service life of engineering components working 
under harsh environments is essential factor to reduce the 
overall maintenance and downtime cost of the industries. It is 
observed that failure of tribological components used in 
numerous industries such as mineral processing plants, nuclear 
power plants, cement, pressure vessel, petrochemical and 
fertilizer plants, etc. are mainly cause due to deterioration of 
surface characteristics and not the bulk material properties. 
Hence, investigation on failure of these components in 
aggressive service conditions due to wear, corrosion, erosion, 
abrasion, high cycle fatigue, etc. is becoming focused area of 
researchers. Replacement of these materials with advanced 
grade materials having superior surface properties is not the 
feasible option since, it does not retain the bulk attributes of the 
materials and also it may be a costlier attempt. Instead, surface 
modification techniques can be economical solution to improve 
surface properties of materials such as resistance to corrosion, 
resistance to fatigue, resistance to wear, hardness, etc. which in 
turn increases the service life of components [1-5]. The selection 
of appropriate surface modification technique depends upon the 
physical and mechanical properties of substrate material as well 
as their service conditions. Some of the surface modification 
techniques such as physical and chemical vapour deposition, 
carburizing, nitriding, thermal spray coating, etc. are used in 
specific applications due to their limitation of deposition 
thickness.  

Weld hardfacing techniques also known as weld 
overlay techniques are used primarily to increase the service life 
of machine components working under aggressive conditions [6]. 
PTA hardfacing is one of the most popular processes used to 
improve wear and corrosion resistance [7]. PTA hardfacing has 
several advantages over other processes such as low percentage 
dilution, high deposition thickness, complete automation which 
minimizes the requirement of skilled operator, precision in 

controlling process parameters, consistency in results, 
consumable in powder form enables mixing of different powders 
to achieve desired microstructural changes, etc. [8-13]. In present 
investigation, single-track experiments are conducted on PTA 
hardfacing technique to understand the effect of powder feed 
rate on weld bead characteristics and percentage dilution. 
 
2. MATERIALS AND METHODS 
2.1 Materials and Experimental Plan 
AISI 304 austenitic stainless steel of 100 mm x 80 mm x 12 mm 
size is used as substrate material. Ni based coating powder 
Colmonoy 6 (NiCrBSi) from Wall Colmonoy Ltd. is used as 
weld overlay material. The chemical composition of substrate 
and coating material is presented in table 1. C-clamps are used 
for holding substrate material on table to minimize the 
distortion. Preheating at 4000C is performed to 304 SS substrate 
in order to relieve the internal stresses. Single track experiments 
are conducted as shown in fig. 1 for different values of powder 
feed rate such as 5, 6.5, 8, 9.5, 11 and 12.5 gm/min while 
keeping all other parameters constant such as transferred arc 
current 100 amp, travel speed 70 mm/min, stand-off distance 8 
mm, oscillation speed 900 mm/min, oscillation width 7mm, 
plasma gas flow rate 1.5 lpm, shielding gas flow rate 7 lpm and 
career gas flow rate 10 lpm. The effect of powder feed rate on 
weld bead characteristics such as bead width, thickness, 
penetration and dilution of coatings is studied. 
2.2 Characterization 
2.2.1 Weld Bead Characteristics 
Measurements are performed on vision measuring system in 
order to identify the effect of powder feed rate on weld bead 
characteristics of all the single-track experiments such as bead 
width, bead thickness and penetration.  
2.2.2 Dilution 
Percentage dilution is calculated for the obtained images from 
vision measuring system with the help of ImageJ software using 
following equation. 
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 [7] 
here, A is the area of reinforcement in mm2 and B is area of 
penetration in mm2. 
 
Table 1. Chemical composition of substrate and coating material 

Elements C Cr Ni Mn P Si S Fe B 
304 SS   Max      

 0.08 
18 to 

20 
 8-10.5 Max 

2.00 
Max 
0.045 

Max 
1.00 

Max 
0.030 

Bal. -- 

Colmonoy
6 

0.6  16.64 
 

Bal. -- --- 4.52 
 

--- 4.54 3.02 
 

 

 
3. RESULTS AND DISCUSSION 
3.1 Weld bead characteristics  
Table 2 shows results obtained for effect of powder feed rate on 
weld bead characteristics of single-track experiments such as 
bead width, bead thickness and penetration. Graph is plotted as 
shown in fig. 2. It is observed that, powder feed rate has directly 
proportional relationship with the coating width and coating 
thickness and inversely proportional relationship with depth of 
penetration. However, the increase in bead width is very less as 
compared to increase in thickness. 

 

Table 2. Effect of powder feed rate on weld bead characteristics 
Sr. 
No. 

Bead width 
(mm) 

Bead thickness 
(mm) 

Penetration 
(mm) 

T1 6.102 0.334 1.516 
T2 7.213 0.833 1.382 
T3 8.505 1.081 1.214 
T4 8.543 1.086 1.023 
T5 8.910 1.254 0.885 
T6 8.95 1.506 0.523 

 

 
 a) 

Reduction in depth of penetration with increase in powder feed 
rate is mainly attributed to reduction in heat input which is due 
to absorption of large amount of heat by the overlay material. 

 
b) 

 
c) 

Fig. 2 - Graphical representation of effect of powder feed rate on a) 
Bead width b) Bead thickness and c) Penetration 

 
3.2 Dilution 
Images obtained for single-track experiments from vision 
measuring system with their percentage dilution are shown in 
fig. 3. It is observed, that the heat input reduces with increase in 
powder feed rate which leads to significant decrease in 
percentage dilution which is mainly due to absorption large 
amount of heat by powder and vey less heat is transmitted to 
substrate material. Fig. 4 shows graphical representation of 
effect of powder feed rate on percentage dilution. 
 

   

Track 1-81.17% Track 2-47.73% Track 3-36.54% 

   
Track 4-33.58% Track 5-23.87% Track 6-15.16% 

 Fig. 3 - Images showing percentage dilution of single track experiments 
for different values of powder feed rate 
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Fig. 1 - Single-track experiments for different powder feed rate 

values of 5, 6.5, 8, 9.5, 11 and 12.5 g/min. 



 
Fig. 4 - Graphical representation of effect of powder feed rate on 

percentage dilution 
 
4. CONCLUSIONS 
In present experimental work, the effect of powder feed rate on 
weld bead characteristics and dilution is investigated with 
single-track experiments. Following conclusions are drawn: 
1) It is observed that the powder feed rate is highly influencing 

process parameter for weld bead characteristic and dilution. 
  2) With increase in powder feed rate, slight increase in the 

lateral spread of the melting of substrate surface is observed 
and hence the bead width increases slightly.  

3) With increase in powder feed rate, significant increase in bead 
thickness is observed and penetration decreases since most of 
the heat is consumed by the powder for melting and less heat 
is transmitted to substrate material. 

4) Increase in powder feed rate decreases the percentage dilution 
which is mainly due to absorption of large amount of heat by 
the overlay material. 
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ABSTRACT 
 
The evaluation of quality management systems standards is initiated through ISO 9001 Series of Standards with its first edition in 1987 and 
subsequently revised periodically. ISO 9001:2015 fifth edition is being currently implemented. Further fundamental quality system 
expectations of OEMs defined through automotive sector specific quality management system standards introduced with QS 9000 
standards during 1995 by automotive OEMs, subsequently revised to ISO/TS 16949 and IATF 16949:2016 is being currently implemented. 
To provide a common approach for assessment of special process and continuous quality improvement, CQI standards introduced by 
Automotive Industry Action Group (AIAG) for all special processes with CQI-9 for heat treatment and CQI-12 for coating system 
assessment which address management system requirements. The compliance to IATF 16949 and CQI document demonstrate the ability of 
the heat treatment and surface engineering plants to consistently provide product that meets customer and applicable regulatory 
requirements, and enhance customer satisfaction through the effective application of the system, including processes for continual 
improvement of the system.   
 

 
1. QUALITY MANAGEMENT SYSTEMS (QMS) 
INTRODUCTION 
 
The evaluation of quality management systems standards is 
initiated through ISO 9001 Series of Standards with its first 
edition in 1987 and subsequently revised periodically. ISO 
9001:2015 fifth edition is being currently implemented.  
 
Further fundamental quality system expectations of OEMs 
defined through automotive sector specific quality management 
system standards introduced with QS 9000 standards during 
1995 by automotive OEMs, subsequently revised to ISO/TS 
16949 and IATF 16949:2016 is being currently implemented.  
 
2. OVERVIEW OF QMS REQUIREMENTS RELATED 
TO MANUFACTURING PROCESSES 
 
As per the requirements in QMS Standard ISO 9001/ 
Automotive Sector Specific Standard IATF 16949, the 
organization shall implement production and service provision 
under controlled conditions to ensure effective control of 
manufacturing processes.   
Some of the key parameters related to the controlled conditions 
are: 
a) The availability of documented information that defines: the 
characteristics of the products to be produced, the services to be 
provided, or the activities to be performed; control plan / work 
instructions / process sheets / standard operating 
procedures/visual standards etc   
b) the results to be achieved; Operational safety Productivity, 
Quality, Delivery, Cost,  

b) the availability and use of suitable monitoring and measuring 
resources; variable / attribute measurement systems as required 
for the characteristics of products 
c) The implementation of monitoring and measurement activities 
at appropriate stages to verify that criteria for control of 
processes or outputs and acceptance criteria products and 
services have been met; set up verifications / approvals / line 
inspections / product / manufacturing process audits 
d) The use of suitable infrastructure and environment for the 
operation of processes.  
e) The appointment of competent persons including any required 
qualification  
f) The validation and periodic re-validation of the ability to 
achieve planned results of the processes for production and 
service provision where the resulting output cannot be verified 
by subsequent monitoring and measurement; through best 
practices such as CQI Standards. 
 
3. INTRODUCTION TO CQI STANDARDS 
 
To provide a common approach for assessment of special 
process and continuous quality improvement, CQI standards 
introduced by Automotive Industry Action Group (AIAG) for all 
special processes with CQI-9 for heat treatment and CQI-12 for 
coating system assessment which address management system 
requirements. 
CQI requirements coupled with IATF 16949:2016 quality 
management system and applicable customer-specific 
requirements becomes the fundamental requirements to plants 
where customer-specified parts for production and/or service are 
processed throughout the automotive supply chain. 
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Heat Treatment / Surface Treatment is one of the key processes 
during manufacturing of the product / part / component to 
achieve the required physical and mechanical properties as per 
the laid down specifications and are termed as special processes.  
By definition special processes are those, where the results of 
processes cannot be fully verified by subsequent inspection and 
testing of the product and where, for example, processing 
deficiencies may become apparent only after the product is in 
use, the processes shall be carried out by qualified operators 
and/or shall require continuous monitoring (requiring pre-
qualification of their process capability) and control of process 
parameters to ensure that the specified requirements are met.  
Following requirements need to be addressed for any special 
process   
• Criteria for Review and Approval of Processes 
• Approval of Equipments 
• Approval of Personnel 
• Approval of Methods and Procedures 
• Parameters to be monitored and records requirement of the 

same 
• Conditions and or Frequency for Revalidation 
CQI Standards specifies process requirements for an 
organization or its suppliers performing the special process. 
Following are CQI standards introduced by AIAG 
 
CQl-9 Special Process: Heat Treatment System Assessment   
CQl-11 Special Process: Plating System Assessment   
CQl-12 Special Process: Coating System Assessment   
CQl-15 Special Process: Welding System Assessment   
CQl-17 Special Process: Soldering System Assessment   
CQl-23 Special Process: Moulding System Assessment   
CQl-27 Special Process: Casting System Assessment 

CQI requirements are applicable to sites where customer-
specified parts for production and/or service provision are 
processed throughout the automotive supply chain 
 
The goal of the CQI Standards is the development of 
management system for heat treatment / coating system / or 
other special process, that provides for continual improvement, 
emphasizing defect prevention and the reduction of variation and 
waste in the supply chain and; 
• demonstrate ability to consistently provide products that 

meets customer and applicable regulatory requirements 
• enhance customer satisfaction through the effective 

application of the system 
 

4. STRUCTURE OF CQI STANDARDS 
 
All requirements given in CQI Standards are generic and are 
intended to be applicable to all organizations performing special 
process such as heat treatment / plating / coating / welding / 
soldering / moulding / casting. 
 
 

The sections of the standard encompass the following 
Cover Sheet Form 
Section 1- Management Responsibility and Quality Planning 
Section 2- Floor and Material Handling Responsibility 
Section 3-Equipment 
Section 4-Job Audit 
Process Tables 
The above structure is common for all the CQI Standards. The 
requirements are defined as applicable to the respective special 
process 
 
5. PROCEDURE FOR ASSESSMENT OF SPECIAL 
PROCESS AS PER CQI STANDARDS 
 
 Obtain a copy of current version of CQI Standard (CQI-

9/CQI-12.. as per the special process to be assessed) 
 Identify all heat treat processes to which CQI-9 special 

process: heat treat system assessment applies e.g. 
carburizing / carbonitriding / induction heat 
treating/annealing / normalizing / tempering etc.  

 Identify all coating process to which CQI-12 special 
process: coating system applies e.g. powder coating / 
electrocoat / anodozing etc  

 Complete the special process assessment as per the standard 
and classify audit observations as satisfactory/not 
satisfactory/needs immediate action. 

 Address each “Not Satisfactory” item and determine 
corrective action, including root cause analysis and 
implementation of the corresponding corrective action(s) 
within the stipulated time specified in the standard and 
maintain records of corrective action, including verification 

 “Needs immediate action” requires immediate containment 
of suspect product. Address each “Needs immediate action” 
item and determine corrective action(s), including root 
cause analysis and implementation of the corresponding 
corrective action(s) within the stipulated time specified in 
the standard and maintain records of corrective action, 
including verification 

 
CQI standard specifies various process tables and job audit 
requirements and to be conducted by taking sample parts from 
different automotive components. The competency requirements 
for CQI Auditor and details related to instrumentation / 
calibration requirements /system accuracy test (SAT) / 
temperature uniformity survey (TUS) / process / test equipment 
requirements with acceptance criteria are defined.  
 
The process tables and job audit requirements are defined with 
technical details as applicable to respective special process 
including sampling instruction/type of control / monitoring 
frequencies / acceptance criteria which will enhance the 
robustness of manufacturing process.   
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Every plant is expected to carry out ongoing assessments 
conducted annually, unless otherwise specified by the customer 
to re examine the continuing compliance with the CQI 
requirements.  
 
6. BENEFITS OF IMPLEMENTING CQI STANDARDS 
 
Assessment of special process inline with the requirements of 
CQI-9 / CQI-12 standards provides an opportunity to every 
organization bench mark their process with the requirements of 
international standard / identify the gaps / initiate corrective 
actions / enhance robustness of special process. 
 
Compliance to CQI standards is a pre-requisite during supplier 
evaluation and selection process by many OEMs and benefits 
supply chain in meeting the business needs. The compliance to 
IATF 16949 and CQI document demonstrate the ability of the 
heat treatment and surface engineering plants to consistently 
provide product that meets customer and applicable regulatory 
requirements, and enhance customer satisfaction through the 
effective application of the system, including processes for 
continual improvement of the system.  
 
Implementation of IATF and CQI will also facilitate plants to 
align their heat treatment and surface treatment process with 
automotive industry best practices. 
 
Keywords: ISO 9001, IATF 16949, Quality Management 
Systems, Special Process, CQI, Customer Specific 
Requirements, Continual Improvement  
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Facility Name:

Phone Number:
Fax Number: Process Table A - Ferrous

Carburizing
Carbonitriding
Carbon Restoration

Internal (Captive) Heat Treater (Y/N):

Commercial Heat Treater (Y/N): Austempering / Martempering
Tempering

Date of Assessment:

Date of Previous  Assessment:
Process Table B - Ferrous
Nitriding (Gas)
Ferritic-Nitrocarburizing (Gas or 
Salt)
Process Table C - Aluminum
Aluminum Heat Treatment
Process Table D - Ferrous
Induction Heat Treating
Process Table E 
Annealing
Normalizing
Stress-Relieving
Process Table F
Low Pressure Carburizing
Process Table G
Sinter Hardening
Process Table G
Ion Nitriding

Current Quality Certification(s):

Name: Title: Phone:

Name: Company: Phone:

Number of "Needs Immediate Action" Findings:

Number of "Fail" Findings in the Job Audit(s):

Special Process: Heat Treat System Assessment 

Address:

Precipitation Hardening / Aging

Type(s) of Thermal Processing at this Facility:

Number of Heat Treat Employees at this Facility:

Personnel Contacted:

Neutral Hardening
(Quench and Temper)

Number of "Not Satisfactory" Findings:

Date of Re-assessment (if necessary):

Email:

Auditors/Assessors:
Email:

Facility Name:

Phone Number:
Fax Number: Process Table A

Aqueous Cleaning
Process Table B
Mechanical Cleaning

Captive Coater (Y/N): Process Table C
Commercial Coater (Y/N): Phosphating

Process Table D
Date of Assessment: Powder Coating

Process Table E 
Date of Previous Assessment: Electrocoat

Process Table F
Spray
Process Table G
Dip/Spin
Process Table H
Autophoretic
Process Table I
Convective Cure
Process Table J
Equipment

Name: Title: Phone:

Name: Company: Phone:

Number of "Fail" Findings in the Job Audit(s):

Number of "Needs Immediate Action" Findings:

Special Process: Coating System Assessment 

Number of Coating Employees at this Facility:

Type(s) of Coating Processes at this Facility:

Email:

Address:

Current Quality Certification(s):

Date of Re-assessment (if necessary):

Number of "Not Satisfactory" Findings:

Auditors/Assesors:
Email:

Personnel Contacted:

Question 
Number Question Requirements and Guidance Objective Evidence N/A Satisfactory Not 

Satisfactory

Needs 
Immediate 

Action

1.1
Is there a dedicated and 

qualified heat treat person on-
site?

