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ABSTRACT 

               Residual stresses are built up due to various processing operations and 

affect significantly on the materials performance. It is important to develop 

accurate and  reliable methods for analysis of residual stresses in engineering 

components that causes catastrophic fracture without previous warning. 

Polymers are poor in the resistance to crack extension, so the residual stresses 

are influencing inevitably on the performance of polymeric products. The 

development of nondestructive techniques (NDT) is very important from  

technical and economical point of view. The ultrasonic technology is more 

extensively applied in the assessment of residual stresses in metals. In this work, 

the ultrasonic pulse-echo technique was applied on the first time in  measuring 

residual stresses for polystyrene products. 

              According to the difference in morphology between polymeric 

components, through thickness residual stresses were determined twice in this 

work. Through thickness residual stresses in terms of acoustoelastic constant 

and through depending on the determined previously acoustoelstic constant for 

polystyrene sheets. The residual stresses were evaluated due to  cooling from 

temperatures (180, 200)  by air and water under various applied pressures (0, 

45.714, 76.19, 106.667, 152.381)MPa. The ultrasonic velocity of reference 

(annealed) specimen (2260) m/s was approved in the evaluation of residual 

stresses due to ultrasonic test. The  air and water cooling from (180, 200)  were 

corresponded with increasing in ultrasonic velocity while tensile residual 

stresses were related with decreasing  in ultrasonic velocity for evaluated 

residual stresses in terms of acoustoelastic constant.  

           SPSS software through (p-value) were showed that air and water cooling 

from (180, 200)   resulted tensile residual stress without zero pressure. The 

optimum pressures against residual stresses from (HABCFFNN) were obtained 

under (106.667, 76.19)MPa pressures while the optimal through thickness 

residual stresses due to water cooling from (180, 200)  were (-70.003, 
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10.579)MPa. The best temperature of preparing polystyrene specimens was 

200  because the high percent of beneficial compressive residual stresses that 

increase fatigue and creep strength. The evaluated through thickness residual 

stresses were resulted from (thermal stresses due to cooling type, over load 

applied pressures, restraining of polymeric sheets inside metal molds). The 

range of ultrasonic velocity produced from pulse-echo test were  (2000-2500) 

m/s due to air and water  cooling from (180, 200). From SPSS, the significant 

pressure on residual stresses due to water cooling from (200)   was 152.714.  
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 Chapter One  

Introduction 

1.1 Introduction 

Residual stress is a problem occurs in many components and 

manufactured structures, it has important influences on the behavior of the 

materials and structural components, particularly on their mechanical strength, 

distortion, dimensional stability, resistance to corrosion,  fatigue life and brittle 

fracture. The residual stress analysis is unavoidable stage in the design of 

structural elements and estimation of the reliability under real conditions of 

service. 

 1.2 Residual Stresses  

            The residual stresses are internal stresses have remained within the 

material after manufacturing  processes without application of external forces or 

temperature gradients as well as produced by non-homogeneous plastic 

deformation due to service loading of the part [1]. Residual stresses are present 

in materials or structures essentially due to the manufacturing processes, 

independently from any external load that applied on the structure or materials 

[2].  

          The combination of residual stresses and external loads causes useful or 

harmful stresses according to sign, distribution and magnitude of these stresses. 

Residual stresses are self-equilibrating where the summation of local tensile and 

compressive stresses have showed zero resultants of forces and moments 

through the entire volume of the material or structure [3].  

1.3 Sources of Residual Stresses  

The sources of residual stresses at any product have categorized into: 
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1.Mechanical: mechanical residual stresses have developed as a result of 

processes of manufacturing which change the material shape such as forming, 

rolling, extrusion, forging, drawing, machining  and bending due to the 

production of non-uniform plastic deformation.  These residual stresses also can 

be generated during service as in railway rails at the deformed surfaces. In some 

cases, deliberated mechanical residual stresses could be induced to develop a 

specific profile of stress (usually compressive) for a component as in: 

(toughening of glass, cold drawing (cold expansion of holes) and shot peening 

[3, 4]. Residual stresses can be presented in extruded shapes, molded parts and 

thermoformed products. These stresses may be a normal part of the 

manufacturing process due to thickness changes due to non-uniform flow rates 

or inclusions [5].  

2. Thermal: thermal residual stresses have occurred during processes of 

manufacturing such as casting, welding and quenching according to the non-

uniform operations of heating or cooling [3]. The subsequent thermal treatments 

have resulted distortion that include warpage, crazing and change the pattern of 

residual stresses [5]. The changes in volume that arising from solidification or 

solid state transformations [6]. The differences in the thermal expansion 

coefficient at pieces made from various materials led to induce residual stresses 

[6]. Residual stresses also have resulted from manufacturing conditions and 

influenced on the polymer products performance from mechanical properties to 

dimensional  accuracy [7].  

3. Chemical: chemical residual stresses in materials have developed due to 

(material phase transformation, density changes and precipitation). For example 

chemical surface treatments, coatings, hardening alloys by precipitation and 

polymerization process [3]. Moreover, the stress also has induced if the material 

thrown or soaked into chemical solutions [8]. 
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1.4 Importance of Measuring Residual Stresses  

          The knowledge of residual stress state is very complex to be deduced from 

experimental measurements or predicted by modeling [3], so the identification 

of residual stress distribution is important to predict the part performance under 

various conditions [9]. Moreover, the knowledge of residual stresses in 

machined and molded polymer products is very important to understand various 

appearances like dimensional stability and susceptibility to chemically assisted 

cracking [5]. 

          The existence of residual stresses may not obvious and ignored during 

engineering design due to their characteristic of self-equilibrium [3]. In any free 

body diagram, the equilibrium of stress must preserved,  where the existence of 

tensile residual stresses into component must be balanced by the compressive 

stresses at another place of body. The residual stresses were useful during their 

operation in the same plane of applied load and when they are opposite to 

applied load direction, such as the a compressive residual stresses at a 

component subjected to an applied tensile load [10]. There are three 

fundamental parameters have influenced on the development of residual stresses 

as shown in Figure (1-1) [11]. 

 

Figure (1-1): Three main influences on the development of residual stresses [11] 
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1.5  Effects of Residual Stresses on Material Properties   

           The magnitude and distribution of the residual stresses have taken into 

account through the manufacturing and design of various materials because they 

have limited the engineering properties of materials and welded structures [1, 

10]. Residual stresses may be either detrimental or beneficial depending on the 

situation, sign and location where compressive residual stresses are useful 

because of the improvement in the following properties:  

1. Fatigue strength due to preventing the fatigue crack initiation and 

propagation.  

2. Wear resistance and bending strength of glass and brittle ceramics. 

3. Stress-corrosion cracking resistance by preventing the initiation of surface 

cracks [1, 9, 10].  

           In general, the tensile residual stresses are considered as the failure 

reasons due to the cracks that produced from (quenching, fatigue and stress 

corrosion cracking), so they are undesirable [3,10]. There are other operations 

which produce detrimental tensile stresses such as welding, rod or wire drawing 

and grinding [1]. However, the compressive residual stresses could obstruct the 

growing of fatigue cracks where most cracks have occurred on the surface of the 

products [3]. 

1.6  Aim of Current Work 

1-The measurement of through thickness residual stresses for sheets from 

polystyrene polymer that manufactured by melting granulates in closed molds at 

different temperatures (180, 200) , then pressed under various pressures (0, 

45.714,76.19, 106.667, 152.381)MPa and two types of cooling in (air, water). 