To ensure readily available expertise, there shall 
be a dedicated and qualified heat treat person on 
site. This individual shall be a full-time employee 
and the position shall be reflected in the 
organization chart. A job description shall exist 
identifying the qualifications for the position 
including metallurgical and heat treat knowledge. 
The qualifications shall include a minimum of 5 
years experience in heat treat operations or a 
combination of a minimum of 5 years of formal 
metallurgical education and heat treat 
experience.

Special Process: Heat Treat System Assessment

Section 1 - Management Responsibility & Quality Planning

Assessment

Section 4 - Job Audit

Job Identity:
Customer:

Shop Order Number:
Part Number:

Part Description:
Material:

Heat Treat Requirements:

Question # Job Audit Question
Related

HTSA Question #
Customer or Internal 

Requirement

Job (Shop) Order or 
Reference Documentation 

Requirement

Actual Condition 
(Objective Evidence)

Pass / 
Fail / N/A

4.1 Are contract review, advance 
quality planning, FMEA, control 
plans, etc., performed by qualified 
individuals? 

1.2
1.3
1.4

1.17

8. FORMS AND TABLES OVERVIEW OF THE CQI-9 /CQI-12 STANDARDS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                  Fig 1 Heat Treatment System Assessment-Cover Page                                                     Fig 2 Coating System Assessment-Cover Page 

Fig 3 Heat Treatment System Assessment Job Audit Table 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig 4 Heat Treatment System Assessment-Management Responsibity and Quality Planning Assessment Table d 
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ABSTRACT 
P91 steel is high creep-resistant material from the group of 9-12% Cr ferritic-martensitic steels. Mechanical and thermal properties of P91 
steel under extreme temperature and pressure conditions with stable microstructure make it more suitable for pressure vessel, nuclear and 
thermal power plant components. Weldability of P91 steel is a serious concern because of heterogeneous microstructure formation across 
the weldments. Welding of this steel results in the formation of martensitic structure in the weld fusion zone, while the actual base material 
has a tempered martensitic structure. Further, it is observed that toughness value of P91 steel weld is very low due to formation of 
heterogeneous microstructure and formation of δ-ferrite compared to minimum required value to pass hydrostatic test. To overcome these 
problems, various post weld heat treatments (PWHT) are suggested by previous researchers. In this article, the investigation of double re-
austenitization and tempering based PWHT cycle on microhardness and impact toughness of P91 steel welded joint is presented. P91 steel 
plates are welded by shielded metal arc welding (SMAW) process with E9015-B9 grade electrode. As welded and PWHT samples are 
subjected to microhardness and Charpy impact toughness test. It is observed that proposed PWHT improves impact toughness and reduces 
variation of microhardness of PWHT treated sample compared to as welded condition. Similar types of trends are also observed by 
previous researchers on other grades of materials which strengthen the outcomes of proposed work. The outcomes of this approach may be 
beneficial for industries and researchers working with P91 steel or similar grade materials to enhance the life of components.  
Keywords: P91 steel, PWHT, δ-ferrite, Double re-austenitization, Tempering, Impact toughness. 

1. INTRODUTION 

The development of heat-resistant steel with excellent creep 
properties is necessary in order to increase the thermal efficiency 
of a steam power plant fired with fossil fuels, since higher steam 
temperatures and higher operating pressures can achieve a 
higher thermal efficiency [1-5]. P91 steel is ferritic-martensitic 
steel used for high-temperature applications. It is a high creep 
resistance material having 9Cr-1Mo composition and its major 
applications are in thermal and nuclear power plants due to its 
better mechanical and thermal properties under extreme 
temperature and pressure conditions [6-8]. P91 steel is considered 
to be the best material for high temperature operating conditions 
due to its properties such as high thermal conductivity, low 
thermal expansion, high strength and corrosion resistance at 
elevated temperature [9-10]. Originally, P91 steel was developed 
by Oak Ridge National Laboratory in 1970 for the application in 
the fast breeder reactor. Mechanical and thermal properties of 
P91 steel under extreme temperature and pressure conditions 
with stable microstructure makes it more suitable for various 
applications of high temperature service, fatigue loading and 
creep exposure conditions such as components of generation-IV 
reactors [3,11], steam header, steam pipe, super-heated tube 
[10,12,13], header, and piping of petrochemical plants [9,13], 
components of ultra-super critical power plants [14,15], nuclear 
and thermal power plants [1,3,9-11, 14,15].  

Weldability of P91 steel is a severe concern because a 
heterogeneous microstructure forms over the welded joint, 
making it susceptible to premature failure [11]. Welding of this 
steel results in the formation of martensitic structure in the weld 
fusion zone, while the actual base material has a tempered 
martensitic structure. As a result of this, large variation in micro-
hardness was observed in the weld zone, heat affected zone 
(HAZ) and base metal [2,4,16]. Welding of this steel alter its 
microstructure and produces HAZ, which is susceptible to early 

failure of components under creep and higher temperature 
working conditions [11]. Compared to austenitic stainless steel, 
P91 steel is considered to be more difficult to weld because it 
must be preheated to avoid cracking, requires post-heating to 
remove the diffusible hydrogen, and also post weld heat 
treatment (PWHT) to homogenize the microstructure of weld 
zone [9,16]. Further, it is observed that toughness value of P91 
steel weld is very low due to formation of heterogeneous 
microstructure and formation of δ-ferrite compared to minimum 
required value to pass hydrostatic test. There are various types of 
HAZ that are formed, such as coarse grain HAZ (CGHAZ), fine 
grain HAZ (FGHAZ), intercritical HAZ (ICHAZ) in P91 steel 
weld, which have a different microstructure and precipitation 
characteristics than the base metal. The main criterion for this 
material is the creep resistance at elevated operating 
temperature. However, stability of microstructure and notch 
toughness also play an important role, particularly for welded 
joints to meet the criteria of pressure test at room temperature 
[4,17,18].  

To overcome these problems, various PWHT approaches are 
suggested by previous researchers. PWHT is essential for P91 
steel welded components as the properties of P91 steel are 
highly influenced by sudden heating and cooling during 
welding. Further, PWHT is also necessary for tempering the 
martensite formed during welding [1]. The microstructure of as 
received P91 steel has tempered martensitic structure with a 
certain carbide and corbonitride precipitation. The 
microstructure consists of M23C6  type intergranular precipitation 
( where M is for Cr, Fe, Mo and Mn, if present) and MX type 
intragranular precipitate ( where M is for V and Nb, X is for C 
and N) [13,15].   

Pandey et al. [11,14]  has carried out tempering at 760℃ and re-
austenitization at 1040℃ followed by tempering at 760℃ as 
different PWHT for P91 steel welded joint to homogenize the 
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microstructure and improve its toughness value. It was observed 
that post-weld direct tempering (PWDT) is less effective 
compared to post-weld normalizing and tempering (PWNT), as 
PWNT treatment resulted in higher Charpy impact toughness 
with minimum variation of microhardness across the weld joint. 
Similar results were found by Abd El-Rahman Abd El-Salam et 
al. [2]. Pandey et al. [8] has studied the effect of PWDT and 
PWNT on failure mechanism and creep property of the welded 
part. The results showed that PWDT treated sample shows 
Type-IV crack failure whereas fracture location was shifted 
from FGHAZ/ICHAZ to over tempered base zone in PWNT 
condition. Compared to other heat-treated specimens, PWNT 
specimens showed higher creep-rupture life for the same applied 
stress and temperature. Peng et al. [15] investigated the effect of 
tempering temperature on microstructure formation in P91 steel 
weld and found that tempering treatment should be selected 
below AC1 line (lower critical temperature) to avoid detrimental 
δ-ferrite formation which affects mechanical properties and 
degrades the creep strength and toughness value. Arivazhagan et 
al. [7] has investigated the effect of filler material composition on 
P91 steel weld microstructure after PWDT and identified that 
tempering temperature is very much affected by Mn+Ni content. 
Li et al. [9] and Selvi et al. [19]  applied a two stage normalizing 
treatment to the base material and found that a two stage 
normalization treatment refine the grain size, improve impact 
resistance and reduces the transition temperature from ductile to 
brittle (DBTT) compared to conventional PWNT. Similar results 
were observed by Karthikeyan et al. [21] wherein the researcher 
applied two-stage normalizing (1323K/water quenching + 
1223K/ air cool) and tempering (1020K/ air cool) to 9Cr-1Mo 
steel and found that two-stage normalizing treatment resulted in 
refine the prior austenite grain size to 12µm compare to 26µm of 
conventional normalizing treatment. Pandey et al. [20] has studied 
double normalizing and tempering (DNT) treatment on P91 steel 
base material and observed that DNT treatment is more effective 
compared to conventional normalizing and tempering (CNT) 
treatment. DNT (1050℃/1h/water quenching, 950℃/1h/ air 
cooling, 760℃/2h/air cooling) resulted in optimum mechanical 
properties for base material. 

In this article efforts are made to investigate the influence of 
double re-austenitization and tempering based PWHT cycle on 
microhardness and impact toughness of P91 steel welded joint. 
Further, microstructure examination carried out to analyse the 
grain size and presence of δ-ferrite. 

2. EXPERIMENTAL PROCEDURE 

Experiments were performed on P91 steel plate of size 150 × 
100 × 14 mm. The chemical composition of P91 steel is shown 

in Table 1. P91 steel plates having thickness 14mm are subjected 
to single V groove joint of 60° as shown in Fig. 1. Shielded 
metal arc welding (SMAW) process is used for welding with 
E9015-B9 grade electrodes. The chemical composition of 
E9015-B9 grade electrodes is shown in Table 2. Table 3 shows 
the process parameters considered for welding of P91 steel 
plates.  

Table 3: Process parameters for welding 
Welding current 135A 
Voltage 22V 
Travel speed 115mm/min 
Preheating 250℃ 
Interpass temperature 300-350℃ 
Post heating 300℃ 
Groove joint design Single V with 60° 

Electrode grade E9015-B9 with 3.15 diameter 
and 350mm length. 

 

 
Fig. 1 - Groove geometry of weld joint 

Double re-austenitization and subsequent tempering (1040℃ for 
1hour followed by water cooling, 960℃ for 1hour followed by 
air cooling and tempering at 760℃ for 2hour) carried out as 
PWHT as shown in Fig. 2. The transverse section of the weld 
joint is polished using the standard metallographic procedure 
and etched with Villella’s reagent (100mL ethanol, 5mL HCL 
and 1gm Picric acid) [1,7,15]. The microstructure of fusion zone 
and HAZ of as-welded and PWHT treated sample is studied 
under an optical microscope. Charpy impact test was carried out 
as per ASTM E-23 standard. The microhardness test was carried 
out at a load of 500 g with 0.5mm interval. Next section presents 
the results obtained along with its analysis.  

 

Table 1: Chemical composition of P91 steel 
Element  C Cr Mn Si Mo Ni V Fe 
Wt. % 0.08-0.12 8.56 0.39 0.2-0.5 0.90 0.25 0.153 Bal. 

 
Table 2: Chemical composition of E9015-B9 grade electrodes 

Element  C Si Mn P S Cr Mo Ni V Cu Nb N Fe 
Wt. % 0.10 0.18 0.56 0.007 0.005 9 0.97 0.5 0.18 <0.1 0.04 0.04 Bal. 



 
Fig. 1 - Double re-austenitization based PWHT cycle 

3. RESULTS AND DISCUSSION 

3.1 Microstructural analysis 
The optical microstructure of as-received P91 steel has tempered 
martensitic structure as shown in Fig. 3. Fig. 4 and 5 shows the 
microstructure of as-welded and PWHT treated sample   
respectively. As-welded sample shows a lath martensitic 
structure with higher δ-ferrite patch in fusion zone whereas the 
HAZ has wide variety of structure consisting of lath martensite, 
δ-ferrite with fine and coarse grain size. Homogeneous 
microstructure with fine grain size noticed in PWHT treated 
sample. Fusion zone of PWHT treated sample have lath 
tempered martensite structure with less amount of δ-ferrite as 
shown in Fig. 5.  

 
Fig. 3 - Optical microstructure of as-received P91 steel at 200X 

3.2 Microhardness test 
Fig. 6 shows the variation of micro-hardness profile across the 
weldment for as-welded and PWHT treated sample. 
Microhardness of as-welded sample shows greater variation 
across the weldment. Fusion zone of as-welded sample shows 
higher hardness (346 HV) which is due to formation of fresh 
martensite structure as shown in Fig. 4(a). The reason for higher 

hardness in fusion zone is also due to experiencing higher 
temperature which dissolved M23C6 and MX type precipitate that 
cause the formation of martensite with higher carbon percentage 
whereas HAZ of as welded sample shows comparatively lower  
hardness than fusion zone because of the incomplete dissolution 
of carbide precipitation. PWHT treated sample shows minimum 
hardness variation due to homogeneous microstructure 
throughout the weld. The reason for lower hardness in PWHT 
treated sample is attributed to the formation of tempered 
martensitic structure with evolution of precipitation as shown in 
Fig. 5. 

3.3 Charpy Impact test 
The Charpy impact test is carried out at room temperature 
according to ASTM E23 standard. Fig. 7 shows the toughness 
value for as-welded and PWHT treated sample. Toughness of 
as-welded sample is 9.33 J which is very low compared to 
minimum required toughness as per the European standard EN: 
1557: 1997 to pass the hydro test. The lower toughness value of 
the as-welded joint can be explained by existence of high carbon 
brittle martensitic structure and presence of δ-ferrite patch as 
shown in Fig. 4. There is drastic improvement in weld toughness 
for PWHT treated sample and it was measured 135.33 J which is 
higher than the required minimum value. The results reveal that 
improved toughness in PWHT treated weld joint is due to the 
minimum variation of microhardness as described in Fig. 6. The 
higher toughness value is attributed to the formation of 
homogenous tempered martensite structure and absence of δ-
ferrite patch in fusion zone. 

 
Fig. 6 - Microhardness variation 

 

 
Fusion zone(a) 

 
HAZ(b) 

Fig. 4 - Optical microstructure of as-welded P91 steel at 200X, (a) Fusion zone, (b) HAZ 



 
Fusion zone(a) 

 
HAZ(b) 

Fig. 5 - Optical microstructure of PWHT treated sample at 200X, (a) Fusion zone, (b) HAZ 
 

 

 
Fig. 7 - Effect on Charpy impact toughness 

4. CONCLUSIONS 

• The heterogeneity in microstructure of as-welded sample is 
main attribute to the large variation of microhardness and 
lower Charpy impact toughness value. 

• PWHT treated sample shows fine grain tempered 
martensitic microstructure with absence of δ-ferrite that 
may become desirable to obtain good creep and higher 
temperature properties. 

• Charpy impact toughness value in as-welded sample is 9.33 
J which is below the required suggested by European 
standard. 

• Double re-autenitization and tempering based PWHT cycle 
resulted in higher Charpy impact toughness value with 
minimum variation of microhardness.  

• Double re-austenitization and tempering based PWHT 
cycle gives higher toughness value with optimum 
microstructure compare to other conventional PWHT cycle 
as observed by various researcher. 
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ABSTRACT 
Nitinol, a nearly equi-atomic alloy of nickel and titanium, has found itself a wide range of applications in the biomedical field for its shape 
memory effect and bio-compatibility. Extensive studies are being performed on coatings on Nitinol to bring out high life, low wear, 
improved biocompatibility, etc. Diamond Like Carbon (DLC) coating is explored as a promising candidate. The study starts with the 
variations in recovery of shape set at temperatures of 450 °C, 515 °C and 550 °C, in Nitinol wires. Before DLC coating on Nitinol, 
preliminary study is conducted for understanding of the process and parameter optimisation of DLC coating on stainless steel substrate. In 
this study DLC coating was done through thermal chemical vapour deposition technique using camphor as the carbon precursor as an 
environment friendly option. The coating was characterized using Fourier Transform-Infrared spectroscopy and was found that the coating 
consists of functional groups corresponding to sp2 and sp3 hybridization of carbon. The coating was then carried on Nitinol and was 
characterised using Raman Spectroscopy and XRD. The shape recovery properties were observed and the angular deviations are showing 
the deterioration of shape memory effect due to coating process that alters the material property. 

Keywords: Nitinol, Diamond Like Carbon, Shape memory effect, Camphor  

 

1. INTRODUCTION 

The life expectancy of people in recent decades has risen with an 
increase in the average life of people. Thanks to the medical 
advancements and researches that brought out such huge 
improvements in human life. With the increased rise in the 
average age of a human, comes along another problem of 
deterioration of human systems such as load -bearing joints of 
hips, shoulders, etc. This brings the need for medically 
applicable materials with certain properties to imitate the actual 
present systems in our bodies. One such widely used material, 
Nitinol, is taken as the subject of experiment with a focus on 
surface modification. Nitinol – an alloy of Nickel and Titanium 
of 55 % Ni and 45 % Ti (can vary up to equal proportion) by 
weight percentage. It is widely used in many applications in 
industry like usage in consumer appliances, automotive 
components, aerospace applications and medical field. They are 
preferred by designers because of their increased flexibility 
compared to conventional materials. The properties of Nitinol 
that makes it suitable for biomedical applications are Shape 
Memory Effect (SME), super elasticity, biocompatibility, fatigue 
and kink resistance (which is the resistance of the material to 
twisting and also curling when it is bent) but even though 
Nitinol is biocompatible the Nickel leaching in the human body 
after installation is also an concern [1]. Apart from that implants 
that are made of metals had the disadvantages of corrosion, wear 
and stress shielding effects due to difference in modulus with 
bones. This made their application limited even though they 

have attractive features like capacity to bear loads and provide 
structural support more effectively than polymers and ceramics.  
In recent days the above said problems have been rectified and 
the metal implants usage has been improved by various 
mechanical, chemical and thermal treatments. One such surface 
treatment is Diamond Like Carbon (DLC) coating. DLC is the 
amorphous carbon coatings with varied ranges of sp2 and sp3 
bond ratios [2] and levels of hydrogen. It may also have other 
elements added to it to improve the properties as dopants such as 
nitrogen, sulphur, fluorine, silver, titanium, etc. Sp2 bond is 
characteristic bond of graphite and sp3 is of diamond, these 
coatings are the mixer of both the forms of carbon. The various 
types of deposition techniques available for thin film coating [3] 

are classified based on the state of processing. The gaseous or 
vapor state process includes the Chemical Vapor Deposition 
(CVD) technique which is of interest in this work. In CVD the 
atoms react with the substrate. The reaction taking place 
depends mainly on the precursor (reactants gas) and the 
byproducts. This paper focuses on the Coating process of Nitinol 
using Thermal CVD Technique in which the energy supplied via 
heat is used for the chemical reactions to take place in sequence 
of pyrolysis of the reactant gases and deposition of the reactive 
species on the substrate. The impact of the coating process on 
the shape memory effect is studied.  
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2. MATERIALS USED 

Nitinol wire – annealed black wire, of diameter 0.5 mm used for 
this study was obtained from  www.confluentmedical.com 
(NDC earlier).. The composition as certified by the supplier is 
shown in Table 1. 
 
Table 1: Composition of Nitinol alloy used 
 
COMPOSITION 

(Meets ASTM 
F2063 

requirements) 

Nickel 
(nom) Titanium Oxygen Carbon 

 
54.5 
wt.% Balance ≤ 0.05 

wt.% 
≤ 0.02 
wt.% 

 
The austenite finish temperature of the wire used is 50-80 °C. 
The precursor used as carbon source in this study is crystalline 
Camphor (C10H16O) with molecular weight of 152.24 and 
melting point of 174-179 °C. To perform initial trials on DLC 
coating, ferritic stainless-steel was used as substrate. 
 
3. EXPERIMENTAL METHODS 

In order to study the Shape Memory Effect, the wire has to be 
set to a definite shape. The wire specimen is set in the desired 
shape with the help of the shape setting die made. In the die 
shown in Figure 1, a cavity is made such that the wire is placed 
U-Shaped with 20 mm length along the vertical legs and 10 mm 
along the horizontal leg. The wire is then locked in the position 
by fasteners. Trials were performed for different shape setting 
temperatures [4] with soaking time of 20 minutes in a muffle 
furnace and water quenching immediately to prevent aging. The 
wire after straightening out, it is heated to austenite temperature 
for return to set U shape. Based on the angular deviation 
observed during the transformation, the optimum temperature is 
determined. 
 

 
Figure 1. Die for shape setting of Nitinol wire 

 
The Thermal CVD unit consists of three chambers with 
individual heating coils. DLC coating was done by keeping the 
substrate in Zone 1 and the Camphor in Zone 3 in order to have 
uniform deposition of the coating. Camphor of 10 g was used 

and the Zone 1 was maintained at 900 °C and Zone 3 was 
maintained at 200 °C [5] for pyrolytic dissociation. The chamber 
was evacuated to 1×10-2 Torr before start of coating process to 
prevent contamination of the DLC film. Deposition was done for 
30 minutes. Argon gas was used as carrier gas and at 100 sccm 
flow. The trials were performed on ferritic stainless-steel 
substrate which is polished with 320, 400, 600, 800 and 1000 
grits abrasive sheets sequentially and followed by diamond 
polishing. The surface is cleaned with acetone prior to the 
process. Then with the parameters obtained from trials on 
stainless steel coating is carried on Nitinol wire. The coating 
characterization test was then performed on Nitinol wire and 
DLC was confirmed using Fourier Transform-Infrared 
spectroscopy (FTIR), Confocal Raman Spectroscopy and X-ray 
diffraction (XRD) with Thin film technique was used. FTIR 
spectrum of the specimen has been recorded in the region of 
400-4000 cm-1. The wire was then put to Shape Memory Effect 
test under thermal loading and variations in recovery are 
observed through angular variation in recovery measured similar 
to shape setting angle recovery. 

4. RESULTS AND DISCUSSION 

4.1 Shape Setting 

Figure 2 shows the variation in recovery of shape set at different 
shape setting temperatures [6] and the angular variation is listed 
in the Table 2. 

   
(a) (b) (c) 

Figure 2.Shape recovery of Nitinol set at different temperatures 

(a) 450 °C (b) 515 °C (c) 550 °C 

It is observed that the optimum shape setting temperature is 515 
°C with soaking time of 20 minutes for which the angular 
variation is minimum. The higher thermal energy available at 
higher temperature dissolves the Ni in the alloy preventing the 
formation of Ti3Ni4 and other precipitates of Ni-Ti which retains 
the constrained shape and at lower temperature, the lower 
thermal energy prevents the diffusion of Ni for the formation of 
the precipitate [6] and hence the deviations in the shape occur. 
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Table 2: Angular deviations in recovery of shape set at different 
temperature 

Temperature 
(°C) 

Soaking 
time 
(min) 

Left 
angle (°) 

Right 
angle (°) 

Deviation from 90° 
450 20 6.36 5.84 
515 20 0 2.04 
550 20 0 5.05 

4.2 FTIR analysis  

The spectrum of DLC coated stainless steel substrate is shown in 
Figure 3. The vibrational bands at 1062 cm-1, 1247 cm-1, 2980 
cm-1 [7][8] and characteristic C - C bond assignments at 1401 
cm-1 [9] show the presence of DLC. 

 

Figure 3. FTIR spectrum of DLC coated stainless steel specimen 

The bands in the spectrum in the ranges of 800 - 1000 cm-1  is 
due to C-H stretching and in the range 3500 - 3700 cm-1 is due 
to O-H stretching. Also, the comparative analysis of the 
observed spectrum with the FTIR spectrum of Camphor, 
revealed the presence of DLC with characteristic band. 
 
4.3 Raman Spectroscopy  
 
The Raman spectra of the DLC coated wire is shown in Figure 
4. 

 
Figure 4. Raman spectrum of DLC coated wire 

The D band at 1348 cm-1 and G band at 1585 cm-1 indicates the 
presence of sp, sp2 and sp3 bonding and graphitic phase [10][11] 
respectively. The D band is broad compared to the G band 
indicating the sp2 network is formed along with sp3 network. 
This confirms the presence of DLC coating on the wire. 
 
4.4 XRD Analysis 

The XRD plot shown in Figure 5 of the uncoated and the DLC 
coated Nitinol wire.  The DLC coated wire includes peaks 
corresponding to (111) and (1012) relevant to cubic diamond  
[12][13]. But the peaks are not prominent indicating the 
amorphous nature of the DLC coating that corroborates the 
Raman results that the coating consists mix of sp2 and sp3 

hybridization of carbon. 

 

Figure 5. XRD pattern of Bare Nitinol and DLC coated Nitinol wire 

4.5 Shape recovery test 

In order to understand the shape recovery property of Nitinol 
wire coated with DLC the thermal recovery test was carried out.  
Figure 6 shows typical recovery test result with measurement in 
angle at two locations. 

  
(a) (b)  

Figure 6.    Shape recovery of (a) Uncoated wire and (b) Coated wire 



Table 3: Angular deviation observed in Uncoated wire 

Cycle Left Right 
 angle (°) angle (°)  

Deviation observed 

I 90.67 90.33 

II 92.05 90.67 

III 92.34 91.26 

IV 93.71 91.38 

Table 4:Angular deviation observed in DLC Coated wire 

Cycle Left Right 
 angle (°) angle (°)  

Deviation observed 

I 110.65 100.65 

II 92.05 106.46 

III 92.34 118.66 

IV 93.71 128.30 

It can be observed from the Table 3 and 4 that the angular 
recovery reduces over cycles of Shape recovery in the DLC 
coated wire. This shows that the coating process has significant 
impact in the deterioration of the shape memory property of 
Nitinol, taken for this study. 
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ABSTRACT 
Overlay techniques with the aid of welding processes such as plasma transferred arc welding, laser welding, metal inert gas welding, etc., are 
widely used to enhance the surface properties against wear and corrosion. Surface properties depend upon the microstructure of weld pool 
which is the result of metallurgical changes during welding. The microstructure developed in weldpool changes remarkably from the edge to 
the centerline of the weld. Phase transformation and microstructure development during solidification greatly impact on mechanical behavior 
of material. Methods for promoting nucleation such as weldpool stirring and arc oscillation have been used by previous researchers to refine 
the weld metal solidification structure. Most of microstructural features can be understood by knowing theories of nucleation and grain 
growth. Segregated elements in weld metals may leads to the formation of precipitates and finer dendritic microstructure. Segregation of 
particles in weld pool boundary affect the microstructure of weld pool like beneath weld pool is fine grained band whereas in central zone it 
is coarse columnar grains. Grain boundaries restricts dislocations in material which in results reduces grain size and increases the strength 
the of material. Microstructural studies reveal that graphite nodule acts as a crack nucleator in erosion environment as well as interrupt the 
continuity of hard layer. As intermetallic compounds layer increases, fracture increases which results in decreasing the strength of weldments. 
In this review article, effect of metallurgical changes such as phase transformation, segregation, microconstituent, dendritic growth, formation 
of IMC on weld pool are reviewed. 
Keywords: Surface Engineering, Overlay, Segregation, Microstructure, Intermetallic Compounds, Phase Transformation 
____________________________________________________________________________________
1. Introduction 
Cladding is a technique used to modify the surface of metals by 
using the alloys (powder) deposited by various welding processes 
like plasma transferred arc welding (PTAW) [1-8], laser welding 
(LW) [9-11], friction stir welding (FSW) [12-14], tungsten inert gas 
welding (TIG) [15,16], metal inert gas welding (MIG) [17], etc. 
Cladding is a technique where one layer is deposited over base 
material to enhance the surface properties like wear resistance, 
corrosion and erosion, etc. Cladding is also used to enhance the 
life of material and also used to repair worn out equipments. 
PTAW process is widely used by industries due to its ease of 
operation with minimum human interference as it is a fully 
automated technique which gives thicker coating. PTAW 
cladding is an effective method to achieve some specific surface 
properties such as corrosion resistance [18,19], wear resistance, 
better impact property, etc. [20]. Benefit of using PTAW over 
thermal sprayed coatings is its lower production cost as well as 
higher productivity. Overlays obtained by PTAW are thicker than 
laser welding process and also the metallurgical bonding between 
coating material and substrate is strong in case of PTAW with 
improved wear resistance property of coating [21]. PTAW 
deposition process gives lower dilution with high quality, good 
wear resistance and high stability of properties at high 
temperature [22]. Several metallurgical changes like grain growth, 
grain refinement, grain orientation, recrystallization, phase 
transformation, precipitation reactions, intermetallic compound 
(IMC) formation, etc. occurred in weld overlay deposited by 
PTAW process. Weld microstructure is influenced by many 
metallurgical processes like temperature and heating/cooling rate, 
so welding thermal cycle is a key in the evolution of 
microstructure as well as weldability of the material which is 
shown in Fig. 1 [23]. Controlling microstructure of weld overlay is 
the important phenomenon which can be done by many 
metallurgical processes. Development of microstructure in fusion 
zone (FZ) is highly depend upon the solidification behavior of 
weld pool. Size and shape of the grains, distribution of inclusions, 
porosity and segregation are the main principles of solidification. 
Temperature gradient (G), growth rate (R), undercooling (ΔT) 

and alloy composition are important parameters in determining 
the development of microstructure [2]. Study of metallurgical 
changes in weld overlay is important so as to improvise the 
microstructural and mechanical properties of weld overlay 
surface. 

               

Fig. 1 Block diagram for weld microstructure evolution and 
performance (Lippold, 2015) 

2. Overview of different metallurgical changes associated 
with cladding process 
Many engineering components used in industries failed due to 
wear, which is result of erosive, abrasive and chemical 
environment. Pump casings, pipes carrying ores, pump impellers, 
slurry pumps, pipe elbows, bucket teeth of excavator, etc. [24-26] 
used in industries are liable to losses because of abrasion wear. 
Cladding is also used to repair the worn out surfaces and helps in 
increasing the components life used in various applications.  
Very less attention is given to the metallurgical study of this 
material combination. Solidification of weld pool is important 
process to achieve the acceptable surface properties during 
hardfacing [27]. Phase transformation, precipitation reactions, 
recrystallization, grain growth, IMC formation, etc. are some 
important metallurgical processes occurred in weld pool at the 
time of solidification [23]. Characterization of these processes can 
be corelated with microstructural changes during solidification of 
weld pool [28]. Complex stress patterns can be seen in and around 
the weld pool due to the contraction at the time of cooling and 
thermal expansion at the time of heating [29]. Materials used at 
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higher temperature applications must possess mechanical and 
metallurgical stability to avoid failure of material under working 
conditions. Segregation of elements in weld pool is important 
process during welding to have a required strength [30]. Different 
elements percent in powder which is used in overlay technique 
shows different characteristics in weld pool and segregation of 
those elements shows significant change in weld pool [31]. Grain 
refining technique is used to create finer grains which results in 
improved ductility, toughness and strength as well as increase 
resistance to cracking at the time of solidification [32]. Many 
techniques have been employed to study grain refining in welding 
such as, inoculation [33,34], arc pulsation [35,36], ultrasonic weld-
pool vibration [37-39], electromagnetic weld-pool stirring [40] and 
ultrasonic stirring [41]. The present review is an attempt in the 
direction to bring the cumulative database on the metallurgical 
changes observed in weld pool during welding and during 
solidification of weld pool.  
2.1 Review of literatures on segregation 
Segregation is the enrichment of atoms, ions or molecules at a 
microscopic region in a materials system [30,42]. Segregation is 
frequently used to describe the partitioning of molecular 
constituents to defects from solid solutions. Segregation affects 
the temperature range over which the alloys freeze. Segregation 
changes final microstructure of the weld pool [31,43]. For instance, 
in a carbon manganese and silicon alloy of iron, C or Mn or Si are 
solute elements whereas iron is solvent element. Micro-
segregation which may also be called intergranular or dendritic 
segregation results as solute excluded between the growing 
crystals where it accumulates and because of insufficient time for 
the accumulation of solute to mix or diffuse into the main body 
of the remaining liquid [32]. 
2.1.1 Significance of segregation  
Effect of macrosegregation can be seen where there is a liquidus 
temperature difference in 2 materials, this temperature difference 
shows that any of one material may solidify before it mixes fully 
into other [32,44]. Result of this is distinctive solidification patterns 
can be seen, which may vary due to difference in melting point 
and if substrate or clad solidifies first. Though materials are 
perfectly mixed in some cases, some material composition shows 
increased sensitivity to cracking at the time of deposition [45]. 
Dupont [46] did the alloy Inconel 625 cladding on 2¼ Cr-1Mo steel 
and investigated that solidification of weld metal happened due to 
micro-segregation of elements like Ni, Mo, Cr, Ni. Fe and Nb. Shi 
et al. [47] studied the segregation of elements in weld metal caused 
due to nonequilibrium solidification in weld pool and found 
strong segregation of Ti, Si and N in interdendritic region and 
they observed Fe was found in dendritic core region as well as Cr, 
Ni and C was not segregated noticeably during solidification. 
Derakhshi et al. [48] observed the segregated elements in weld 
metals which leads to the formation of precipitates in the 
interdendritic regions and also observed that as weld speed 
increases, improvement in the pitting corrosion behaviour occurs 
which leads to the formation of finer dendritic microstructure. 
Similarly, macrosegregation results in formation of cracking due 
to melting temperature differences between substrate and clad 
whereas addition of vanadium restricts the austenite grain growth 
at the time of austenitising [49]. Sun and Kuo [50] observed reduced 
segregation and grain growth in fusion zone due to low energy 
input with faster cooling rate in laser welding. A micro-
segregation of Al and Ti observed in the equiaxed grains, leading 

to the precipitation in the weld zone [51]. The segregation in an 
alloy system depends upon the segregation coefficient K. 