2-Applying at the first time non-destructive accurate pulse-echo ultrasonic 

technique on polystyrene sheets along specimen length in order to measure 
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through thickness residual stresses and overcome the problem of catastrophic 

fracture that produced from over loading because of the possibility of in-service 

measurements.  

3-Built the algorithm hybrid artificial bee colony for training feed forward 

neural network (HABCFFNN) to obtain the optimal through thickness residual 

stresses with corresponding effective applied pressures that corresponding to 

less detriment residual stresses. 

4-Estimation of maximum and minimum proportions of convergence and errors 

due to the utilization of statistical program SPSS. 

1.7 Contribution of Current Work 

              In this work, the ultrasonic technique is used innovatively on 

polystyrene polymer for detecting residual stresses that induced from several 

sources. The sources of residual stresses are (thermal gradient, applying of 

pressures, restraining of sheets inside closed molds) due to the preparation of 

polystyrene specimens. The ultrasonic pulse-echo technique are utilized at the 

first time in evaluating through thickness residual stresses.  

             The optimization process is executed in order to obtain best values of 

applied pressures and cooling type at two temperatures (180, 200) . In addition, 

the corresponding less destruction through thickness residual stresses are 

determined. The optimization algorithm built with MATLAB is an innovative 

combination between (artificial bee colony, feed forward neural network, 

residual stresses, polystyrene polymer).  
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Chapter Two 

Theoretical Background and Literature Review 

2.1 Introduction 

           There are various efforts are made in order to evaluate the impact of 

residual stresses on characteristics of molded polymers. The introduction of 

residual stresses are carried out by all polymer processing techniques. There are 

destructive techniques(DT) and nondestructive techniques. The destructive 

techniques include destroying the engineering parts.The nondestructive 

techniques (NDT) are allowing for determining flaws, imperfections, non-

uniformity and residual stresses without destroying the engineering part. The 

ultrasonic technique is considered as a nondestructive promising technique for 

evaluating residual stresses. Nondestructive techniques (NDT) also are applied 

in evaluating  quality control on various constructions.  

2.2 Destructive Measurement Techniques 

2.2.1 Layer Removal and Curvature 

A- Layer Removal Method 

The method of layer removal has depended on Stoney’s Method. It has 

involved noticing the resulted deformation due to the removal of series layers 

from material. This technique has suited to specimens of cylindrical shape and 

flat plates where the residual stresses have varied within depth [3]. Figure (2-1) 

depicts by diagram examples of the layer removal technique. This method 

includes the deformation measurements on one surface by the usage of strain 

gauges while paralleling  layers have removed from the opposite surface of 

material. The method is general and applied on all materials such as paperboard 

[3].  
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 Many methods have employed in order to measure the curvature of 

specimen, such as: (optical and laser scanning techniques, strain gauges, 

electron speckle pattern interferometry (ESPI)). The technique of layer removal 

method is only applicable on plates [3]. The layer removal & curvature 

techniques have employed for measuring the residual stresses within the test 

pieces of simple geometries [10].  

 

Figure (2-1): The forms of specimens investigated by  layer removal & curvature 

technique (a) flat plate sample (b) cylinder sample [1] 

          The method of layer removal and curvature is appropriate only for a 

sample which is relatively long as compared to its thickness. The methods of 

layer removal and curvature are relatively easy technique that is often employed 

for the measurement of residual stresses in a specimen with simple geometries 

[12].  Layer-removal technique is the most accurate technique for measuring 

residual stresses in plastics and  can be used with sheets and plates [13].  

          The technique of layer-removal has based on the curvature measurement 

of flat specimens following progressive mechanical removal of thin surface 

layers. According to layer removal, the specimen has restored the equilibrium by 

warpage to an arc of circular shape [14]. There are also some forms of layer 
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removal technique have combined with X-ray diffraction to generate the stress 

profile, so the method becomes destructive and the cutting have done carefully 

to ensure the steadiness of the stress state [1].  

                   The layer removal method has liked the crack compliance method, it 

has depended  on the removing of material from the specimen and measuring the 

resulted strain or distortion as shown into Figure (2-2). The layer  removal from 

the sample removes the residual stress contained therein, the sample has 

distorted in order to obtain the equilibrium where this distortion has 

corresponded to the theory of Euler–Bernoulli beam [12].  

 

Figure (2-2): Principle of Layer Removal Technique [15] 

              The technique of layer-removal includes measuring the degree of 

curvature introduced into flat plate samples by removing thin layers from the 

specimen surface, it is possible to calculate the strain and consequently the 

residual stresses in the removed layer by measuring the specimen curvature 

[16]. According to the layers removed from one side of flat plate which 

contains residual stresses where the stresses have become unbalanced and the 

plate bended [10].  

                 The curvature has depended on: the original stress distribution 

which existent in the removed layer and the elastic properties of the remainder 

plate. According to the series of curvature measurements with sequential 

removed layer, the distribution of stress in the original plate has concluded 
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[10]. The first point is difficult to obtain if the initial bars are not optimally 

flat where the first step of milling will not be uniform in thickness [17].  

         In the last step of milling, the bars are not stiff where the deformations 

depend slightly on the position of bars from the assembly of milling. 

Moreover, the thicker bars, the lower deformations [17], Figure (2-3) shows 

the principle of method by using an example of beam.  

 

 

Figure (2-3): Experimental setup of layer removal method [12] 

 
 

              Some layers that have removed from a flat plate are involving residual 

stresses and the plate starts to bend due to the unbalanced stresses. Clearly, the 

curvature depends on the distribution of original residual stresses that present in 

the removed layers and from the elastic properties of the remained plate. The 

stresses distribution in the original plate has calculated after the removal of 

successive layers and the curvature has measured [12]. 

          The layer removal technique is the most extensively employed method to 

measure the residual stresses. The rectangular sample has cut from the pipe 

interested area and the layers have removed from one side of the surfaces. The 

sample has undergone changes in dimensions after each removed of layer as 
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well as the average stress that has determined due to the change in dimensions in 

each layer.  

         The residual stress results have attained as an example shown in Figure (2-

4), where the residual stresses determined through depth and the deflection 

changed against the specimen length. Moreover, the sectioning machine has 

introduced undesirable stresses such as surface residual stresses or overall 

yielding stresses to the test sample and reduced the measurement of accuracy 

[18]. 

  

Figure (2-4): The results of layer removal method [13] 

 

             The frequent measurements of curvature have employed to calculate the 

stresses through the coatings and layers. The deposition layer has induced 

stresses that cause the curve of substrate, the resulted changes in curvature from 

deposition have determined the corresponding differences in residual stresses 

with respect to the thickness of deposition, the data from experiment have 

attained for different thicknesses from sputtering [19]. The specimen thickness 

has measured prior to layer removal and after each successive stage of removing 

layers, the thickness was determined by using a micrometer [20].  

           The calculation of residual stresses distribution in polymers by the layer-

removal method requires the determination of modulus variation in the plane 
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specimen at different positions across the specimen thickness. Accordingly, 

measurements of modulus were made at different stages of layer removal using 

the method of layer removal considers the removed material in a large layer, it 

has supposed that the residual stresses are constant through the layer [12].  

B- Layer Removal by Electrochemical Machining 

          This technique of layer removal has applied by the usage of 

electrochemical machining (ECM) for measuring the residual stresses in metals, 

the electro chemical machining (ECM) is able for machining of any electrical 

conductive material associated with high rate of removal as well as the 

ignorance of mechanical properties because it is  a process of metal removal that 

is non-mechanical. The rate of removal in the ECM machining is independent 

on the hardness and toughness of material [1]. This technique does not required 

strain gauges and hence the samples does not require special preparation such as 

the gauges gluing [12]. 