K =
Solute concentration in solid
Solute concentration in liquid

                         (1) 

       K =
CS
CL

                                                                                    

Factors responsible for strong segregation are gentle liquidus 
slope, long freezing range and low solid solubility. The degree 
and pattern of segregation depend upon freezing rate, the mode of 
development of motion of crystals, grain structure and residual 
liquid under various forces. High austenitic alloys like Inconel 
625 and 718 which contain Mo, Nb and Ti and partitioning of 
these elements was promoted to solidify lastly in interdendritic 
region during non-equilibrium solidification in weld region [52]. 
As on increasing the frequency a significant reduction in 
intergranular segregation of Si-rich particles was observed by Lei 
et al. [53]. Micro-segregation of elements like molybdenum and 
niobium during welding with Inconel 625 alloy causing the 
supersaturation of liquid metal during solidification within 
interdendritic region results in precipitation of MC primary 
carbides type NbC and Nb-rich Laves phase [54,55]. Laves phases 
precipitations formed due to micro-segregation of niobium during 
non-equilibrium solidification [56]. Microstructural heterogeneity 
was observed due to solidification segregation, growth of γ″ 
phase and heterogeneous nucleation are the results of presence of 
niobium along grain boundary [57]. Segregation of solute element 
affects the temperature range of solidification and the amount of 
the low melting eutectic phase [58,59]. In laser welding of austenitic 
stainless steel (ASS), it is found that as on changing the welding 
speed results in micro-segregation of alloying elements and due 
to this microstructure also changes [11]. In non-equilibrium 
solidification eutectic products can be seen along the grain 
boundaries of fuzion zone, heat affected zone (HAZ) and fine 
equiaxed zone due to solute segregation [55]. Temperature of weld 
pool is highest during cladding resulting in accumulation of Ni 
element. Heat from top surface of weld pool transfers so quickly 
and thus blocking the diffusion of Mo, Cr, W, Fe elements and 
form intercrystalline segregation [60,61]. Segregation of elements 
like magnesium, copper and IMCs, formation and growth coarse 
precipitates as well as uniform redistribution of precipitating 
elements takes place due to the heating action of laser [42]. Al3(Sc, 
Zr) particles segregated in weld pool boundary affect the 
microstructure of weld pool like beneath weld pool is fine grained 
band whereas in central zone it is coarse columnar grains [62].  
2.1.2 Correlation of segregation with mechanical properties 
During welding mechanical properties of the alloy can change 
due to the segregation of the secondary phases as well as decrease 
the corrosion resistance property [6]. Mechanical properties of 
weld during welding degraded because of hardening effect which 
shows the significant change in segregation of alloying elements 
[42]. In fine equiaxed zone, poor intergranular mechanical 
properties are the result of segregation of solute elements and 
presence of liquid film at grain boundaries is responsible [39,63]. 
Scheil-Gulliver equation is used by Kostrivas and Lippold [64] to 
made a try to explain difference in hardness between fine 
equiaxed zone and weld center. The Scheil-Gulliver model was 
functional in a widespread range of cooling rates and is valid in 
assessing elemental segregation at the grain boundaries of both 
equiaxed non-dendrites and dendrites [64]. Elemental segregation 
may get affected by the non-dendritic equiaxed grains and 
intergranular flow pattern within fine equiaxed zone whereas 
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element segregation and network of eutectic structure along the 
grain boundaries determine the mechanical behaviour like 
microhardness of weld pool [63]. Lin et al. [65] investigated the 
reason of formation of cracks and found that this happens because 
of the segregation and dendritic arm spacing at the grain boundary 
during solidification of molten austenite stainless steel (ASS) 
which produce a film having low freezing point and low strength.  
2.1.3 Controlling mechanism 
Rapid solidification restricts the uniform mixing of base metal 
with filler metal in weld pool. To make the welding process more 
stable, novel techniques are used to reduce the macrosegregation 
of weld pool. One of the novel methods to avoid the macro-
segregation is to apply additional energy to stir weld pool to have 
uniform distribution of alloying elements during laser beam 
welding. Ductility of weldment can improve by the segregation 
of oxygen on grain boundaries [66]. Pulsed current welding is 
useful in controlling segregation as well as substructure and grain 
refinement in fusion zone [67]. Nb-rich laves phase with low 
melting point is responsible for increase in solidification range 
temperature thus making alloy susceptible to solidification 
cracking [58]. To avoid solidification cracking, proper selection of 
welding condition helps in minimizing the formation of Nb-rich 
Laves phases hence can reduce solidification cracking [68]. Weld 
pool fluid disturbance is helpful to homogenize the alloying 
composition as well as to reduce solute segregation [63].  Electron 
beam scanning is used at the time of welding to find right 
condition for electron beam to stir the solute atoms which are 
segregated in liquid-solid interface and henceforth to it will 
improve the mechanical performance of weldments produced by 
segregation [60]. 
2.2 Review of literatures on microstructural study 
Microstructure of weld pool have strong influence on the physical 
properties like ductility, wear resistance, toughness, strength, 
hardness, high/low temperature behaviour etc. thus it is always 
necessary to study the microstructure of weld sample. 
Microstructure consisted of a phase or mixture of phases 
presented in an alloy has distinct appearance and are usually 
described as microstructure in terms of microconstituents instead 
of the actual phase [39]. It is a combination of phases or particular 
phase which are recognizable with microscope. Phases are the 
building blocks whereas microconstituents are the resulting 
structures [69]. For example, proeutectoid ferrite is one of the 
examples of microconstituent made up of one phase ferrite. It will 
be identified by photomicrograph in the specimen. Pearlite is 
another example of microconstituent made of 2 phases, i.e. ferrite 
and cementite. 
2.2.1 Significance of microstructural study 
Microstructure shows a detailed and micro change that takes 
place in weld pool during welding. With the help of 
microstructure studies, it is easy to understand the metallurgical 
changes like elemental distribution [69], phase transformation [39], 
grain growth, [66] etc. Nucleation of cleavage cracks and 
debonding of the austenite-martensite constituent from matrix 
happen due to elemental distribution in the interfacial region (C, 
Mn, Cr, Mo). After welding process, it is observed that there is no 
enrichment of Nb within the austenite-martensite constituent in 
interfacial region. Hence, it is found that there is deterioration of 
toughness in the coarse grained HAZ [70]. Reason behind the 
growth and coarsening of transformed austenite is, more time is 
available due to lower scanning speeds which results in lower 
cooling rate. Solidification conditions such as solidification rate 

V and temperature gradient G directly affects the solidification 
structure whereas cooling rate is function of V and G [66].  
2.3 Overview of IMC and precipitation formation study 
Complete solid solubility is not seen in most of the alloy system. 
Apart from the primary solid solution a second phase also appears 
when the amount of solute element is more than that of the solid 
solubility limit. Second phase formed is also an intermediate 
phase. Intermediate phase with crystal structure is differ from the 
both of the pure metals or primary components. Few of these 
intermediate phases having fixed composition called as IMCs. 
Compounds containing two or more metals are IMCs, which 
produce new phase having its own composition, properties and 
crystal structure. Precipitates are often used as a strengthening 
mechanism and are secondary phases of microstructure. 
Precipitates eventually increase strength of metals or hardness by 
means of preventing the movement of dislocations in crystals 
lattice structure. The hardness and strength of metal alloys may 
be improved in precipitation hardening by the formation of very 
small and uniformly spread particles in second phase within the 
original phase matrix. In friction stir welding, fractures were 
observed as the thickness of IMC layer increases, results in 
weakening of tensile strength of welded joint [71]. IMC layer of 
about 8μm is necessary to improve the weld strength and layer is 
obtained when tool penetration depth is enough. Due to tool 
penetration, steel flows upward into the Al sheet. IMC formed at 
the aluminum steel interface become longer because of increase 
in penetration. This is the reason behind the formation of IMC at 
Aluminum interface (Al/IF) is favoured [72].  
3. Concluding remarks  
Welding metallurgy is such a huge area of research where one can 
study in depth regarding welding and its metallurgy. In this 
review paper, the metallurgical change in weld pool is studied 
along with its significance. Different metallurgical aspects of 
weld pool such as weld pool segregation, grain structure, 
microstructure evolution, IMC and precipitate are explained in 
detail. Different zones obtained in cladding such as HAZ, 
partially melted zone (PMZ), FZ, etc. which shows distinct 
microstructural properties under certain conditions and have its 
own impact on mechanical and metallurgical properties of 
materials. Segregation changes final microstructure of the weld 
pool and have significant effect on mechanical and metallurgical 
properties of material. Segregated elements in weld metals may 
leads to the formation of precipitates and finer dendritic 
microstructure. Segregation of particles in weld pool boundary 
affect the microstructure of weld pool like beneath weld pool is 
fine grained band whereas in central zone it is coarse columnar 
grains. Different techniques are used to segregate elements and 
create finer grains in weldpool to achieve required properties such 
as improved ductility, toughness and strength as well as increase 
resistance to cracking at the time of solidification. Grain 
boundaries restricts dislocations in material which in results 
reduces grain size and increases the strength the of material.  
Microstructural studies reveal that graphite nodule acts as a crack 
nucleator in erosion environment as well as interrupt the 
continuity of hard layer. Decrease in grain size and increase of 
low angle grain boundaries in welding zone leads to the 
improvement of strength and hardness.  
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ABSTRACT 

In this research work, Electrochemical Micromachining (ECMM) of Mo material using the cathode ‘Pencil Graphite Electrode’ (PGE) 
is performed under the stimulus of the electrolyte NaNO3. The porous PGE of 0.5mm diameter is used as a cathode and in the course of 
machining, it is observed that the sludges deposit on the surface of the cathode which resulted in poor dimensional accuracy of the 
produced µ-hole due to generation of micro sparks. It was decided to eliminate/reduce the deposition of sludge particles by shrinking 
the porosity volume and the porosity diameter of the PGE cathode adopting superficial cryogenic treatment of the cathode. The effect of 
cryogenic treated PGE (CPGE) is compared with the effect of raw non-treated PGE tool (NPGE). Post-machining analysis of the anode 
using the cathode resulted in enhancing the overall quality of µ-hole and negligible sludge deposition, which is assessed on the basis of 
the most predominant output response ‘average surface roughness’ obtained for NPGE  (Ra-NT) and CPGE (Ra-CT) with respect to the 
predominant input process parameters namely, Voltage (S1), Electrolytic concentration (S2) and the Duty cycle (S3). Response surface 
modeling based on Box-Behnken (BB) DoE was used to obtain the corresponding responses for the process factors. ANOVA was used 
to study the significant process factors. The outcome of the optimization based on the desirability algorithm gave optimized parameters, 
owing to better geometrical dimension of the Mo workpiece machined using the CPGE by eliminating the effect of micro sparks.  

Keywords: electrochemical micromachining, micro sparks, cryogenics, cathode, overcut 
 
1. Introduction 

Micromachining technology has boomed up in the chamber of 
fabricating scale down products or components, tools for 
MEMS application. ElectroChemical MicroMachining 
(ECMM) process is one among the micro manufacturing 
technologies that researchers adore to explore because of its 
benefits like producing stress free components with high 
forming accuracy irrespective of the mechanical properties of 
the material with good surface quality with respect to its finish, 
ease to machine intricate structures in metallic, ceramic and 
even the super conductors irrespective of their hardness, heat-
resistivity, and high strength. Most of the aerospace industries 
considers the potential use of  the electrochemical machining 
process and its wide use in processing the materials that are 
utilised in extreme states of temperature, corrosion, friction etc. 
and the trend is increasing as it ages [1-3]. 

Electrochemical micromachining is the process of removing 
materials via anodic dissolution that follows the faradays law 
of electrolysis. Micro spark is an negative effect that causes 
surface irregularities with poor geometrical accuracy and 
surface roughness on the anode material. In general, with 
respect to the electrochemical micromachining, the deposition 
of electrolytic products on the cathode surface depends on the 
tool feed rate, the electrolyte flow, and the Inter Electrode Gap 
(IEG). To avoid or reduce the sludge deposition, researchers 
use acidic or composite electrolytes by mixing two different 
electrolytes with a nominal flow that further enhances the 
machining process [4,5] but the acidic electrolyte harms the 
nature. A novel way is used here for the first time to reduce 
sludge deposition on cathodic material that is environmentally 
safe. This research paper attempts to make use of eco-cathode 
material,  and envirosafe methods to machine the anode 
material Molybdenum (Mo). The material Mo is a high wear 
resistance material that can withstand extreme temperature and 
hence used as a choice of material in the field of micro thruster 
satellities [6]. 

2. Experimental Materials and Methods 

The ECM machine ‘TTECM-10’ is procured from synergy 
nanosystems,India. In the present research work, Mo is chosen 
as the anode material which has elastic modulus of 326 GPa, 
poisson ratio of 0.3, Vickers hardness of 1530 MPa  and co-
effiecient of thermal expansion of 4.9e-6  K-1 as shown in Table 
1. 

Table 1: Properties for Molybednum 
Property Molybednum 

Elastic modulus (GPa) 326 
Possion ratio 0.3 
Vickers Hardness (MPa) 1530 
CTE (K-1) 4.9e-6 
Electrical conductivity (S/m) 2×107 
Melting Temp (°C) 2620 

 
An innovative material ‘micro pencil rods is used as the 
cathode material. The pencil rods a.k.a pencil graphite 
electrode has 72% of C as a major elements and other 
elements is depicted in Fig. 1. a). The basic electrolyte NaNO3 

which easily eco-friendly [7]. During machining it was observed 
that sludge particles accumulate on the surface of the cathode 
that results in poor geometrical accuracy with high micro 
sparks and stray effect.To reduce the sludge an novel attempt 
has been made to treat PGE with superficial cryogenic 
treatment by soaking for 12 hours at 72K and then bringing 
back to room temperature for which the element composition is  
shown in Fig. 1. b). The predominat machining factors are 
chosen like the voltage, electrolyte concentration, duty cycle by 
varying them at  3 different levels as mentioned in Table 1 
which is chosen based on the trial runs. The DOE based on 
response surface methodology is used adpting Box Bhenken 
method having 17 experimental runs the data is depicted in 



Table 2 and Fig. 2 corresponding to the output response avg. 
surface roughness (Ra) obtained. 

            
Fig. 1- X Elemental composition of a)NPGE and b)CPGE 

 
Table 1: Process parametric levels used to machine Mo 

Parameter Levels 
Voltage (V) 6 9 12 
Eelectrolyte 

concentration  (gl-1) 
15 20 25 

Dc (%) 30 35 40 
 

From the ANOVA satistics, the parameter voltage and duty 
cycle ratio was found to be the most influencing factor for the 
output reponse surface roughness. 
 

Table 2: Experimental data for Ra of the microhole 
Runs  V Ec 

(g/l ) 
Dc 
(%) 

Ra-NT Ra-CT 

µm 

1 9 20 35 1.56899 0.5013 
2 12 25 35 2.18505 0.6432 
3 9 15 40 1.2008 0.4648 
4 9 20 35 1.5006 0.4729 
5 9 15 30 1.82623 0.658 
6 9 20 35 1.52605 0.5148 
7 6 20 30 0.47864 0.4032 
8 6 20 40 0.51012 0.358 
9 12 20 30 1.3293 0.69013 

10 12 20 40 2.53265 0.6297 
11 9 20 35 1.32169 0.2793 
12 9 20 35 1.38723 0.35848 
13 12 15 35 0.76044 0.4148 
14 6 25 35 0.39823 0.2625 
15 9 25 40 1.37137 0.3297 
16 9 25 30 0.64813 0.5593 
17 6 15 35 0.35487 0.3297 

    
Fig. 2- Line plot for experimental runs Vs Ra 

 
The parameters were optimized using desirability function and 
given in Table 3 with desirability value of 0.899.  

 
Table 3:  Optimization for NPGE and CPGE 

 
Results and Disscusion 

The sem image of  the unused cathode PGEs namely the NPGE 
and CPGE is depicted in Fig. 3. It is observed that the surface 
of the PGE has visible pores as highlighted color red. 
 

  
Fig. 3- SEM image of pores present in NPGE and CPGE under 

×3.00k magnification 
 
Also, from literature studies it is inferred that effect cryogenics 
tend to shrink the pore dia of the a porous material.[8,9] The BJH 
model obtained from Brunauer-Emmett-Teller (BET) analysis 
which is aimed to explain the physical adsorption to quantify 
the pore diameter of the PGEs which is depicted in Fig. 4. The 
pore diameter is reduced by 9.38% after the effect of superficial 
cryogenic treatment of the cathode PGE. From the analysis it is 
understood that cryogenics shrinks the pore diameter of the 
cathode CPGE wich inturn reduces sludge deposition during 
machining. 
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Fig. 4- Pore radius distribution in PGEs for NPGE adnd CPGE 

 
During anodic dissolution the porous nature of the non-treated 
PGE tend to invite the sludge particles to accumulate on the 
cathodic surface. This aacumulation results bridging the gap 
between the electrodes by decreasing the IEG resulting in micro 
sparks. The  average roughness obtained post machining on the 
cathode surface of  NPGE (Ra = 0.324) and CPGE (Ra = 0.264) 
is depicted in Fig. 5.  

       

Fig. 5- Sludge desposition and its associated Ra a)NPGE and b) 
CPGE 

It is observed from fig. 2., that the roughness is drastically 
reduced when machining the workpiece with the cathode 
CPGE. This is due to the alleviation of sludge particles at the 
IEG zone. Higher surface roughness value of 2.53265 µm is 
observed for the voltage is 12V, electrolyte concentration of 20 
gl-1 and for 40% duty cycle ratio. The results from 
conformational run for the prescribed optimal parameter was 
found to be satisfactory for the cathode CPGE. The SEM image 
of the micro hole created on the anode material Mo using the 
cathode NPGE under the optimal machining parameter was 
completely prone to micro spark effects owing to irregular 
geometric dimension as shown in Fig. 6. and it can be visually 
said that the surface roughness will be higher. 
 

 

Fig. 6- SEM image of microhole produced using the cathode NPGE at 
6V, Ec of 15 gl-1,and 40% Dc 

When compared with the SEM image of the micro hole 
obtained using the cathode CPGE under the optimal machining 

parameter the geometrical irregularities was found to be 
reduced was with no visible micro spark effects as shown in 
Fig.7. and it can be visually said that the surface roughness is 
lesser. 