2.2.2 Analytical Contour Method  

            The contour method is a recently invented relaxation method, it has 

proposed firstly in 2000 which evaluated a  residual stress 2D map on the plane 

of interest [1].  This method has applied in several cases such as: Tee-joint 

welded carbon steel, quenched thick plates, cold-expanded hole, forgings of AL 

alloy, all types of materials [1].  In the analytical contour method, the sample 

has cut carefully in two halves causing the relaxation of residual stresses of 

normal direction on the cut plane.  

         The deviation of surface contours has associated with the elastic relaxation 

of residual stresses and employed to determine the original residual stresses.  

One of the exceptional strengths of the analytical contour method is that it 

affords a complete cross-sectional chart in compared to 1D depth profile from 

the component of residual stresses that is normal to the cross section as shown in 

Figure (2-5). This method has applied in several cases such as: Tee-joint welded 
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carbon steel, quenched thick plates , cold-expanded hole as well as forgings of 

AL alloy [1].  

 

Figure (2-5): Three cuts of 7050-T7452 forging 

used to map 3D residual stresses [21] 

 

          The cuts have executed with wire electric discharge machining (EDM) by 

the usage of wire diameter (150 μm) made from brass. The part has immersed in 

deionized water under controlled temperature through the cutting process [22]. 

The cut have deviate from the original plane of cutting that has led to errors in 

the measurement of stresses, the part must be restricted by fixing it to a 

supported plate on two sides of the cut [22].  

           All the clamps, specimen and backing plate have permitted to come into 

state of thermal equilibrium at the tank of water before clamping to prevent any 

thermal stresses [21]. The analytical contour method has improvements in 

measuring the residual stresses as compared to conventional relaxation methods, 

it depends on the difference in the principle of elastic superposition [1]. The 

specimen must be suitable constrained essentially to avoid its movement during 

the cutting. 
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          The specimen cutting is the important step in implementation of the 

contour method because the next procedures (reduction of data and stress 

analysis) have based on the cutting quality. The appropriate method of cutting is 

the Wire Electrical Discharge Machining (WEDM) because it uses the electrical 

discharges or sparks to remove material instead of tools with hard cutting [1].  

          The constant cut width has related strongly to the (type of cutting wire, 

type of material under cutting, specimen geometry and operating parameters of 

WEDM). The wire of cutting must be as thin as possible for the removing of 

minimum amount of material that is particularly significant for the cases of  high 

gradient in stress [1]. 

          The  relief of residual stresses that needed to measure on the two surfaces 

of cut. A Coordinate Measuring Machine (CMM) is sufficiently precise for 

measurement  of surface profile. A (CMM) has designed to measure the intricate 

shapes with high accuracy and especially employed for determining the 

satisfaction of the tolerance specifications to the manufactured parts. A CMM 

has employed a ruby tipped stylus as a sensor for discovering the specimen 

surface, the mechanical assemblage has moved the sensor device (stylus) to 

contact with the measured surface, the stylus deflection has triggered a computer 

to prerecord the location of each point of contact [1]. 

          According to this analytical method, the contours of the two cutting 

surfaces have measured by the usage of coordinate measuring machine (CMM) 

after each cut. A (CMM) recorders the mechanical contact with a probe has 

touch trigger and an optical-electrical system has employed glass scales which 

give the positioned probe as well as has combined with the machine coordinates 

for siting the surface, a spherical tip of ruby  of 1mm diameter has employed on 

the probe. The surfaces of cut have measured on 1 mm grid spaced for the 
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smaller surfaces and up to 2 mm for the largest surfaces as well as have given 

the points on each cut surface in the range (13,000-17,000) [21]. 

           The peak-to-valley amplitude of the contour was approximately 60 μm 

and resolved readily due to the (CMM) that have shown from figure (2-6) where 

the contour was measured for cut 3 from Figure (2-5). In the following contour 

where the regions of  compressive residual stress have represented by high spots 

in the contour while tensile regions by low spots. The periodicity of the contour 

refers to the multiple cold compressions that has applied on the forging [21]. 

 

Figure (2-6): the peak to valley amplitude of the contour [21] 
 

 

          The original present stresses on the cut plane has determined numerically 

by the elastic deformation of the cut surface into the counteractive contour shape 

which has gauged on the same surface, so this has achieved by the usage of 3D 

finite element elastic model. The model has built-up of one half of the part but 

the surface of cut has formalized as flat rather than slightly deformed shape that 

measured by the contours of surface [21].  

          According to the stress determination, the counteractive of the measured 

surface contour has applied as displacement boundary conditions on the 

corresponding surface to cut [21].The results have compared with the stress 

prediction by finite element method [21]. In the application of residual stresses 
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measurement which a challenge for another methods, the analytical contour 

method is capable to draw the residual stresses quite accurately. The 

measurements of contour method were relatively simple either  experimentally 

or analytically even by comparing with another methods that do not have 

capable for measuring the same stresses [21]. 

2.2.3. Hole Drilling Method (ASTM E837) 

          The hole drilling is semi-destructive method has included the drilling of a 

small hole through a specimen, the released surface strains have measured by 

using a special rosette of strain gauge for measuring residual stresses [10].The 

typical hole drilling device and its constituents have shown in Figure (3-8). It is 

significant to select an appropriate method of drilling because any residual stress 

that established by the process of drilling has unfavorably influenced on the 

results, this involves the usage of conventional drilling method, abrasive jet 

machining and air turbines of  high speed [1, 10]. 

 

  

Figure (2-7): The constituents of hole drilling rig and hole drilling apparatus [23] 
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       This technique includes drilling of a hole through material and measuring of  

the surface strains in the neighbor of a hole through the drilling process. The 

electrical resistance strain gauges have applied usually to calculate 

quantitatively the strains near the drilled hole. The strains have employed to 

determine the biaxial stresses and their distribution at and near the surface of 

part [23]. The standard of hole drilling method is (ASTM E837-99) [8] and the 

most utilized technique hole drilling method is according to ASTM standard 

E837-13a [24]. 

          The release of strain near the hole is approximately comprehensive but 

this method has suffered from the limited sensitivity of strain and potential 

errors as well as uncertainties associated to the hole dimensions with respect to 

(diameter, concentricity, profile, depth, roughness of surface, flatness, 

preparation of specimen), Figure (2-8) depicts the geometry of strain gauge for 

measuring the residual stresses [10]. 

          In the method of hole drilling, the accomplishment of good bonding 

between specimen and  strain gauges has required some surface preparation,  if 

the near surface residual stresses are significant, it must not remove too much 

material.  The choosing of an appropriate strain gauge and size of drill are 

important as well as the two are directly connected because this has determined 

the maximum depth of measurement. The gauge size is significant and has 

related to the present type of stresses [10]. 

             The small gauges have given a more localized measurement but more 

difficult to handle, it only gives information of limited depth because of the 

conforming small drill size and probably predisposed to larger errors which 

related with misalignment or anomalies on surface [10]. The application of this 

method has limited by the basic measurements where the field of stress is 

fundamentally uniform. The another methods of analysis such as Integral and 

Power series techniques have improved for determining the residual stress 
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distributions in non-uniform stress fields where the ASTM E837 standard does 

not apply severely [10].  

 

Figure (2-8): Schematic representation of strain gauge 

for measuring the residual stresses (top view) [1] 

               Although some drawbacks, the hole drilling method remains a popular 

method for the residual stresses measurement, there are latter developments 

involve the induction of new rosette designs and the developments of carrying 

out full field measurements such as laser speckle interferometry, Moire 

interferometry and holography. There are other improvements include the 

application of this method on (thick coatings, materials of non-uniform and 

severe gradients of stress) and novel drilling methods to increase the sensitivity 

of strain and confidence in measurements [10].  