  

Fig.7 -SEM image of microhole produced using the cathode CPGE 
and the microstructure near the profile. 

The Ra data is obtained after dissecting the specimen with holes 
into halves using the W-EDM and then analyzed using the 
noncontact surface analyzer as shown in Fig. 8.  

 

Fig. 8- Ra measurement using noncontact surface roughness tester 
 

The surface roughness obtained after the cut section is depicted 
in Fig. 9. machined with both cathodes the NPGE and the 
CPGE.  

 

Ra= 0.681 Ra = 0.237 

 
Fig. 9- Surface roughness profile of microholes obtained in optimal 

conditions 
 

It is observed that the hole obtained is free from micro sparks 
but has some burrs which might be due to the stray current 
effect which can be eliminated adopting a insulation on the 
peripheral surface of the side wall. There is no effect on the 
micro structure on the near wall surface of the produced micro 
hole. 

Ra = 0.324 Ra = 0.264 

Free from the effect 
of micro sparks but 

has some burrs 
which might be due 
to the stray current 

effect. 



CONCLUSION 

An attempt has been made to create micro hole on the material 
Mo using an innovative cathode pencil graphite electrodes 
under the influence of NaNO3. From this research work it is 
concluded that, 

1. The micro sparks that occur during machining 
operation triggering uncontrolled MRR, results in 
poor workpiece shape and low accuracy when 
machined with NPGE and the same has been 
eliminated when machined with cryo-treated PGE 
that resulted in precise and accurate size and shape 
of the micro-hole produced.  

2. This research paper outlines that the use of 
cryogenics to treat the PGE has reduced the porosity 
on its surface which inturn reduces sludge formation 
resulting in enhanced micro hole shape with no 
effect of micro sparks. 

3. The desirability function based optimization resulted 
in decresed average surface roughness Ra by 60%. 
This confirms that the effect of micro sparks has 
been reduced 

4. The surface roughness when using the cryo-treated 
PGE is decreased by 65% when compared with 
microholes produced using NPGE. 
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ABSTRACT 
This paper presents the design and manufacturing of 3D printed scaffolds for lung tumour application. The 
Computed Tomography (CT) scan of the lung was used as the volumetric imaging data of the tumour. The 
volumetric imaging data acquired is converted to compatible 3D printable Standard tessellation (STL) 
format. The prototyping of tumour involves creation of two models. One is solid tumour and the one is 
scaffold structure. Then it was 3D printed in Polylactic acid (PLA) and Acrylonitrile butadiene styrene 
(ABS) by using Fused Deposition Modelling (FDM). The non-contact roughness test has been carried out 
to ensure the surface texture of the prototype. The tumour which was printed in ABS showed better surface 
finish than in PLA. The aforementioned process was carried out for creating a prototype of the lung with 
the tumour. The prototype of Lung with tumour helps to locate the tumour in the lung and provides a 
visual representation of the tumour in the lung, thereby aiding the process of surgery treatment. The 
solid tumour helps us to know the size, mass and the severity of the actual tumour. The scaffold design 
can also be used as a support structure for the tissues to grow, in which its biocompatibility 
and biodegradability is still under our research work.  
Keywords: 3D printing, FDM, lung tumour, scaffold, ABS, PLA  
 

 
1.INTRODUCTION 

Tumours are a complex little environment. Blood 
vessels, cancer cells, and support cells that make a 
squishy matrix of proteins, collagen and all. Tumour is 
the uncontrolled growth of cells that occurs in solid 
tissues such as organs which can infiltrate normal 
body cells. There are two types of tumours ⅰ) 
malignant tumour ii) benign tumour. Of which, the 
malignant tumour is dangerous. As per medical 
reports, Lung and bronchial tumours are estimated to 
be the deadliest types of tumours and most of them are 
malignant[1]. Every year the number of people 
suffering from lung tumours has been increasing 
gradually. The main difficulty is the treatment of lung 
cancer is its potent difficulty to identify the tumour 
since lung is a complex minute network of pulmonary 
vessels, bones, mediastinal structures and hence there 
is a huge possibility for medical error[2]. For 
surgeons, these areas are devilishly difficult to 
differentiate with previous database. The simulation 
based anatomical model aids the clinicians to analyse 
the surgery which minimizes medical errors. In the 
prevailing scenario, a remedy for healing of tumours 
and regeneration of tissues, combined together, is of 
significant requirements.  So, the scaffolds mimic the 

extracellular matrix (ECM) by providing structural 
support as well as promoting the proliferation of 
healthy tissues.  The process of tissue engineering 
requires the knowledge of scaffold generation, but the 
problem is the generation of scaffold is done by 
casting, gas forming, and emulsion freeze drying 
which lacks precision[3]. The anatomical phantoms 
and scaffold can be designed to meet the requirements 
of the clinician which is made possible rapid 
prototyping and 3D printing[4].The development of 
new techniques such as rapid prototyping and three-
dimensional printing favours the treatment of 
biological systems. The rapid prototyping of organs, 
tissue modelling has gained interest in the field of 
biomedical engineering. Advances in these 
technologies enable the clinicians to analyse and 
figure out the tumour before going to make a surgery 
[5].The method to make 3D anatomical models has 
been reported by the researchers previously[4] [6]. 
The Computed tomography (CT) / Magnetic 
Resonance Imaging (MRI) images in the Digital 
Image Communication in Medicine (DICOM) format 
is analysed by using software which enables us to see, 
detect and model the tumour. The generated design 
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can be converted to a model with the help of 3D 
printing. The purpose of printing the tumours will help 
the clinician in foreseeing the effect of tumour before 
surgery, thereby making them to conclude that 
location of the tumour and to figure out effective steps 
which need to be taken to prevent the spreading of 
tumours. The most widely used 3D printing 
technologies are Stereo lithography, Fused Deposition 
Modelling and Selective Laser Sintering[7]. Hence in 
this study the most menacing lung tumour is modelled 
and a prototype of solid tumour, scaffold and lung 
with tumour is created by using FDM technology in 
two different materials such as PLA and ABS with 
different infill densities and it is subjected to 
mechanical testing. 

2.MATERIALS AND METHODOLOGY 

The selection of a particular technology depends on 
the material using which the design to be printed. For 
this application the selection of a bio material depends 
on the biocompatibility, biodegradability, mechanical 
properties, biophysical properties and non-toxicity. 
Polymers are the most widely used materials for 
medical applications. These factors restrict the use of 
a wide variety of available biopolymers[8].  Certain 
polymers can have all these inherent properties. 
Polymer as a biomaterial has certain intended 
functions. These biopolymers should interface with 
the biological system, treat, and evacuate the host in 
the biological system. It should be degradable and 
non-toxic otherwise ultra-fine-grain and Nano 
particles released from the material can block the 
blood vessels. This can be achieved with the help of 
the polymer with some desired functions. In this 
research work are Poly Lactic Acid (PLA)and 
Acrylonitrile Butadiene Styrene (ABS). These two 
polymers possess desirable properties yet some 
researchers showed its adverse effects in different 
media[9].  PLA good biocompatibility has its inherent 
high strength and modulus also it has Tg value around 
60-65℃ and it has been used for tissue regeneration 
[10] [11][12]. ABS is also having good strength[13]. 
Its Tg value is 105℃ which is higher than PLA. FDM 
technology has been used to print the model using the 
polymer.   

The CT scan images which are in (DICOM) format 
are used as an input for prototype designing. DICOM 
incorporates standards for imaging modalities such as 
radiography, ultrasonography, computed tomography 
(CT), magnetic resonance imaging (MRI), and 
radiation therapy. A DICOM file contains patient 
identification, site of origin, attributes of the image 
inclusive of pixel size, and the image itself. To 
segment the tumour from the brain, CT scan data in 
DICOM format of the patient is needed.  3d Slicer is a 
software which is used for analysing and visualization 
of medical images. This is used to segment the 
required part from the CT scan data. With the help of 
3d Slicer, the volumetric imaging data can be 
converted to the 3D printable Standard Tessellation 

language (.stl) format.  The conversion involves a 
volume rendering module which displays the 2D front, 
top and right-side view of 3D CT scan data, which 
enables to find the distribution of tumour in various 
regions.  Through the editor module, we can trace the 
tumour by selectively fixing the grey scale value 
which is unique for the bone, tissues, different organs 
and tumours. The part is segmented based on the 
threshold values. Then the segmented parts can be 
merged together. A merger module is made used for 
this operation. After which, switching to the made 
model effect module will create the tumour model.            

 

 

 

 

 

 

 

 

 

Fig.1 represents the methodology involved 

The tumour model which is created needs to be 
optimized especially on the surface since the 3D slicer 
did not offer good surface finish. This is achieved by 
using mesh mixer software. The sculpt module helps 
us refine the surface mesh 
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                    (e)                                      (f) 

Figure2. Steps involved in tumour modelling using 3D 
slicer software 

Different options of surface refining are available. 
Based on the strength, size, depth and laziness, the 
surface is refined. Using an analysis module, the weak 
spots are detected and corrected to ensure quality 
building. The surface refined model is exported as 3D 
printable STL file format. 
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Figure3. Models surface refined using mesh mixer a) 
3d slicer input file of lung with tumour, after surface 
refining b) Lung with tumour model c) Solid tumour 
model d) Scaffold model 

The .stl file format possessing the design of the 
prototype must be transferred to the FDM machine. It 
was subjected to a KISslicer which scans the model 
layer by layer and determines the support need to be 
created for 3D printing. It generates the tool path of 
the FDM machine.  

 

 

 

 

 

(a)                                     (b) 

(c)                                                                                   

Figure 4. 3D printed models a) lung with tumour PLA 
b) scaffold using PLA c) solid tumour using PLA d) 
Solid tumour using ABS 

The settings such as layer height, perimeter, fill 
density, fill pattern, temperature and speed need to be 
given as input, which in turn affects the printing time. 
The bio-polymers used are Poly Lactic Acid (PLA) 
and Acrylonitrile Butadiene and Styrene (ABS). 
Seven models which include solid tumour (ABS & 
PLA) with different infill density scaffold (ABS & 
PLA) and lung with tumour (PLA) have been created 
and it is tested for roughness and compared with 
printing efficiency. Fig 4 shows the 3D printed models 
from the FDM machine. 

3. RESULTS AND DISCUSSIONS 

3.1 Roughness test: 

The tumours that were printed were studied for the 
roughness of the sample using Taylor Hobson Non- 
contact surface roughness tester. From this 
characterization, it is easy to identify the material 
which is more compatible for the human body. The 
obtained roughness values help in determining the 
application of the biomaterial, in a host environment. 
The variation in roughness value helps us to determine 
the type of implant that needs to be placed in a 
particular organ as they directly reflect on the 
irritation, swelling and other host response. 
Table1.Shows the roughness values of the respective 
materials obtained from the testing. Fig 4 a, b 
corresponds to the roughness profile of the PLA and 
ABS.  From the obtained values, it can be seen that 
PLA has more roughness value than ABS. This means 
that ABS is more favourable in the host organ. The 
designed tumours are printed with varying infill 
density. This will have an effect on printing time, 
printing cost, and the volume of the tumours 

                                              (a) 

(b) 
 

(d) 

(d) 



                                         (b) 

Figure 5 a) Roughness profile of ABS model 4 b) 
Roughness profile of PLA model 

Table.1 Non-contact surface roughness testing results  
Material Ra value 
PLA 1.175µm 
ABS 1.084µm 

 

3.2 PRINTING EFFICIENCY 

The tumours were printed with two different materials 
(PLA and ABS) with different infill density. Table 2. 
shows the parameters which were set aside for 
respective models to compare the efficiency of the 
printing.  From table 2, can conclude that by varying 
infill density the created model has an effect on the 
time taken are greatly. This will not help the clinicians 
at any cost. The creation of tumour is to analyse and 
locate the tumour and find the actual size of the 
tumour. By having this knowledge, we can predict the 
where to start the operation, without affecting the 
normal living tissues. 

Table 2. Printing parameter on printing efficiency 
Parameters Model 1 Model 2 Model 3 Model 4 

Material PLA PLA ABS ABS 

Infill density, 
% 

100 
 

50 
 

50 
 

100 
 

Overall cost, 
Rs 

608 
 

454 
 

262 
 

686 
 

Printing time 8 5.30 3.45 
 

8 
 

 

4. CONCLUSIONS 

1. 3D printing has a momentous prospect as a 
fabrication method for designing scaffolds 
for tumour treatments. Creation of bio 
functional scaffolds would potentially serve 
to eliminate the need for exposure of 
patients to repetitive radioactive treatments.  

2. PLA and ABS can act as biomaterial for 
printing tumours. 3D slicer and Mesh mixer 
helps in extracting the tumours from the CT 
data and converting it into 3D printable 
format. 

3. The printed model could aid the surgeons to 
locate the tumours and assist them by 
providing ideas where to start the surgery by 
visually analysis.  

4. The printed tumours were studied for the 
roughness test. From these, it is obvious that 
ABS has a lower surface roughness value. 
This denotes that the printed ABS material 
has more homogeneity in terms of surface 
morphology.  
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ABSTRACT 
Rare earth zirconates are widely used in the field of high-temperature barrier coatings, as solid electrolytes, oxidation catalysts 
and sensors, and for the immobilization of high-  level radioactive waste due to their peculiar properties, including a high 
melting point, high thermal expansion coefficient, high thermal stability, low thermal conductivity, high ionic conductivity, 
and high radiation stability. La2Zr2O7 is one type of rare-earth zirconate used widely for thermal barrier coatings. However, 
these La2Zr2O7 are prepared by ball-milling method (top-down approach), where the particle size is of micron range. Compare 
to micron size particle, ceramics with the structure on nanometer-length scales have received steadily growing attention 
because of their fascinating magnetic, electrical, optical, thermal and mechanical properties. Hence in the present work 
La2Zr2O7 nanoparticles have been prepared by the co-precipitation method (bottom-up) with Lanthanum nitrate and Zirconyl 
nitrate as the precursor. The crystal structure has been confirmed from the XRD pattern comparison with JCPDS 73-0444. The 
surface morphology confirms the nanosize formation of La2Zr2O7 with a particle size of less than 50nm. The functional group 
analysis was analyzed from FTIR and Raman spectra. The material formed by this method is of quick time with high yield, 
opens the possibility of using this material for thermal barrier coating in the future.  
 
 

1.    INTRODUCTION 
Thermal barrier coatings are multi-layer coating systems 
deposited on turbine components, especially the turbine blade, 
which thermally insulates and protects them against hot and 
corrosive gas streams[1]. Typical structure of TBCs includes 
four layers: (1) superalloy substrate; (2) bond coat; (3) 
thermally grown oxide (TGO); and (4) ceramic topcoat. The 
ceramic topcoat is one or multiple low thermal 
conductivity ceramic layers with a typical thickness of 100–
600 μm[2], which is deposited by arc plasma spraying (APS)[3] 
or electron beam- physical vapor deposition (EB-PVD) 
methods[4].  

Currently, the state-of-the-art TBCs are 7–8 wt.% 
yttria-stabilized zirconia (8YSZ). 8YSZ has a metastable 
tetragonal phase (t'), and Y2O3 is used to stabilize the 
ZrO2 structure. 8YSZ has a relatively high melting point 
(2680 °C), relatively low thermal conductivity (2.0–2.3 W/m/K 
at ~ 1000 °C for a fully dense; 0.9–1.2 W/m/K for 10–15% 
porosity)[5], a relatively high CTE (11 × 10− 6/K at ~ 1000 °C), 
and good thermal and chemical stability[6]. However, the 
maximum surface temperature that can be employed for 8YSZ 
based TBCs is limited to 1200 °C for long term operations. At 
temperatures above 1200 °C, there are two important 
degradation mechanisms in 8YSZ[7]. The first mechanism is 
that the t' phase of YSZ will decompose into two equilibrium 
tetragonal (t) and cubic (c) phases. During the cooling process, 
the t phase will transform into the monoclinic (m) phase, 
accompanied by ~ 4% volume expansion. The other 
mechanism is the sintering of coating, which will densify the 
microstructure, and thus increase the thermal conductivity. The 
phase and microstructure changes, as well as property changes, 
will finally lead to high thermal-induced stress and reduced 
coating's lifetime. Therefore, there is continued effort searching 
for alternative TBC materials that meet the needs of next-
generation advanced gas turbines. 

Lanthanum zirconate (La2Zr2O7, LZ) is a 
typical pyrochlore structure ceramic material. The general 
chemical formula of the pyrochlore structure is A2B2O7[8]. An 
element in A2B2O7 generally is a rare earth or an element with 
an inert single pair of electrons, and B element typically is a 
transition metal or a post-transition metal with a variable 
oxidation state.  Compared to 8YSZ, LZ has many advantages 
for TBC applications such as[6],  (i) no phase transformation 

from room temperature to its melting temperature; (ii) 
considerably high sintering resistance; (iii) a very low thermal 
conductivity (1.5–1.8 W/m/K at 1000 °C for a fully dense 
material); and (iv) LZ has a lower oxygen ion diffusivity, 
which protects the bond coat and the substrate from 
oxidation[7]. 

There are several fabrication methods for LZ powder, 
including solid-state reaction method, co-
precipitation method[9] and sol-gel method[10], etc. In which 
co-precipitation methods give uniform crystallization and 
quick time formation compare to other methods. In the present 
work, LZ particles are synthesized by co-precipitation method 
at room temperature. 