          According to the hole drilling, the locked up residual stresses have 

released and the corresponding strains of surface have measured by usage of 

appropriate strain gauges that glued round the hole [1]. The range of resolution 

in the hole diameter region where the minimum analyzed hole depth does not 

exceed 0.5 x d0 where d0 is the diameter of hole [1]. 

There are several geometries of strain gauge that present for determining the 

residual stresses and have shown in Figure (2-9): 
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-Type A strain gauge is the most commonly employed and recommended design 

for measurements of general purpose.  

-Type B strain gauge is beneficial if the needed measurements were near 

(obstacle, fillet, radius).  

-Type C strain gauge has used 6 grids induced newly to give improved 

sensitivity of strain [10].  

 

Figure (2-9): Geometries of strain gauge rosette [10] 

             The principle of determining residual stresses due to the hole drilling 

method is the material removal from a stressed surface that permitting relax the 

surface slightly and consequently the relaxation of residual stresses [10]. The 

principle of hole drilling method has included the induction of a small hole into 

a part  involving residual stresses and consequent measurement of the locally 

released surface strains [10]. 

         Effectively, the hole has drilled in the center of the component by a special 

rosette of strain gauge [10]. The method of hole drilling is inexpensive, quick 

and common semi destructive technique. It has applied on isotropic and 

machinable materials with known elastic parameters [1]. The hole-drilling 

method as compared to another techniques of residual stresses measurement is 

applicable on all groups of materials, this method has determined macro residual 

stresses [1]. The hole drilling for measuring residual stresses has done with 

important carefulness to avoid the induction of errors.  
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            There are three main causes of error: introduction of stresses from 

machining have added to the measured residual stresses, non-cylindrical hole 

shape, and eccentricity but it is the unique method for the residual stresses 

measurement with accepted standard ASTM [1]. The modification for the 

technique of hole drilling by usage of a bit drill to minimize the heat and 

pressure created during the process of drilling which demonstrates that the 

technique of hole drilling has successfully utilized with plastics [16].  

The hole drilling methods have categorized into the following: 

1- High Speed hole drilling (HS)  

          The extra stress that has induced by the technique of high speed hole 

drilling is comparatively lesser than the produced stresses by another techniques 

of  hole-drilling, the method of high speed hole drilling has several advantages 

involved: the experimental setup is simple, the operation is straightforward and 

the precision is improved. The main problem of the hole drilling technique 

considers the induction of stresses of machining while the HS hole drilling 

method has allowed to resolve the problem of introducing lower extra stress [1].  

          High speed hole drilling has suggested for measuring the residual stresses 

of specimens with high toughness and hardness, furthermore, the tool wear has 

caused the introduced stresses to rise and therefore cause significant errors of 

measurement. In extreme cases, the wear of tool may be very sharp where the 

tool has failed catastrophically, high speed hole-drilling has unsuccessful for 

using in the method of strain gauge. Moreover, the wear of tool makes the 

introduced stress increased and ; thus, led to substantial errors in measurement 

[1], the magnitude of extra induced stresses has depended on the used method of 

drilling and working parameters [10].  
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2- Hole Drilling Electrical Discharge Machining  (EDM)  

          The electrical discharge machining hole-drilling (EDM) method affords as 

an alternate method for measuring the residual stresses [1], the method of hole 

drilling electrical discharge machining (EDM) has employed for measuring the 

residual stresses of component, the discovered portion of strain that released by 

strain gauge not originates from the original component but from the introduced 

residual stresses at the layer of conversion through the hole-drilling process, this 

extra strain imperatively induces an error in the measurement unless it is taken 

account in some manner [1].  

          The technique of electrical discharge machining (EDM) as the high-speed 

hole drilling method affords the same degree of reliability and constancy in 

measurement with respect to the experimental results. Moreover, they also have 

found that the error in measurement which introduced by the (EDM) is 

dependent on the working parameters and independent on the magnitude of 

residual stresses through the original component [1]. 

         There are several preparations for assessing the residual stresses due to the 

subsequent stages: preparation of surface and installation of strain gauge, the 

strain gauges  have bonded to the sample at the points of calculating residual 

stresses, each rosette grid element has related to an indicator of strain with 

recorded of zero readings, the milling guide has located over the gauge center 

and attached with a safe manner to the part of sample by the usage of  a 

particular type of cement [1].  

          Lastly, the magnitudes of principal residual stresses and their directions 

have determined by the usage of suitable equations [1]. The advantages of  this 

method are that no restraint on the mechanical properties of ferrous materials 

and its ability of drilling holes on different metals with high accuracy [1].    
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3- The Incremental hole drilling method 

          The incremental hole drilling method is an enhancement on the 

fundamental method of hole drilling that includes execution of  the drilling in a 

sequence of small steps, it enhances the method versatility and enables the 

measurement of stress profiles and gradients where the residual stresses are not 

uniform within depth [1]. A pneumatic drill of high speed runs exceeding 

(200,000) rpm has employed to drill hole without introducing any additional 

machining stresses and modifying the existing system of stress.  

             The strain data at pre-determined depths are accurately gained. On the 

other hand, the accuracy of method depends on the number of increments and 

their corresponding depths. The more representative profile of residual stresses, 

The larger number of drilling increments for the same thickness of laminate [1]. 

According to the effect of increment depth, the choosing of an increment is very 

important (one increment per ply) and has led to little over-estimated stress, the 

drilled increment per ply has produced by the relaxation of stresses during and 

after the process of drilling [1].  

         The incremental hole-drilling method has suggested if the residual stresses 

within depth are not identical. It needs the suitable trade-off with respect to both 

the number of drilling increments and the depth of every increment [1]. The 

method of incremental hole drilling has improved the technique versatility and 

enabled the measurement of stress gradients and profiles. There is no point for 

making measurements beyond the depth that equal to the diameter of drill 

because no measured extra strain [10]. 

4-Deep Hole drilling Method  

          The method of deep hole drilling is semi destructive, it is a different 

method combines the elements of hole drilling and ring core methods, it is a 

standard method for the residual stresses measurement into isotropic materials 

and especially suitable to thick components, it gives the deep internal stresses 
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measurement for quite huge specimens such as castings of steel and aluminum 

with several tons weight. In the method of deep-hole drilling, a hole has first 

drilled over the thickness of component, the hole diameter has measured 

precisely and the core of material round the hole has  trepanned out, the core 

trepanning has carried out by using a wire electrical discharge machining 

(WEDM) operation to relax the residual stresses into the core, the diameter of 

hole has re-measured to determine the residual stresses from the difference in 

the hole diameter [1].  

          The method of deep hole drilling is semi destructive employed for 

measuring the residual stresses because although the hole has left in the 

component, the hole diameter is quite small and accord with the hole which 

needs to successive machining. The main advantage of this technique is enabling 

the measurement of deep internal stresses. The methods of hole drilling and 

deep hole drilling are easy, fast, semi destructive, used for wide range of 

materials that have limited sensitivity of strain and resolution [1]. 

2.2.4  Method of Sectioning  

          The sectioning method is destructive depends on the measurement of 

deformation according to the relief of residual stresses upon the removal of 

material from sample. The sectioning technique includes generating a cut on the 

plate to relief the residual stresses that presented on the cutting line, the 

employed cutting process must not induce heat or plasticity, so that the original 

residual stresses have measured without the effect of plasticity on the planes of 

cutting surfaces. Figure (2-10) depicts the method of sectioning where a series 

of cuts has made to assess the residual stresses into section of I-beam, the 

released strains through the process of cutting have measured by the usage of 

electrical or mechanical strain gauges [1]. 
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Figure (2-10)  Section from sectioning method [1] 

 

2.2.5 Ring-Core Method semi destructive 

          Ring-core method is a semi-destructive method, it is variant of the hole-

drilling method because the hole drilling method includes the drilling of a 

central hole, the ring core method includes the measurement of deformation into 

a central region has produced by the annular slot cutting into surrounding 

material. and measuring the resulting deformation of the surrounding surface 

          The ring-core method as the hole-drilling method, has a fundamental 

execution to assess the stresses in-plane and an incremental execution to 

calculate the profile of stress. The ring-core method has an advantage over the 

hole-drilling method is that it provides larger surface strains, it generates greater 

specimen damage and is less easy to implement practically [1]. 

 



Theoretical Part and Literature Review                                      Chapter Two                                     

 

  24  
 

2.2.6 The Slitting (Parting-out) Method 

          The method of slitting is very similar to the method of hole-drilling but it 

uses a long slit rather than a hole as shown in Figure (2-11) that illustrates the 

geometry of slitting method. Strain gauges have attached either on the front or 

back surfaces or both of them and the released strains have measured while the 

slit has incrementally increased in depth. The slit has produced by a thin saw, 

milling cutter or wire electrical discharge machining (WEDM) [1].  

          The perpendicular residual stresses on the cut have calculated from the 

measured strains by the usage of determined finite element calibration constants. 

The method of slitting has an advantage over the method of hole drilling where 

it has  assessed the profile of stress over the entire specimen depth, the front 

strain gauge provides with near surface stresses while the back strain gauge 

provides with deeper stresses [1]. 

 

Figure (2-11): Slitting method [1] 

 

          The method of slitting provides only the normal residual stresses on the 

cut surface while the method of hole drilling provides with three in-plane 

stresses, the extra cuts have made to find another components of stress where the 

overall procedure is similar to the sectioning method. The slitting method has 

also applied to estimate the stress intensity factor produced by residual stresses 

that is very beneficial for studying the fracture and fatigue [1]. 
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          For measuring the residual stresses of pipe in the circumferential direction 

have depicted by Figure (2-12), a ring sample has removed from the pipe of 

(one-inch) width and the ring then is slit open, when the pipe has tensile stresses 

on the inside wall and the ring tends to reduce the diameter and close, the 

maximum residual stresses have determined by measuring the difference in 

diameter over time [18]. 

 In order to measure the longitudinal residual stresses, a small section with 

rectangular shape has cut from the pipe end, the displacement has monitored 

with time at the end of removed section [18]. The residual stresses have created 

in pipes during the process of manufacturing, the magnitude is too important and 

cannot be ignored, for example the measured residual stresses in pipes of HDPE 

are generally between (470-1200) psi, thus; the influence of residual stresses on 

the properties of material has assessed [18]. 

 

Figure (2-12): Measuring of residual stresses by slitting [25] 

2.2.7 Partial Excision (Splitting) method  

          The method of splitting includes the  measurement of the curvature or 

deflection for a thin plate due to the material adding or removing that involving 

residual stresses where partial excision is a procedure carried out by cutting deep 

slots at each end of the strain gauge as shown in figure (2-13). This technique 
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has firstly developed for the stresses assessment in electroplated materials and is 

beneficial for evaluating the stresses introduced by shot-peening [1]. 

          Figure (2-13) illustrates a deep cut has sawn through the sample as well as 

the opening or closing of the neighboring material refers the signal and 

approximate size of the present residual stresses. This technique is utilized 

extensively as a fast test for the purpose of quality control through the 

production of material.  

            The ―prong‖ test has shown in Figure (2-13-b), it is a different method 

for evaluating stresses in dried lumber. The splitting method of thin-wall tube 

has depicted through Figures (2-13-c,d)  which are examples on method of 

Stoney and sometimes called the method of curvature [1]. Figure (2-13-c) has 

usually utilized to evaluate the  residual stresses in thin-walled tubes by 

assessing the longitudinal stresses while figure (2-13-d) has evaluated of the 

residual stresses through circumferential stresses. The last arrangement has 

applied commonly for tubes of heat exchangers and specified by standard 

ASTM (E1928) [1]. 

 

Figure (2-13): Method of splitting (a) rods (b) wood (c) axial stresses of tubes (d) 

circumferential stresses of tubes [1]. 
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2.2.8 Crack Compliance Method  

          The method of crack compliance has based on cutting a small slot to see 

the stress relaxation in the neighborhood of a slot by applying strain gauge 

interferometry, the depth of increment for slot has allowed for stress resolving in 

field normal to the crack as a function of depth for comparatively simple stress 

distribution. There are different removal techniques have reported. Another 

method depends on cutting a section with the electrical discharge machining 

(EDM) and deducing the prior normal stresses [19] where the crack compliance 

method determines the material residual stresses which has removed in a small 

crack [12].  

2.3 Non-Destructive Measurement Techniques: 

 There are many techniques non-destructive as diffraction method, 

photoelastic method, and ultrasonic method  

1-Diffraction Methods  

A- X-Ray Diffraction  

there are several diffraction methods included: traditional XRD method, 

synchrotron X-ray method and method of neutron diffraction, they have applied 

for various materials involved: materials have polycrystals, materials with fine 

grains, metals and ceramics [1].The principle of X-ray diffraction method is 

shown at Figure (2-14). 

        Bragg’s equation of diffraction has used the in inter planar spacing changes 

d  to discover the elastic strain ε due to knowing of the incident wavelength. The 

results of strain have converted into stress by usage of appropriate magnitude of 

stiffness [19]. X-ray method is sensitive to the direction of detection and 

detrimental to human health [20]. 
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Figure (2-14): The radiation of diffraction through crystal structure [3] 

         The main limitation imposed in XRD is the size and geometry of test 

piece, the entire part size must fit with the diffractometer,  the geometry of  

XRD can both hit the detector and the measurement area without hitting 

obstructions [3], the diffractometer can be seen in Figure (2-15) [3].  

       In XRD,  the strain is measured in the lattice of crystal and then determines 

the kinked residual stresses that has calculated from the elastic constants by the 

assumption of a linear elastic distortion of the suitable plane of crystal lattice.  

      XRD occurs when the radiation interacts with regularly arranged atoms, the 

radiation has absorbed and then reradiated under the same frequency where the 

strong emissions have occurred at specific orientations and few emissions at 

another orientations. The angles of strong emissions have described by law of 

Bragg [3]. It is necessary to obtain accurate measurement of  spacing at stress 

free state (do). The results of strain have converted into stress by usage of 

appropriate magnitude of stiffness [19].  

1. Traditional X-ray Method 

          XRD method is a laboratory method and does not employed for big welds 

because the available limited space on most lines of beam. It also cannot be 

applied on nanostructured materials according to the difficulty in analyzing the 
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diffraction of peaks for nanomaterial [1].  It is hard to determine the accurate 

position of peak or to calculate the shift in peak for studying the macroscopic 

stress according to intense plastic deformation for several materials, thus; the 

best methods are mechanical methods for the residual stresses measurement at 

all types of nanomaterial without the influence of nanostructure [1]. It has 

utilized when the metal is subjected to either applied or residual stress, the 

planes of atoms in the crystal structure of metal have changed their spacing 

according to the resulting elastic strains [1].  