2.      EXPERIMENTAL METHODS 
2.1    Synthesis of La2Zr2O7 

 
Fig. 1- Schematic representation of the synthesis of La2Zr2O7 by co-

precipitation method. 
 

Lanthanum nitrate hexahydrate- La(NO3)3·6H2O and zirconyl 
nitrate- ZrOCl2·8H2O were procured from Sigma Aldrich and 
used without any purification. The schematic representation of 
the synthesis of La2Zr2O is shown in Fig.1. 0.1 M of lanthanum 
and zirconyl precursor was dissolved in water.  with a diluted 
NH3 solution is used to prepare LZ powder. The solution was 
stirred for 1 hour and ammonia (precipitating agent) was added 
to the mixed solution, until it reaches the pH of 11, following 
this gel-like precipitates will appear. The Gel-like precipitates 
were filtered and washed using distilled water, ethanol and 
acetone until it reached pH-7. The washed precipitates dried in 
an oven at 100ºC for 24 hours. The dried powder was sintered 
at 1000ºC for 4 hours to obtained La2Zr2O7.  
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2.2     Characterization of the material 

The structural morphology of the calcined powders was 
analysed by scanning electron microscopy: SEM equipped with 
energy dispersive spectroscopy: EDS (Hitachi S-3400N, 
Japan). The phase analysis of the synthesized material was 
carried out using X-Ray diffractometer: XRD (PANalytical, 
The Netherlands). Raman spectroscopy (LabRAM- Argon – 
Ion laser wavelength-488 nm, France) was used to analyse the 
vibrational modes of the synthesized lanthanum zirconate. 
FTIR spectra were recorded using FTIR spectroscopy (Jasco 
FT/IR -6600, U.S.A) in between 4000 to 400 cm−1 to confirm 
the functional groups of synthesised lanthanum zirconate 
powders. 
 
3.      RESULTS AND DISCUSSION 
3.1    Crystal Structure Analysis 

 The crystal structure analysis of the synthesized La2Zr2O7 is 
analyzed using XRD and given in Fig. 2. All the peaks were 
well matched with the JCPDS no. 73-0444. This result confirms 
the formation of pure La2Zr2O7. The data were recorded from 
10º to 70º with step size of 0.04. The existence peaks such as 
(222), (400), (440), (622) confirm the presence of pyrochlore 
structure. The average crystal size was calculated from the full 
width at half maximum (FWHM) of diffraction peaks of 
Pyrochlore phase, using Scherrer’s equation. From this, it is 
found to be 9.25 nm. The cell parameter for La2Zr2O7 is found 
to be a = 10.756 Å with the cell volume of 1244.46 Å, which 
was matched with the reference (JCPDS CARD NO: 73-0444) 
of cell parameter and cell volume, which is a = 10.80 Å and 
1260.51 Å. 

 

 
Fig. 2- XRD patterns with reference JCPDS card no (73-0444). 
 

 
Fig. 3- Crystal structure of (a) Pyrochlore structure (b) La2Zr2O7 

structure 

 In general, the La2Zr2O7 pyrochlore crystallizes in 
space group Fd3m[9-11], which can be described by two 
independent structural parameters: the internal atomic 
parameter x, for the O48f position (x, 1/8, 1/8), and the cell 
parameter a (Fig. 3). The La atom occupies the 16d site (1/2, 
1/2, 1/2) (A site) while the Zr atom resides at the 16c site (0, 0, 
0) (B site). There are two oxygen sites: O1 locates at 8b 
positions (3/8, 3/8, 3/8) in tetrahedral coordination with only 

La atoms, while O2 locates at 48f positions (x, 1/8, 1/8), which 
is coordinated by two Zr atoms and two La atoms. Furthermore, 
an interstitial site locates at 8a (1/8, 1/8, 1/8) in this compound. 
The equilibrium position of O2 at the 48f is indicated by the x-
positional parameter, which theoretically takes value from 
0.3125 to 0.375, and it affects the local coordination around A 
and B cations. In a perfect pyrochlore structure with x = 0.3125, 
coordination of the B site and A site is regular octahedron and 
distorted cube, respectively. As x increases to 0.375, the A-site 
polyhedron changes to a regular cube and the B-site polyhedron 
distorts to a trigonal antiprism. Pyrochlore structure was stable 
when rA/rB (rA and rB denote the relative radii of A and B 
cations, respectively) lie between 1.46 and 1.78. 

3.2    Surface Morphology Analysis 

 
Fig. 4- (a) Surface morphology observed using SEM and its (b) 

elemental analysis. 
 
The surface morphology of the sintered La2Zr2O7 is observe 
using scanning electron microscopy (Fig. 4). It shows that 
uniform near cuboidal structure particles with an average 
particle size less than 50 nm. This confirms the formation of 
our material at nanosize. The respective analysis also confirms 
the presence of La, Zr and O peaks (Fig. 4b). This result 
confirms the elemental pure formation of La2Zr2O7 at nanosize 
compare to the earlier literature having higher particle size[12]. 

3.3    FTIR Spectrum Analysis 

The functional group signature of as-prepared and sintered 
La2Zr2O7 were analysed using FTIR spectra (Fig. 5).  The 
sample powders were analysed by Fourier Transformation 
Infrared Spectroscopy.  Using FT-IR, functional groups can be 
determined.  FT-IR spectrum shows a strong absorption point. 
The detailed wavenumber position with the respective 
assignment is given in  Table .1, which were well matched with 
the earlier report[13, 14].  The as-prepared sample shows lot of 
organic molecule signatures which were present in the 
precursor. However, the organic molecules were completely 
eliminated in sintered samples. 



 
Fig. 5- FTIR spectrum of La2Zr2O7. 

 
 

3.4    Raman Spectral analysis  

 
Fig. 6- Raman spectrum of La2Zr2O7 

 
Raman spectrum of lanthanum zirconate as shown in Figure. 6, 
were carried out with an Argon - ion laser (488 nm) and the 
spectra were collected in an extended regime in the range of 
200 cm-1 - 800 cm-1. The Raman shift band at 302cm -1 and 511 
cm-1 can be attributed to the stretching mode of the LaO and 
ZrO6. The Raman shift band peak is also well matched with the 
earlier literature[13].  

4.   CONCLUSION 

Lanthanum Zirconate (La2Zr2O7) is one of the rare 
earth material, exists in pyrochlorite structure.  The major 
application of this material is suggested for thermal barrier 
coatings. Nanocrystalline La2Zr2O7 powders of pyrochlore 
phase were synthesized by co-precipitation, using Ammonia as 
precipitants. The synthesized sample was characterized by 
XRD, SEM, EDS, FT-IR Spectroscopy and Raman 
Spectroscopy. Using X- ray diffraction method, pyrochlore 
structure was confirmed. The average crystal size was 
calculated using Scherrer's equation. Using FT-IR 
Spectroscopy method, the functional groups were investigated. 
As the synthesized material by this method shows 
nanostructure, this material will show superior thermal barrier 

properties compare to micron-sized particles. In the future, the 
synthesized material will be coated on Nimonic alloy and will 
be analyzed for its potential as thermal barrier coatings. 
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Table 1. FTIR functional group assignments 
Wave number ( cm-1) Functional groups 

3613 O-H 
3251 N-H (Stretching) 
2841 C-H 
1636 N-H 
1534 C=C 
1325 C-N 
730 -C-H 

636, 621 Halogen compound,  
(C-Cl) 
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ABSTRACT 

Nitinol (NiTi) is an alloy of Nickel and Titanium. In this project, Nitinol sheet were formed to produce the light weight 

Honeycomb structure with high strength properties. The Shape memory effects of Honeycomb structure were studied. Using 

die and hot press, half hexagon shape is formed. Nitinol Sheet of 40 x 10 x 1mm is placed inside the die and with the help of 

hot press the pressure of 60 bar and temperature of 600°c for 3 hrs were applied to make the half hexagonal honeycomb 

structure.. Micro structure studies were carried out for the Phase Transformation due to the Heat Treatment process on 

Nitinol sheet. The dimensions are measured for nitinol sheet before and after deformation to evaluate the shape memory 

using Vision Measuring System(VMS) and results are discussed about the percentage of shape retained. 

Keywords: Nitinol, Honeycomb, Shape Memory Alloy 

1. Introduction 
 

A combination of ultra-low density materials, have the 

desirable characteristics of metals and, is being an object 

of technical development for decades. Nitinol (nickel and 

titanium alloy) alloy which exhibits the Shape Memory 

Effect and Super elasticity, based on the temperature of  
NiTi during Phase Transformation.  It can provide large 

strain up to 10 % under loading. They are used in various 

applications of Lightweight Structures, such as Aircrafts 

and Space Structures. 
  

The properties of Nitinol depend upon its dynamic heat 

sensitive crystalline structure. When Nitinol is deformed 

in the martensite phase, the crystalline structure is not 
damaged. Instead the crystal structure transforms moving 

in a singular crystalline direction. When heated the 

material returns to its "remembered" lest stress austenite 

structure. In normal metals, deformations cause the 

dislocations of the molecular structure into new crystal 

positions. There is no "memory" in the crystal of where 

the atoms were before they moved. The physical 

movement of Nitinol is attributed to internal molecular 

restructuring, and because movement is generated on a 

molecular level, it is quite strong. 

In the project, the Nitinol material of 1mm thickness sheet 

metal is shape set into the corrugated strip of honeycomb 

structure and its microstructure of phase transformation at 
different stages are analyzed. The objective of our project 

is to make a honeycomb shape memory structure which 

will be having high strength to mass ratio, which can be 

used in Aircraft industry for an alternative for solid 

structures. To study the Half Hexagon Shape (after shape 

setting and retained shape) of Nitinol using vision 

method. Taking SEM test at different stages of the heat 

treatment process, to find the phase transformation at their 

respective stages 

2. Materials 

The shape memory effect is an equiatomic in NiTi alloy. 

The equiatomic composition (i.e. 50 at% of Ni and Ti) 

exhibits the maximum Af temperature (1200 C) of all NiTi 

compositions studied. Decreasing the Ni atomic 

percentage (at.%) from the equiatomic composition does 

not change the transformation temperatures. If the 

composition of nickel is increased above 50 at.%, the 

transformation temperature begins to decrease, with Af 

becoming as low as −40 ◦C for 51 at.% nickel. NiTi 

Composition is shown in table 1. 

 

Table 1 : Compoisiton of Nitinol Sheet 

Ti Ni Co Cu Cr Fe Nb C H O 

Remainder 55.6 0.005 0.004 0.006 0.02 0.005 0.04 0.001 0.038 



 

Figure 1 - OHNS Die 

The die material used for this work is OHNS steel as 

shown in Figure 1. OHNS steel is a general purpose tool 

steel that is typically used in applications where alloy 

steels cannot provide sufficient hardness, strength and 

wear resistance. The Composition of OHNS Die. 

Chemical composition of OHNS is Carbon 0.94%, 

Manganese 1.2%, Silicon 0.30%, Chromium 0.50% and 
Vanadium 0.15%. The hardening temperature of OHNS 

steel is between 7900 C and 8200 C. OHNS steel is a non - 

shrinkage steel. This term refers to steels which show 

little change in volume from the annealed state when 

hardened and tempered at low temperatures 

3. Research Methodology 

1. The flow chart given above Figure 3 gives the clear 

idea of the work flow. The step by step procedure 

followed using the flow chart can achieved the 

acquired results. 

2. Nitinol sheet of thickness 1mm has to be cut for taking 

out the sample strips to die dimensions used for 

forming is shown in figure 2. The samples will be 

formed through cold working process. 

 

Figure 2 - Nitinol Sheet 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 - Research Methodology 

3. The sample strip undergoes Heat treatment process, 

which will be heated between 500°c and 700°c for 3 
hrs for Homogenizing and then hot worked through 

press for forming then water quenched for shape 

setting. 
4. The shape set sample strip will then be deformed by 

flattering to certain accountable extent 
5. Heating will be carried out above its transformation 

temperature and then thermally cycled and observed in 

order to ensure for its shape recovery. 
6. The sample strips are then studied for its micro 

structure and composition under Scanning Electron 

Microscopy (SEM). 
7. The dimesnions are taken from the Vision Measuring 

System (VMS)- after shape setting of sample strips 

and retained original shape. 
8. The results are then compared and concluded for its 

compatibility and application in the market. 

 

4. Experimental Methodology 

The hot-press machine is used for doing the Heat 

Treatment Process for this project. A hot press is a 

machine engineered to imprint a design or graphic on a 

substrate, such as a t-shirt, with the application of heat 

and pressure for a preset period of time. The Nitinol sheet 

Die Design for Cell size = 6 mm and Sheet 

thickness of 1 mm 

Hot press Temperature 5500C to 7000C and 

Pressure 30 Bar 

Setting Shape Memory by Quenching 

Deforming 

NiTi Sheet with 1 mm thickness 

Heating (500C) 

Evaluation of Shape Meemory by Geometric 

Parameters 



which is of dimension 300 x 150 bought is cut through 

Water Jet Machining available in our Central Workshop. 

The dimensions of the sample were 40 x10 x1mm 

whereas the dimensions of the die are smaller, the 

additional length is provided to compensate for the sheet 
while forming through the die The Nitinol sheet is cut for 

the selected dimensions. The samples cut out of cutting 

process with the help of Water Jet Machine 

To achieve the Shape Set for the material, the sample 

specimen is placed inside the die and kept into the hot 

press machine. The temperature is set for 580 ◦C and the 

pressure of 30 to 60 bar is set on the hot press machine. 

When the machine is started for the Heat Treatment 
process make sure that the machine is properly closed. 

After attaining the required temperature, the material 

which is placed inside the die is being pressed, with the 

set pressure on the machine and with the help of the 

Hydraulic press attached in the Hot Press Machine. The 

holding Time is 3hrs for the die inside the Hot Press 

Machine for Shape Setting. The Die along with the 

specimen is taken out of the Machine and Quenching is 

carried out immediately. 

The Microstructures were characterized using field 

emission scanning electron microscopy and focused ion 

beam scanning electron microscopy. The micro structure 

studies are taken at different stages of heat treatment 
process. The output image gives the phase state of the 

strip. The scanning electron microscope (SEM) is a 

powerful tool for materials characterization. 

 

Figure 3 - Hot Press Machine 

 

This technique is extensively used for characterising 

important crystallographic features of a wide variety of 

materials.  Today, these challenges can be coped with 

technique in combination with high resolution field 

emission SEM has proved to be a powerful experimental 

technique for critical applications. These include rapid 

automated pattern acquisition and processing of 
representative regions of interest to obtain reliable 

crystallographic data from complex microstructures. The 

sample strips are then studied for its micro structure and 

composition under Scanning Electron Microscopy (SEM) 

The shape of the honeycomb cell is often varied to meet 

different engineering applications. Shapes that are 

commonly used besides the regular hexagonal cell include 

triangular cells, square cells, and circular-cored hexagonal 

cells, and circular-cored square cells. 

5. Results and Discussion 

In the project, the dimensions of the corrugated strips are 

analyzed in Vision Measuring System as shown in figure 

4, based on five parameters. In VMS the Lower Length, 

Upper Length, Side Length, Thickness and Angle are to 

be measured and tabulated. 

 

Figure 3 - Vision Measuring System 

 

 

Figure 5 - Before Deformation 

 



 

Figure 6 – Deformed Specimen 

 

 

Figure 7 - After Shape Recovery 

The Dimensions of the Corrugated Sheets obtained from 

the Vision Measureing System is tabulated in the 

following table 2. After Quenching the specimen is 

evaluated in the VMS and the reading are noted, on the 

same way reading are noted To apply the deformation on 

the corrugated strips, they are flattened using rollers as 

shown in figure 6. After Shape Recovery too as shown in 

figure 5 and 7. From the reading obtained, we know that 

the material response for Shape Memory Effect by 98%.  

Table 2: Dimension in VMS 

S. 

No 
Parameters 

Dimensions 

Before Shape 

Recovery 

 (mm) 

After Shape 

Recovery 

(mm) 

1 Lower side length 7.56 7.83 

2 Upper side length 8.21 7.96 

3 side length 8.36 8.03 

5 Angle (Degree) 58.6 57.3 

 

From comparing the dimensions Before and After Shape 

Recovery we can observe that the overall length of the 
Corrugated strips increases after every cycle of 

Deformation and Shape Recovery. 
 

In addition to the VMS measurments we area also taking 

Scanning Electron Microscopy (SEM) images to compare 

the Microstructure of the Nitinol Material in five stages as 

follows: Annealed Nitinol Strips, After Shape Setting, 

After Quenching, After Deforming and After Shape 

Recovery. 
 

 

6. Conclusion 
In this project, by using Hot Press, the Nitinol Sheets 

were formed to Half Hexagon for Shape Setting after 

Quenching. To apply the deformation on the corrugated 

strips, they are flattened using rollers. When 450 to 600 

Celsius heat is given to the strips, the Shape Memory 

Effect takes place to retained its Original Shape. On 

different stages the SEM analysis is done for the Phase 

Transformation in Nitinol Sheet. Vision Measuring 

System is used to evaluate the Geometric Measurements 

before and after Shape Recovery. 
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ABSTRACT  

 The beta titanium (β-Ti) alloys offer the ability to optimize microstructure and mechanical properties over a wide scope through various 

mechanical processing and heat-treatment procedures and combinations. Solute-rich beta titanium alloy such as Ti-15V-3Cr-3Al-3Sn (Ti-15-3) 

are known for an inhomogeneous precipitation of the strengthening alpha (α) phase during aging .This paper presents the effect of various aging 

temperature and time on mechanical properties of solution treated metastable β-Ti alloy Ti-15-3 as monitored by tensile testing, hardness 

measurements, impact testing and microstructural examinations. Aging treatments was carried out in the range from 300-550 °C for 10 h.  500 

°C/10 h results in homogeneous precipitation, good balance of strength-ductility with optimum Charpy impact energy value.  