        The total stress of metal has attained by direct measuring  of the inter-

planar atomic spacing by XRD method,  metals are consist of a 3D regular  array 

of atoms for the formation of a crystal, most components of metal have 

composed of many small crystallites called grains which have oriented randomly 

due  to their crystalline configuration and melted together to form a whole solid, 

if a polycrystalline metal has subjected to stress, the elastic strains have resulted 

in the crystal lattice of the individual crystallites [1].  

        The method of X ray diffraction for measuring residual stresses has applied 

on crystalline materials, comparatively fine grained, and diffraction has 

produced at any direction of the sample surface [1]. XRD samples are metals or 

ceramic, provided the peak of diffraction has appropriate intensity and free of 

interference from neighboring peaks as well as has resulted in the area of high 

back-reflection with the affordable of radiations [1].  

          Few inquisitors have applied method of XRD to assess the residual 

stresses distribution in the welds of dissimilar metals and measure the residual 

stresses in both longitudinal and transversal directions of the butt welding with 

double-electrode of steel plates [1]. According to this small depth of penetration, 

the normal stress on the surface has assumed to be zero, the investigated volume 

has considered in the plane stress state. This case allows of the stereotyping for 
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stress-strain equations and there is no fixture for accurate determination of the 

lattice plane dimensions in unstressed state [3]. 

      According to the existent of residual stresses, elongations and contractions 

have produced through the crystal lattice and the inter-planar spacing has 

changed. These changes in (d) can be measured as a shift in the pattern of 

diffraction, by measuring the shift in the pattern of diffraction, it can be 

evaluated the altering of the inter-planar spacing  and consequently calculated 

the strain within the material [3].  

          In another words X ray diffraction method obligate samples to be cut-

down for measuring the residual stresses.  X-ray has hit the measurement region 

and diffract by the reagent without hitting any obstacles. The portable devices of 

X-ray diffractions are now available on several structures such as pipelines, 

bridges and welds. The speed of measurements with XRD method depends on 

several factors such as the material type, X-ray source and the degree of 

accuracy.  

          The  speed of measurement can be curtailed due to the precise choice of  

X-ray source and set-up test. There is a reciprocating between the need to spatial 

resolution with field of strain and time of data collection as well as the reduction 

of measurement time [1]. For measuring internal stresses  in polycrystalline 

material, XRD depends on the elastic deformations. These deformations have 

led to differences in the space lattice planes from stress free value to the 

magnitude of applied stress, the measurement is comparatively simple and the 

equipment is available [10].  

     The main limitation of XRD is the size and geometry of test piece where the 

entire part size must fit with the diffractometer [3]. X-ray method is sensitive to 

the direction of detection and detrimental to human health [11]. the limitation of  

XRD technique in the residual stresses measurement through the welded 

structure thickness [1].  
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2.  X-Ray Synchrotron Diffraction (Hard X-ray) 

          High energy X-ray synchrotron technique  is a tool used  for measuring 

locked-in residual strains in semi-crystalline polymers, it attains the difference 

in diffraction angle through  a volume gauge with a spatial measurement in the 

range of 1mm, the strain of lattice has determined from angles of diffraction  

[26], The  strain has calculated by subtraction of the lattice parameter in 

unstressed state from the lattice parameter in the actual stressed state and the 

lattice parameter in unstressed state must be known accurately and this 

requirement introduces important uncertainty into the measurement of strain 

because the unstressed lattice parameter has influenced by many material 

parameters such as alloy content, phase composition and others [3].  

          The distribution of strain by 3D maps have depths in millimeters for 

engineering components, the spatial resolutions have limited by the crystallite 

size of the sample and not by the device [19]. The sources of synchrotron 

generation  have provided the entrance to X-ray with high energy. At X ray 

synchrotron with high energy, the length of attenuation increases remarkably.  

        According to very high intensities of X-ray, they have produced path 

lengths in centimeters even for steel [1]. X-ray synchrotron has applied for 

measuring the field of internal elastic residual strain in polymers and other types 

of materials, for example it is employed successfully to measure the residual 

strains in a commercial system of gas pipeline from HDPE polymer [26]. 

              The main advantages of X-ray synchrotron diffraction are the high 

intensity and The method also is appropriate to: the collection of obtained maps 

from 2D or 3D strain field, monitor the phase transformations [1]. X-ray 

synchrotron have higher depth of penetration into materials than conventional 

XRD where X-ray synchrotron (hard X-ray) provides beams with high intensity 

of energy and capable to provide high spatial resolution. The increased 

penetration depth has regarded as one of the important advantages of 
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synchrotron X-ray diffraction as compared to the conventional X-ray diffraction 

as well as the synchrotron diffraction is much quicker than conventional X-ray 

diffraction and the time of measurements are of a fraction of second, the 

possible size of intense narrow beams is (1mm-l0μm) [19].  

          The full 3D stress condition must be considered and the stress condition 

cannot be considered under plane stress as in XRD because the higher energy 

radiation penetrates into tens or hundreds of millimeters  into a material, it is 

possible to obtain detailed maps of strain for the  components with few hours of 

beam time [3]. 

B-Neutron Diffraction Method  

          The method of neutron diffraction is too similar to the method of  X-ray 

diffraction since it depends on the elastic deformations through a polycrystalline 

material which has led to differences in the lattice spacing of the planes at the 

stress-free state. The neutron diffraction has applied over the two past decades in 

solving engineering problems [1]. Neutron diffraction (ND)  is one of the 

diffraction methods that uses penetrating radiation where neutrons have a very 

large depths of penetration.  

            Neutron diffraction is non-destructive method allows capability of  

measuring  residual stresses inside the compounds without sectioning or layer 

removal. The accuracy of neutron diffraction (ND) technique requires measuring  

accurately the lattice space at unstressed state of the crystallographic planes 

because the state of deep stress is triaxial. In neutron diffraction method as X-

ray synchrotron method, the lattice space in unstressed state should  be known 

but the measurement is difficult.  

          Neutron diffraction requires several minutes to one hour for each 

measurement of strain , the measurements are very expensive, a single 

determination of stress in each (1mm
3
) from the gauge volume of component 

that requires at least three strain measurements as well as it is especially 
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beneficial technique for the validity between theoretical and numerical models 

and its measurements are made over the whole surface and depth of samples [3, 

20]. 

         According to each point of measurement, strain has measured in three 

orthogonal directions: (1) axial strain (εA) along the sample axis (2) transverse 

strain (εT)  that is transverse to the sample axis (3) normal strain (εN)  through 

the wall thickness. The neutron diffraction method has accomplished by 

installing each sample in three various orientations as shown in Figure (2-15), 

the direction of measured strain has split the directions of incident and diffracted 

beam fifty-fifty [1]. 

 

Figure (2-15): The various orientations  that used to determine (  ), 

(    and (       

 

         Neutron diffraction ND is more suitable for composite or multiphase 

materials including elements of  high and low atomic numbers. Recently, 

neutrons have studied the induced stresses due to welding process. The device of 

neutron diffraction method provides information  interested with the activating 

of smart transformations with respect to material, it delivers information 

concerned family of phase or grain for the alloys and composites optimization 
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performance [1]. Neutron diffraction as a method for stress assessment with the 

collection capacity to large amounts of data across the sensitive detectors of 

location over the whole depth and surface by relying on the sample thickness 

[10].  

          Neutron diffraction method has determined the residual stresses in 

crystalline materials, it determines the elastic strain components paralleled to the 

scattering vector that can be converted to stress, the components of strain can be 

computed according to the differences in the lattice spacing of crystal [19]. If  

the crystalline materials have exposed to the radiation of (0.5-3) Å wavelength 

(close to inter planar spacing), these materials have strained elastically and 

scattered this radiation coherently as distinctive peaks of Bragg that imaged 

usually by a sensitive detector of position. The occurring angle of any given 

peak has determined by the usage of Bragg’s law as follows:  

                                                                                               Eq.(2-1) 

Where λ is the radiation wavelength, dhkl is the spacing lattice plane from the 

planes of crystallography (hkl) which responsible for peak of Bragg, Ɵhkl is 

the angular position for this peak of diffraction. This peak has noticed at an 

angle 2Ɵhkl from the incident beam.  

          If a sample has strained elastically, the differences in space lattice; 

thus, any elastic strain will be apparent as a 2Ɵhkl  shift magnitude for a 

specific plane of reflection that illuminated by a fixed wavelength. By 

differentiation of Bragg equation [19], 

      ( 
  

  
)                                                                                 Eq.(2-2) 

Where Δd is the difference in lattice space. The strain in the planes hkl has 

determined in the direction of measuring strain which is along the scattering 

vector and perpendicular on the planes of diffraction planes [19]. 
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                                                                                Eq.(2-3) 

          The method of neutron diffraction has large penetration depth as 

compared with diffraction of X-ray, X-ray diffraction method has several 

limitations in the residual stresses measurement for a welded structure through 

the thickness while a neutron is capable of penetration into little centimeters, so 

it has applied widely for evaluation of internal residual stresses in materials. ND 

is particularly beneficial for alloys that have high atomic number because X-ray 

penetration falls off quickly in this protocol [1]. The method of neutron 

diffraction provides complete 3D charts of the residual stresses with high spatial 

resolution of  the engineered components through translational and rotational 

movements [1, 10].  

          The relative cost of neutron diffraction application as compared to another 

methods of diffraction such as X-ray is much higher basely due to the cost of 

equipment. Neutron diffraction method is very expensive for using in the quality 

control routine process at the engineering applications [1]. On the other hand, 

the measurements of neutron diffraction are slow as compared with synchrotron 

X-ray diffraction [1] but the measurements have carried out in the same 

procedure of XRD where the detector has moved around the specimen and 

localized the positions of diffracted beams with high intensity [10].  

          The greatest neutrons advantage is obtaining very large depths of 

penetration that makes them able to measure depths from 0.2 mm near surface 

reaching to 25 mm in steel and to 100 mm in Al. The neutron diffraction method 

availability is very much lower as compared to another techniques of diffraction 

such as X-ray diffraction method [10].  

B- Magnetic Methods 

          The magnetic methods are non-destructive methods applied only for 

measuring residual stresses of ferromagnetic materials [20]. the primary 
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advantages of these methods are: cheap, simple and very rapid  where the 

measurements in seconds. the equipment is portable and the depth of measuring 

biaxial stresses is (6-10) mm [10]. The drawback of the magnetic methods is the 

limited range of materials which has inspected and the inherent sensitivity 

according to different microstructural features [10]. Magnetic methods can be 

classified into:       

1.Magnetostriction  

          The ferromagnetic characteristics  of steel and other ferromagnetic 

materials are sensitive to the state of internal stresses according to 

magnetostriction and the subsequent influence of magnetoelastic. 

Magnetostriction is a procedure where the strain in each magnetic domain is 

along its direction of magnetization. At minimum energy, the magnetization has 

aligned with the directions of crystalline via the easy axes of magnetization.  

          The difference in the level of stress has resulted a difference in the 

number of domains that aligned along each one of the easy axes that has led to a 

reduction in the magnetoelastic energy [10]. the combination of magnetic 

methods has required to eliminate the influence of other variables The 

dependence of the magnetic parameters on stress is strong, there are many 

another variables which also have influenced on the measurement such as (grain 

size, texture, hardness) [10].  

2.Magnetic Barkhausen Noise (MBN) 

          The most widely known and applied magnetics method for measuring the 

residual stresses is the Magnetic Barkhausen Noise (MBN), the MBN method 

has associated with  the state of residual stresses because the ferromagnetic 

properties of steels and other ferromagnetic materials are sensitive to the state of 

internal stresses [3]. The magnetic Barkhausen noise method (MBN) has special 

significance due to its possibility as a non-destructive industrial device to 
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measure the surface residual stresses (SRS) and other microstructural parameters 

[1]. 

          The analysis of MBN method includes the measurement of number and 

magnitude of magnetic reorientations that have carried out by the magnetic 

domains in a ferromagnetic material through the reversal of magnetization. 

These reorientations have noticed as random pulses with respect to (duration, 

temporal separation, amplitude) as well as these pulses (reorientations) are 

roughly similar to noise [3].  

          The MBN method has applied on ferromagnetic materials that have 

composed of magnetic regions with small order that called magnetic domains. 

Each domain is magnetized spontaneously along the easy axes of the 

crystallographic direction of magnetization. Moreover, the magnetization vector 

inside the oriented domains where the total material magnetization is zero with 

the exception of the natural magnets [1].  

          Although most steels and several ceramics are ferromagnetic materials 

and have produced the Magnetic Barkhausen Noise (MBN), there are many non-

ferromagnetic engineering materials where the Magnetic Barkhausen Noise 

(MBN) does not applicable to them. Moreover, the MBN method has a limited 

area of stress sensitivity (roughly ±300 MPa) as well as  the depth of 

measurement is few millimeters.  The MBN is sensitive to the differences in 

magnitudes of applied stresses [1], The sensitivity of this technique to other 

properties of metallic materials has consequently needed to calibration with a 

nearly identical specimen [3].  

          The "magneto-elastic interaction" is the interaction phenomenon among 

(elastic properties, structure of domain, magnetic properties) of material. As a 

result of magneto-elastic interaction, in positive magnetic anisotropic materials 

such as (iron, most steels and cobalt), the compressive stresses have decreased 

Barkhausen noise intensity while tensile stresses increased it, so that the residual 
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stresses amount can be computed by measuring of the Barkhausen noise 

intensity .  

          Barkhausen noise has also influenced by the material microstructure and 

sensitive to the stress state for ferromagnetic materials. The stress dependence of 

Barkhausen signal has differed from one material to another. Moreover, 

different materials must be calibrated individually for the effectiveness of MBN 

in calculating residual or applied stresses [1]. There are several advantages of 

MBN method: appropriate for the circular shapes like rings, rapid, does not 

require direct contact to the sample and the penetration of this method is greater 

than X-ray diffraction by 100 times.  

          The depth of measurement depends basely on the material permeability 

(typically over 0.2 mm) for components with hardened surface, the method of 

Barkhausen noise is able to determine subsurface stresses without the surface 

layer removal [1]. One of the limitations of this method is the saturation of the 

MBN energy signal in either tension or compression, the stress cannot alter the 

energy level of MBN by arising minimum or maximum energy values, so this 

has limited the connection between stress and energy of MBN to the values of 

maximum tensile and compressive stress [1]. 

3. Eddy Current Technique 

             Eddy current techniques are  introducing eddy currents in the material 

understudy and discovering of the changes in the electrical conductivity or 

magnetic permeability as a result of residual stresses through changes in the test 

coil impedance. The depth of penetration has changed by altering the excitation 

frequency, the penetration depth is around 1mm at practical frequencies and the 

probe cannot identify the direction of applied stress. Although the methods of 

eddy current are not well suited to basic measurements of residual stresses due 

to the sensitivity of eddy current monitoring to plastic work and microstructural 

changes, they can provide a quick and cheap inspection method [1]. 
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C- Photo elastic Technique 

           Photo elastic stress analysis has become a technique of outstanding 

importance to engineers over the years and it is vital to understand stress and 

strain definition in a body [25, 27]. Photo elasticity is an experimental 

nondestructive analysis technique depends on the photo elastic influence that 

represents a variation in the optical indication due to the mechanical stress [15]. 