 

1. INTRODUCTION  

Beta titanium (β-Ti) alloys are widely used in the structural 

applications of aerospace industry. Comprehensive research is being 

conducted on metastable β-Ti alloys because they are looked as an 

improved alternative to alpha + beta (α+β) titanium alloys. This is due 

to its balanced properties, deep hardening potential, formability and 

high heat treatability. The primary challenge is to bring out a highly 

effective combination of toughness, strength, and ductility by 

optimally designing the heat treatment. Hardenability of β-Ti alloys 

has been attributed to the age hardening capability by the precipitation 

of α phase (hexagonal) in the β matrix. The nature of α phase 

precipitation in the β matrix has a strong influence on shaping the 

mechanical properties [1-3]. Ti-13V-11Cr-3Al was the first β-Ti alloy 

with its β structure was readily retained after annealing thus facilitating 

forming, aging, and working to high strength levels. Ti-15-3 is used as 

a sheet metal and is an alternative to hot formed Ti-6Al-4V as it is 

highly cold formable, age-hardenable, strip producible, excellent 

corrosion resistant and casting alloy. Ti-15-3 has hence found 

applications in aviation, aerospace and other industries in clips, foil, 

brackets, airframe structure and ducts. It is also used in high strength 

hydraulic tubing and fasteners, and aerospace tankage [4, 6]. The 

mechanical properties of the alloy can be tailored by varying the aging 

treatment and in addition it possesses excellent cold formability. A 

varied range of strength and ductility combinations for Ti-15-3 alloy 

can be obtained using different heat-treatments. [12] Refining the size 

of β grain is known to be an effective way to improve the ductility of 

Ti-15-3 alloy, but has less influence on the tensile strength [8-9]. The 

fracture toughness has been a concern for the engineering design and 

life prediction of the materials and structures in the aerospace, aircraft 

and nuclear industries [11]. Generally, the levels of the fracture 

toughness and ductility decrease with increasing tensile strength [9, 

10]. In the current research the microstructures of the alloys are 

monitored using FESEM (Field emission scanning electron 

microscopy) and various mechanical characteristics of the alloys are 

recorded. The objective of this research is to successfully identify the 

aging heat treatment which results in the best combination of ductility 

and strength, and to correlate the changes in microstructures and the 

changes in mechanical properties of the alloy, after various heat 

treatments.  

2. MATERIALS AND EXPERIMENTAL METHODS 

 The investigated metastable β-Ti alloy Ti15-3 was received 

from GE wick China in form rods. The alloy as received was solution 

annealed at 850oC. The composition of the alloy is shown in table 1 

Discs of 6 mm in height were cut from the as-received rods using 

electro discharge wire cutting machine for the studies. Aging was 

carried out in an inert atmosphere furnace which is heated by SiC 

heating elements and the temperature was controlled within ±2. 

Studies were carried out in the temperature range 300-550oC, at 50oC 

temperature interval. The particular temperature range was selected on 

the basis of a study done by Santhosh et al. [6]. 

Table 1: Composition of Titanium alloy 

Element V C
r 

S
n 

A
l Fe O H N C Ti 

Chemical 
Compositi

on% 

15.
1 3 3.

1 
3.
1 

0.1
8 

0.0
9 

0.0
09 

0.0
27 

0.0
8 

Balan
ce 

 

Age hardening was monitored by carrying out micro Vickers 

hardness measurements, tensile testing, and impact testing and 

microstructural examinations. Using a standard Vickers diamond 

pyramid hardness tester hardness of the specimen was measured, with 

500 gm. load and dwell time of 10 seconds on a metallographically 
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polished specimens. The average of at least 10 hardness readings was 

used to report the hardness of a specimen. Uniaxial tensile testing was 

carried out to monitor the age hardening reaction taking place during 

the aging process. Round tensile test specimens with gauge diameter 

and length 6mm and 30mm respectively were machined conforming to 

the ASTM E8M requirements. Charpy impact tests were performed in 

order to monitor the toughness of the specimens subjected to the 

various aging processes. Charpy impact testing involves striking a 

standard notched specimen with a controlled weight pendulum swung 

from a set height. The specimen machined according to ASTM E23 

standard is 55 mm long, 10 mm square and has a 2 mm deep notch 

with a tip radius of 0.25 mm machined on one face. The specimen is 

supported at its two ends on an anvil and struck on the opposite face to 

the notch by the pendulum. The tests were performed on a calibrated 

Charpy impact testing machine to determine the notch toughness. A 

fractography study on the broken specimens after the impact testing 

was carried out in order to determine the nature of failure. Specimens 

for FESEM analysis were mechanically ground and polished. Final 

disc polishing was carried out using colloidal silica with 0.04μm 

particle size. The polished samples were etched using Kroll’s reagent- 

2ml each of HF and HNO3 in 100 ml H2O. FESEM of all specimens in 

aged conditions was carried out using Zeiss-Supra TM 55 Microscope 

with Back Scattered Electron Imaging. X-ray diffraction was used to 

evaluate the type of phases present in the alloy after various aging heat 

treatments. 

3. RESULTS AND DISCUSSIONS: 

3.1. As received conditions: 

 The grains of the as-received condition (solution treated at 

850 0C) rod were equiaxed with 35μm grain size, and the hardness of 

the material was measured to be 259 HV. As-received microstructure 

and XRD is shown in Figs. 1-a, b. 

 
Fig. 1 -  (a)  As-received microstructure  

 
Fig. 1- (b) XRD pattern of as-received condition 

XRD pattern of the as received alloy (Fig. 1b) confirmed single phase 

beta. The microstructure after solution treatment and before any aging 

was done, has an important influence on the various mechanical 

properties of the alloy in the aged condition. In particular, 

unrecrystallized β grains if any can lead to heterogeneous precipitation 

of α phase. 

3.2. Micro-structural analysis of various aged conditions   

 It is clearly seen from Fig. 2 (a) & (b) have similar 

microstructure with little traces of α precipitates and have mostly 

single beta phase as corroborated by the XRD analysis shown in Fig. 

4. As the aging temperature increases needle like α structures starts to 

appear at and inside the grain boundaries. These precipitates are not 

homogenous as seen in Fig. 2 (c) & (d) and originate at grain 

boundaries (Fig. c). As the temperature increases the volume fraction 

of the alpha precipitate increases (evident from XRD, Fig. 4), and is 

more uniformly distributed, further covering whole grain. Complete α 

precipitation occurs when aging at 500°C for 10 h.  Table 1 shows that 

strength increases with increase in aging temperature, it reaches local 

maxima (till 4000C/10hr) and decreases with advance to that. However 

ductility is a concern, it remains almost same at higher ageing 

temperature (such as 500 & 5500C for 10 hr) but fracture toughness 

(From Charpy Impact Energy) varies by at a difference of 5 J at higher 

aging temperature, this may be due to grain boundary precipitates (α-

precipitates) and in-grain precipitates that play a major role to increase 

ductility by prohibiting the dislocation movement. XRD peaks are also 

evident that beyond aging temperature of 4000C, there are predominant 

alpha phases percent due to nucleation of alpha precipitates at higher 

aging temperature. 
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 Fig 2 -  Aging response of Ti15–3 for 10 h at (A) 300 oC (B) 350 oC (C) 400 
oC (D) 450 oC  (E) 500 oC  (F) 550 oC 
3.2. Mechanical testing: 

 Mechanical Testing was carried to evaluate Ultimate Tensile 

Strength (UTS), 0.2% Yield Strength (YS), % Elongation (%El.), % 

Reduction in area (%RA) and hardness. The energy absorbed was 

calculated by Charpy V notch Impact testing.  
 

Table 1 Micro Vickers hardness, Tensile and Charpy impact energy of 
various heat-treated conditions 

 

 
Fig 3 -  Plot of UTS vs. micro Vickers hardness 

 
The change in mechanical properties was compared and correlated with change 

in the microstructure. The strength and hardness follow a similar trend as 

shown in Fig. 3. An upward trend of hardness and strength is observed 

till 400, which is followed by a downward trend till 550. 

 

 

 

 

 

S.NO Heat treatment Vickers micro hardness(HV) Ultimate tensile strength (MPa) Proof stress 
(MPa) 

Elongation 
(%) 

Reduction in area 
(%) 

Charpy Impact 
Energy 

(J) 
1 As received (ST) 259 798 784 14 45 NA 
2 300C0 10h 273 875 801 12.0 38 4 
3 350C0 10h 380 1220 1155 1.5 4 2 
4 400C0 10h 438 1407 1339 2.0 6.5 2 
5 450C0 10h 398 1350 1285 6.0 18.5 3 
6 500C0 10h 377 1186 1113 9.0 39.0 10 
7 550C0 10h 317 1040 978 10.0 39.5 15 

3.3. Phase analysis 

 

Fig. 4 - XRD patterns of various aged specimen 

As the omega (ω) phase increases from 350°C/10 h till 400°C/10 h the 

strength and hardness increases. As the omega phase gives way for 

alpha precipitates and the alpha precipitation increases a downward 

trend of the strength and hardness starts. The metastable ω phase exists 

in equilibrium condition, and its cuboidal structure (needs to be 

verified as to why presence of omega phase increases the hardness, 

evidence needed for cuboidal) contributes to a higher hardness and 

strength.  

 
Aging for 10 h at 300 °C follows the phase transformation 

β  ω + β 

Aging for 10 h at 350 °C, 10 h at 400 °C, 10 h at 450 °C follows the 
phase transformation  
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β   α   + ω 

Aging for 10 h at 550 °C, and 10 h at 500 °C the following phase 
transformation occurs  

β   α   + β 

3.4. FAILURE ANALYSIS 

 The samples that subjected to the aging conditions 550 

°C/10 h, 500 °C/10 h and 300 °C/10 h can be said to have undergone 

ductile fracture during the tensile tests ,as a clear plastic deformation 

surface can be observed (necking) and the failed surface is observed to 

be a rough surface.(with microscope at what magnification or naked 

eye) .The average elongation rates of these samples as seen from Table 

2  are 10 percent, 9 percent and 12 percent respectively, such high 

elongation ratio or strain is consistent with a ductile fracture. The 

samples subjected to the aging conditions 450 °C/10 h, 350 °C/10 h 

and 400 °C/10 has the characteristics of brittle fracture which is 

evident by their percent elongation rate and low or no necking 

observed during the tensile tests. The fractured surfaces of these 

samples tend to be flatter and smoother than compared to the other 

samples. The results are the average results which are obtained after 

taking at least three readings for each sample.  

  

 

The ductile nature and low UTS and yield strength of 300°C/10 h can 

be explained as the specimen contains mostly only beta phase and no 

strength hardening alpha phase. Omega phase is considered to be more 

brittle and harder as compared to the alpha or beta phase of the 

titanium 15- 3 alloy. The increased presence of omega phase as 

evident by the XRD results contributes to increased strength and 

reduced ductility as the aging temperature increases. The elongation 

percent in 450 °C/10 h is as low as 2% and the alloy tends to be most 

brittle when subjected to this aging condition. As the omega phase 

gives way to alpha precipitation, the ductility increases with a 

simultaneous loss in UTS and yield strength. This trend continues and 

the optimum ductility- strength ratio occurs at 500 °C/10 h. The 

samples subjected to 550°C/10 h aging have the highest ductility in the 

aging conditions but have UTS of only 1040 MPa and a yield strength 

of 978 MPa. Thus, one can conclude that complete alpha precipitation 

occurs at aging 500°C for 10 h and that the condition 550°C for 10 h is 

an over aged condition; where coalescence comes into picture whereby 

the grain size of alpha precipitate increases and the larger grain size 

results in decrease of UTS and yield strength. The larger grains don’t 

restrict the dislocation as effectively as smaller grains and one can 

speculate that as further over aging occurs the strength will further go 

down. 
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Fig. 5 - Fractography response of broken Ti15–3 samples after Charpy tests, subjected to aging for 10 h at (A) 300 oC (B) 350 oC (C) 400 oC (D) 450 oC (E) 500 oC 

and (F) 550 oC  

During the charpy impact test, the amount of energy 

absorbed in fracturing the test-piece is measured and this gives an 

indication of the notch toughness of the test material. The pendulum 

swings through during the test, the height of the swing being a 

measure of the amount of energy absorbed in fracturing the specimen.  

Three specimens are tested at any one temperature and the results 

averaged. As the energy absorbed in a Charpy impact test is a direct 

measure of the notch toughness. From Table 2, the samples subjected 

to 400 °C/10 h and 450 °C/10 h have the same amount of energy 

absorbed and hence the same notch toughness. The energy absorbed in 

350 °C/10 h, 400 °C/10 h and 450 °C/10 h is as low as two joules and 

three joules and it can be speculated that these specimens undergo a 

brittle fracture whereas the rest of the heat treatments results in a 

higher energy absorbed (4, 10, 15 J) it might be an indication of 

ductile fracture which is further corroborated by performing a 

fractography study on these samples. The specimen after aging 

condition of 550 °C/10 h undergoes the most ductile fracture, as can be 

seen by the figure fractography, the surface has the most microvoids.  

3.5. Fractography 

 The energy absorbed of specimen at 300 °C/10 h is 4 J and 

its microstructure has no signs of omega phase (as evident from XRD). 

The increased presence of omega phase contributes to increased 

toughness. As the omega phase gives way to alpha precipitation, the 

toughness increases. The samples subjected to 550°C/10 h aging have 

the highest ductility. The reason for the difference in 500°C/10 h and 

550°C/10 h energy absorbed, although both have almost complete and 

saturated alpha precipitation, can be attributed to the larger grain size 

in 550°C/10 h and coalescence of the alpha precipitates due to the 

extra thermal energy. However, the engineering application will 

require the alloy to be tough and simultaneously have higher strength 

and hardness. Thus, we aim to find the aging conditions which will 

result in the most effective combination of strength, ductility and 

toughness. It was thus concluded that the aging condition which 

subjected the alloy to 500 oC for 10 h after solution treatment would 

satisfy optimum values for engineering application of the Ti 15-3 

alloy. 
 

4. CONCLUSIONS 

• The aging condition 500 oC/10 h gives the best results in terms of 

homogeneous precipitation, ductility to strength ratio, and has 

balanced energy absorbing capacity. Thus, the preferred aging 

condition after solution treatment should be 500 oC/10 h 

• The Ultimate tensile strength and hardness show a clear 

correlation, an upward trend upto 400 oC/10 h and then a 

decreasing trend afterward. The ductility and toughness also show 

an inverse correlation with respect to strength and hardness.   

• The aging condition of 500 oC/10 h and 550 oC/10 h result in 

complete precipitation of alpha phase, with no omega phase 

present.  

• The Presence of omega phase in the lower temperature aging 

conditions i.e. 350 oC/10 h and 400 oC/10 h indicates that these 

steps can be used as a pre aging or a first step in duplex aging. 
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ABSTRACT: Advanced materials are mostly used in various fields, composite material is one of them as advance material, and the 

performance of the composite can be improved by adding particulate filler of them. In this work, the mechanical, physical, and abrasive wear 

properties of almond shell powder and glass fiber reinforced polyester composite was investigated. A total of 7 samples were prepared at 

different weight % of almond shell powder (5, 10, 15, 20, 25 wt. %) and 5 wt. % of glass fiber. 10 wt. % of almond shell powder reinforced 

composite materials shows the maximum hardness and flexural strength and minimum specific wear rate, and with 15 wt. % of almond shell 

powder reinforced composite shows the maximum ultimate tensile strength. The ranking of the composite materials is given by the TOPSIS 

method based on output parameters like physical, mechanical, and abrasive wear properties. According to the TOPSIS method, the sample of 10 

wt. % almond shell powder gives the first ranking. 

Keywords: Almond shell powder, glass fiber, hybrid composite, mechanical and physical properties 

 

1. INTRODUCTION 

Over a few years ago, the demand of natural fiber reinforced 

polymer matrix composites is rapidly increase because it is cheap, 

renewable, recyclable and biodegradable in terms of industrial 

applications. Natural fiber reinforcements have been study for the 

fabrication of fiber such as kenaf (1), jute (2), bamboo (3), coconut 

shell (4), walnut shell (5) and wood flour (6) reinforced polymer 

composites. Due to their low weight and stiffness approximate 3 % 

of aerospace materials are made of polymer composites. F. 

Rodriguez Reinosot et al. (7) study and prepared activated carbon 

from almond shells by carbonization in nitrogen. C. A. Toles et al. 

(8) study and prepared the phosphoric acid activated carbon from 

almond shell using six different activation or oxidation method 

where air activation method is best performing and least expensive. 

HB Senturk et al. (9) present a method for removal of a dyestuff 

rhodamine 6G from aqueous solution by using almond shell in batch 

biosorption techniques. D. Mohan et al. (10) study and prepared the 

nonmagnetic and magnetic activated carbon from almond shell and 

used to remove the trinitrophenol (TNP) from water. H. Essabir et al. 

(11) prepared the almond shell particle, with and without 

compatibilizer reinforced polypropylene composites. In this study 

results shows that mechanical and rheological properties improved 

with the addition of almond shell, with and without compatibilizer 

and gain in the young modulus. A. Lashgari et al. (12) study the 

effect on tensile properties for reinforcement of almond shell flour 

and nanoclay in the polypropylene composites. Results show that the 

flexural and tensile modulus increase but flexural and tensile 

strength slightly decreases. J.A. Caballero et al. (13) represent the 

thermal decomposition of almond shell and their components that is 

holocellulose and lignin. The cellulose from almond shells can 

decompose at low temperature. The synthetic fiber reinforced 

composites are environment friendly and cost effective and these 

fibers used for reinforcement in polymer matrix composites are 

glass, carbon, aramid, Kevlar etc. (14). Natural fiber reinforced 

composites are lighter in weight as compared to synthetic fiber 

reinforced composites with approximate equal strength, so natural 

fiber-based composites are mostly used as compare to synthetic fiber 

based (15). Almond are important crop in the worldwide (16), 

almonds shell contains 35 to 75 % of the total fruit weight (17) or 

approximately 0.8 to 1.7 million tons of almond shell is left annually 

(18) and the almonds shell also have no industrial usages, normally 

these shall burn or dumped (16). M. Tasdemir et al. (19) study the 

effect of olive and almond shell flour reinforced polypropylene 

matrix composite on mechanical and morphological properties. 

Mechanical properties, density and temperature improved with the 

addition of the olive pit and almond shell flour. P. Sabarinathan et al. 

(20) study the effect on mechanical properties of almond shell-

sugarcane hybrid epoxy polymer composites. Maleic anhydride 

treatment is preferred to the natural fiber reinforced composite 

because it shows the superior mechanical properties compared to 

other type composites. TOPSIS is a multi-decision analysis method 

which is used in various fields like nuclear power plants, supply 

chain management, human resource management and marketing etc. 

(21). TOPSIS method is used to determine the ranking based on 

relative weightage of one or more mechanical and physical 

properties according to the service or materials quality (22). In this 

research work, TOPSIS method is used to determine the ranking of 

the composite materials, composites are compared and ranked based 

on relative closeness to the best value that is ideal positive solution. 

TOPSIS method is used to select the top ranked alternatives and 

compare with the other given set of alternatives. 

 

2. MATERIALS AND METHODS 

2.1 Experimental procedure 

2.1.1 Materials 

Almond shell is basically non-food part of the almond which is 

available in large volume throughout the world. The raw almond 

shells will collect from the local market and cut into the small pieces 

by using hand hammer. These small pieces were converted into the 

powder form by using jaw crusher and the collected powder as shown 

in figure 1 (a) were then sieved to the size of 180-300 µm by using 

sieve shaker as shown in figure 1 (b) 

 
Fig .1 (a) almond shell powder (b) almond shell powder of grain size 180-300 µm 

In this study the unsaturated polyester resin, hardener and accelerator 

was used and collected from AMTECH Esters Pvt Ltd. Karol Bagh, 

New Delhi, India. At room temperature the density of unsaturated 

polyester resin was 1200 kg/m3 and the gel time when hardener and 

accelerator were used around 20-30 minutes. 

2.1.2      Composites Fabrication 

The hand lay-up method was basically used for fabrication of 

composite because of its simplicity and cost effectives, which is 

suitable for less finically supported universities and colleges. T. P. 

Sathishkumar et al. (23) study that lots of natural fiber-based 

composites were prepared by hand lay-up techniques. 



Table1. Detailed designation and composition of composites. 

S. 

No. 

Des. Compositions 

1 C1 Polyester + almond shell powder (0 wt. %) 

2 C2 Polyester + almond shell powder (0 wt. %) + Glass 
fiber (5 wt. %) 

3 C3 Polyester + almond shell powder (5 wt. %) + Glass 

fiber (5 wt. %)  

4 C4 Polyester + almond shell powder (10 wt. %) + Glass 
fiber (5 wt. %) 

5 C5 Polyester + almond shell powder (15 wt. %) + Glass 

fiber (5 wt. %) 

6 C6 Polyester + almond shell powder (20 wt. %) + Glass 
fiber (5 wt. %) 

7 C7 Polyester + almond shell powder (25 wt. %) + Glass 

fiber (5 wt. %) 

A wooden mould of dimensions 200×150×6 mm3 was used for 

casting the composite sheet and for quick and easy removal of 

composite sheet, a mould release sheet was put over the wooden 

mould and spray was applied at the inner surface of the mould. The 

almond shell powder of 5, 10, 15, 20, 25 weight % were mixed and 

mechanically stirred in a plastic jar according to the composition of 

composites with polymer resin, hardener and accelerator in the ratio 

of 100:2:2 by weight (24, 25). Figure 2 shows the almond shell 

powder and glass fiber reinforced polyester composite sheet. Care 

was taken to avoid the formation of air bubbles during pouring. A 

load of 30 kg was applied from the top and the mould was allowed to 

preserve at room temperature. After 24 hours, the sample were taken 

out of the mould and cut into the desired shape for mechanical and 

physical testing by hacksaw blade. The details composition of the 

composites as shown in the table 1.  

   
Fig. 2 Images of almond shell powder and glass fiber reinforced composites 

2.2  Characterization of composite materials 

2.2.1  Mechanical Testing 

The tensile test was performed in universal testing machine with a 

cross head speed of 10 mm/min. The tensile samples were prepared 

with dimensions 150 mm×20 mm×5 mm as shown in the fig. The 

flexural test was also performed with the same machine and the 

sample dimensions 125 mm ×13 mm×5 mm. Impact test was 

performed on the Izod impact testing machine and the sample for 

impact testing was prepared with dimensions 64 mm×12 mm×5 mm 

with a 45º groove shape notch. Hardness testing was performed on 

Brinell hardness testing machine and the load 300 kgf was applied 

on the specimen for 30 seconds using 5 mm diameter hard metal ball 

indenter. Figure 4 shows the sample after Izod impact testing. 

2.2.2  Physical Testing 

Density plays a very important role in designing of an engineering 

component where weight is an important factor. The theoretical 

density of composite can be expressed in terms of weight fractions 

by given equations (26).  

 
Where W and ρ denotes the weight fraction and density and the 

suffix c, m, g and th represents the almond shell powder, matrix, 

glass fiber and theoretical. The actual density ) of the composites 

is determined by simple water immersion techniques and by using 

theoretical and actual density, the volume fraction voids of the 

composites can be determined by the given equations. 

×100 

 
Fig. 3 Tensile test sample, Fig. 4 Impact test sample, Fig. 5 Abrasive wear 
test sample 

2.2.3  Abrasive Wear Testing 

The abrasive wear test was performed on dry sand wheel abrasion 

tester where quartz sand was used as abrasive having grain size of 

300 µm. A series of test conducted for constant time 10 min under 

normal loadings 3kg at constant rotation speed of 150 rpm. The 

material losses from the composite surface are measured by using 

precision electronic balance and then find the specific wear rate. 

Figure 5 shows the sample after abrasive wear testing. 

3. RESULTS AND DISCUSSION 

3.1 Mechanical Properties 

3.1.1  Tensile Strength 

Figure 6 shows the effect of almond shell powder of different weight 

percentage with glass fiber reinforced in polyester composites. It can 

be clearly seen that the ultimate tensile strength of the composites 

increases with increase the weight percentage of almond shell 

powder and then decreases with further increase the almond shell 

powder. The tensile strength decreases because of the poor adhesion 

between the matrix and almond shell powder. From the given results, 

the composites C5 (Polyester + 15 wt. % almond shell + 5 wt. % 

Glass fiber) exhibits the maximum tensile strength of 71 MPa 

compared to the other composites. 

3.1.2  Flexural Strength 

Figure 7 shows the effect of different fiber reinforcement on the 

flexural strength. It can be clearly observed that the composites C4 

(Polyester + 10 wt. % almond shell + 5 wt.% Glass fiber) exhibits 

the maximum flexural strength compare to the other composites due 

to good compatibility between fiber and matrix. From the given 

figure 7 as we increase the weight percentage of fiber the flexural 

strength increases and then further decreases. 

3.1.3  Impact Strength 

Impact strength has been conducted on the composites sample and 

figure 8 shows the impact strength for different composites. It can be 

observed that the addition of the fiber in the matrix leads to improve 

the impact strength of the composites because as the fiber content 

increase in the composites, more energy will be required for break 

the matrix bonding or energy absorbed by the fiber. The composites 

C6 (Polyester + 20 wt. % almond shell + 5 wt. % Glass fiber) shows 

the maximum impact strength of 4.78 J compared to the other 

composites. 

3.1.4  Hardness 

From the Figure 9, it can be seen the sample C4 (Polyester + 10 wt. 

% almond shell + 5 wt. % Glass fiber) exhibits the maximum Brinell 

hardness number compared to the other sample of composites. The 

hardness value increases as the fiber content increase and further 

decreases as the fiber content increases. As the fiber content increase 

in the composites, leads to non-uniform dispersion of the almond 

shell powder and the hardness value is decreases. 



  
      Fig. 6 tensile strength                            Fig. 7 Flexural strength 

   
    Fig. 8 Impact Energy                                      Fig. 9 Hardness 

3.2 Abrasive Wear Test 

It can be observed from the figure 10 that as the weight percentage 

of fiber increases the specific wear rate decreases and further 

increases as the fiber content is increases. Composites C7(Polyester 

+ 25 wt.% almond shell + 5 wt. % Glass fiber) exhibits the 

maximum specific wear rate due to presence of maximum volume 

fraction of voids and composites C4 (Polyester + 10 wt.% almond 

shell + 5 wt. % Glass fiber) exhibits the minimum specific wear rate 

due to presence of minimum volume fraction of voids. 

3.3 Physical Properties 

The given table 2 represents the theoretical density, actual density 

and percentage of volume of fraction voids.  The voids can be 

measured in the composites by the density differences. In case of 

hand lay techniques, it is difficult to avoid the void formation. It is 

noticed that the composites C7 (Polyester + 25 wt.% almond shell + 

5 wt. % Glass fiber) exhibits the maximum volume fraction of voids 

and composites C5 (Polyester + 15 wt.% almond shell + 5 wt. % 

Glass fiber) exhibits the minimum volume fraction of voids because 

of the maximum value of fiber in composites shows the poorer 

bonding with the matrix. 

 
Table2. Represents theoretical, actual density and volume of fraction voids 

Compo- 
sites 

Theoretical 
density 

(gm/cm3) 

Actual 
density 

(gm/cm3) 

Volume 
fraction of 

voids (%) 

 C1 1.213 1.141 5.93 

C2 1.312 1.256 4.26 

C3 1.247 1.196 4.08 

C4 1.286 1.236 3.88 

C5 1.189 1.138 3.44 

C6 1.307 1.239 5.20 

C7 1.367 1.289 5.70 

 

4. Ranking of composites by TOPSIS method 

TOPSIS method widely used for selecting the best possible 

alternatives from the given number of possible alternatives and its 

main aim is to select the top rank alternatives and compare with the 

all other set of simulations. All the composites materials have been 

compared and ranking has been done by this method. The details of 

TOPSIS methods and steps can be understood by the given articles 

(27). The decision matrix, normalization matrix, weight normalized 

matrix, ideal positive and ideal negative solution, separation matrix 

and relative closeness and ranking are shown in the given Tables 3, 

4, 5, 6, 7, 8 respectively. Finally, the ranking of with and without 

almond shell powder reinforced composites based on their properties 

as shown in the Table 8. It has been observed that ranking of 

composites materials are as follow. Rank 1 (C4: Polyester + 10 wt.% 

almond shell + 5 wt. % Glass fiber), Rank 2 (C5: Polyester + 15 

wt.% almond shell + 5 wt. % Glass fiber), Rank 3 (C3: Polyester + 5 

wt.% almond shell + 5 wt. % Glass fiber), Rank 4 (C6: Polyester + 

20 wt.% almond shell + 5 wt. % Glass fiber), Rank 5 (C7: Polyester 

+ 25 wt.% almond shell + 5 wt. % Glass fiber), Rank 6 (C2: 

Polyester + 0 wt.% almond shell + 5 wt. % Glass fiber) and Rank 7 

(C1: Polyester + 0 wt.% almond shell + 0 wt. % Glass fiber).  

 
      Fig. 10 specific wear rate            Fig. 11 volume fraction of voids 

CONCLUSIONS 

In this work, it has been observed that mechanical, physical and 

abrasive wear properties of composites were improved with the 

addition of the almond shell powder. The void content of the 

composite material is decreases with increase the wt. % of almond 

shell powder up to 15 wt. % then decreases. The tensile strength 

value is increases as the wt. % of almond shell powder increases 

and the maximum value of tensile strength about 71 MPa is obtain 

at 15 wt. % of almond shell powder. The maximum hardness value 

is about 209 BHN and maximum flexural strength value is about 32 

N/mm2 and obtains at 10 wt. % of almond shell powder. Maximum 

impact strength is obtained at 20 wt. % of almond shell powder and 

its value is about 4.78 Joule. Specific wear rate is decreases as the 

wt. % of almond shell powder increases and then increases. 

Composites C4 (Polyester + 10 wt. % almond shell + 5 wt. % Glass 

fiber) shows the maximum hardness, flexural strength value and 

minimum specific wear rate and composites C5 (Polyester + 15 wt. 

% almond shell + 5 wt. % Glass fiber) shows the maximum tensile 

strength value. From the TOPSIS method ranking analysis, the 

composites materials C4 shows the rank 1 and composites C1 

shows the lowest rank compared to other. It can be observed that 

the composite C5 shows the highest tensile strength compared to 

the C4 and more suitable for structural application.  
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Table3. Decision Matrix. 

Composites Density 

(gm/cm3) 

Tensile Strength 

(MPa) 

Flexural 

Strength (MPa) 

Impact Strength 

(J) 

Hardness 

(BHN) 

Specific Wear Rate 

(mm3/Nm) 

C1 1.141 37.5 16 3.1 115 0.0366 

C2 1.256 51.5 18.5 3.94 134.4 0.032313 

C3 1.196 58.5 26 4.08 190.1 0.028426 

C4 1.236 62 32 4.35 209 0.026324 

C5 1.138 71 28.5 4.49 175 0.027342 

C6 1.239 54 29.5 4.78 169 0.034282 

C7 1.289 32 31 4.14 142 0.034986 

Table4. Normalization Matrix 

Composites Density 

(gm/cm3) 

Tensile Strength 

(MPa) 

Flexural 

Strength (MPa) 

Impact Strength 

(J) 

Hardness 

(BHN) 

Specific Wear Rate 

(mm3/Nm) 

C1 0.3550193 0.263161135 0.227603846 0.281992325 0.263511121 0.436471434 

C2 0.3908013 0.361407958 0.263166947 0.358403149 0.307964302 0.385347034 

C3 0.3721324 0.41053137 0.36985625 0.371138286 0.43559534 0.338992814 

C4 0.3845783 0.435093076 0.455207693 0.395698908 0.47890282 0.31392552 

C5 0.3540859 0.498251748 0.405419351 0.408434045 0.400995184 0.326065627 



C6 0.3855118 0.378952034 0.419644592 0.434813972 0.387246778 0.408828243 

C7 0.4010692 0.224564168 0.440982452 0.376596202 0.32537895 0.417223759 

Table5. Weight Normalized Matrix 

Composites Density 

(gm/cm3) 

Tensile 

Strength (MPa) 

Flexural 

Strength (MPa) 

Impact Strength 

(J) 

Hardness 

(BHN) 

Specific Wear Rate 

(mm3/Nm) 

C1 0.0887548 0.065790284 0.056900962 0.070498081 0.06587778 0.109117858 

C2 0.0977003 0.09035199 0.065791737 0.089600787 0.076991075 0.096336759 

C3 0.0930331 0.102632843 0.092464063 0.092784571 0.108898835 0.084748203 

C4 0.0961446 0.108773269 0.113801923 0.098924727 0.119725705 0.07848138 

C5 0.0885215 0.124562937 0.101354838 0.102108511 0.100248796 0.081516407 

C6 0.0963779 0.094738008 0.104911148 0.108703493 0.096811695 0.102207061 

C7 0.1002673 0.056141042 0.110245613 0.09414905 0.081344737 0.10430594 

Table6. Ideal positive and ideal negative solution 

Solution Density 

(gm/cm3) 

Tensile 

Strength (MPa) 

Flexural 

Strength (MPa) 

Impact Strength 

(J) 

Hardness 

(BHN) 

Specific Wear Rate 

(mm3/Nm) 

A+ (Ideal 

Positive sol) 

0.08852 0.124562937 0.113801923 0.108703493 0.119725705 0.07848138 

A- (ideal 

Negative sol) 

0.10027 0.056141042 0.056900962 0.070498081 0.06587778 0.109117858 

Table7. Separation Table                                                                            Table8. Relative closeness value and Ranking 

 

 

 

                

 

Composite Relative Closeness Ranking 

C1 0.120 7th 

C2 0.359 6th 

C3 0.684 3rd 

C4 0.837 1st 

C5 0.802 2nd 

C6 0.632 4th 

C7 0.416 5th 

Composite S+ S- 

 C1 0.1094982 0.015023549 

C2 0.0779078 0.043678522 

C3 0.0369663 0.080124735 

C4 0.0200767 0.103301291 

C5 0.0242278 0.098682101 

C6 0.0460248 0.079209668 

C7 0.0847587 0.060559075 
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