The discovery of photo elasticity effect is accredited by Sir David Brewster who 

published the write up of his finding in 1816 through the examination of clear 

stressed glass with polarized light which exhibited color patterns [27, 22]. This 

method is cheap, fast and very simple [15]. 

            The photoelastic method has investigated the surface and internal 

stresses of the material and provides us with (distribution of general stress, sites 

of stress concentrations and areas of flow stress) as well as the designs have 

modified after obtaining these results [15]. On the other hand, this method has 

used to give qualitative assessment of the stress state in the molded products 

where the colors have generated and the spaces for various contours of color 

have characterized the regions of high stress [1]. 

The amorphous mediums are isotropic when unstressed and become 

anisotropic when stressed [25, 27]. The isotropic materials have contained the 

same physical and mechanical properties throughout its volume in every 

direction [28]. In anisotropic materials the properties have changed with 

direction [22, 27], this anisotropic behavior is calculated due to the chemical 

configuration and chain conformation, the anisotropic behavior has canceled out 

on a macroscopic scale if the macromolecules are randomly coiled [14]. There 

are main points in this method as the following: 

a-Light and Electromagnetic Spectrum 

              A source of light is needed to perform photo elastic stress analysis, the 

light is electromagnetic radiation whereas the waves of light have gone in all 
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directions through propagation [15]. The light transfers in a vacuum or air at 

speed (C=3.00×108 𝑚/𝑠), the speed is lower in transparent bodies [15]. The 

chart of electromagnetic spectrum of various zones is shown in Figure (2-16) 

[22]. 

 

Figure (2-16): The electromagnetic spectrum [6] 

            The electromagnetic spectrum covers very wide range from radio to X-

ray waves with wavelengths between (1m or more - less than billionth of meter). 

The optical radiation on the electromagnetic spectrum between radio waves and 

X-rays have exhibited unique combination of (ray, wave and quantum 

properties). At shorter wavelengths of X ray, the electromagnetic radiation 

behaves as particle like while at the other end with longer wavelengths behaves 

mostly as wavelike, the visible portion has occupied an intermediate position 

which exhibiting properties of wave like and particle like with different degrees 

[22]. 

           Monochromatic and polychromatic represent two fundamental series of 

light. Laser light is an symbol of a monochromatic light which characterized by 

only one frequency. Sources of monochromatic are chosen when quantitative 
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photoelastic measurements are necessary. The white light is an example of 

polychromatic light which had many various frequencies [15].These individual 

wave lengths or monochromatic lines may be polarized as plane, circularly, 

elliptically. The white or polychromatic light includes a combination of lights 

with various wave lengths, the intensity of light is proportional to the square 

amplitude of vibration [22]. 

                The frequency of light is related to its color [15]. In photo elasticity, 

the range of band color usually called monochromatic lines which having 

various frequencies and have distinguished from one another through the color 

sense, for visible light the entire range of colors frequency in the spectrum 

approximately between 90 nm (deep red) to 700 nm (deep violet) [22]. There are 

two convenient ways to describe the propagation of the light and its interaction 

with materials: electromagnetic wave model and quantum model. 

             The light comprehensives (infrared, ultraviolet, and radio) waves. It is 

treated in the form of electromagnetic waves. Whenever, the wave of trains of 

radiation can be depicted perfectly by two vectors that vertical to the direction of 

ray travel and perpendicular to each other. The electric and magnetic are these 

vectors. They exist at the same time at right angle planes such that the 

intersection line of planes is parallel to the direction of ray light. The term 

polarization commonly used to denote several kinds of control over the 

existence of light vector, the ordinary light without any polarizer has the 

behavior shown in Figure (2-17) [22]. 

 

Figure (2-17): Ordinary light without control over light vector [22] 
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b- The Index of Refraction 

            The change in direction of a wave passing from on medium to another 

and caused by its change in speed is known as the refraction in physics [15]. 

Figure (2-18) shows the refractive index when light passes from one medium to 

another [29].There is a change in velocity according to the passing of light from 

one medium of certain density to the other medium with different density, the 

index of refraction is the ratio of these velocities [22]: 

                     
             𝑠  𝑚    𝑚 

               𝑚    𝑚
                  𝐸        

             The index of refraction changes with the level of stress and this optical 

property is making the basis of photo elasticity  technique [15]. Isotropic 

polymers have exhibited a temporary double refractive index when they are 

stressed [22]. 

 

Figure (2.18):Refractive index while passing from one medium to other [29] 

c-The Polariscope Instrument 

The polariscope is a device has used for performing the analysis of photo 

elasticity [15], The manufactured polariscope has shown in Figure (2-19) which 

consists of light source (L) and polarizator (P) [22]. Polarimeter is developable 
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segment of device where polarimeter and identification of material are necessary 

to characterize the constant of material, this material constant is unique for each 

material and requires non trivial identification proceeding [30]. 

 

Figure (2-19): Polariscope with light source and polarizator [22] 

d-Polarized Light  

       The polarized light method is a typical nondestructive measurement method 

has used for polymer analysis [8]. The qualitative evaluation of stress in a 

molded or extruded part can be performed inexpensively using polarized light 

[5]. When a beam of polarized light passes through an elastically stressed 

specimen which consists of transparent isotropic material . The decomposing of 

beam into two rays polarized in the planes of principles stresses [31]. The light 

is plane-polarized when the vector of light is confined to a single plane, the 

plane that contains vector of light has called as the vibration plane while the 

plane at right angles has called the polarization plane as shown in Figure (2-21) 

[22].  
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Figure (2-20): Plane of polarization [22] 

           The optical polarization of a polymer chain is anisotropic where the 

polymer backbone has various polarization in the longitudinal and transverse 

orientations [14]. The fringe patterns have formed when polarized light passes 

through a stressed transparent model and offered immediate qualitative 

information [15]. This pattern of birefringence generates a contour of color that 

related to the amount of present stress through the part cross-section as shown in 

Figure (2-21) [30]. 

 

Figure (2-21): The pattern of birefringence for tensile specimens 

from polycarbonate [30] 

e-Fundamental Optical Laws of Photo Elasticity 

            Photo elasticity depends on the birefringence phenomenon which 

denotes to the anisotropy of transparent strained material and consequently the 

refraction index (n) which has become directional. In this technique, the 

transmission light through strained materials has obeyed the two subsequent 

laws that have formed the principle of calculating photo elastic stress: 
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1. The direction of polarizing light is the principal-stress axes and has 

transmitted only on the principal stress planes. 

2. The transmission of velocity on each principal plane has depended on the 

intensities of principal stresses in these two planes, while the variation in the 

refraction index has given due to the subsequent equations [22] (2-5, 2-6) 

𝛿1 =  1 −  0 = 𝐴𝜎1 + 𝐵𝜎2                                                                 Eq.(2-5) 

𝛿2 =  2 −  0 = 𝐴𝜎1+𝐵𝜎2                                                                   Eq.(2-6) 

Where  

δi =The difference in index of refraction on i axis 

n0 = The refractive index of material free of stress 

n1 =The refractive index on the principal plane 1 

n2 =The refractive index on the principal plane 2 

ζ1 & ζ2 = The principal stresses 

A & B =The material photoelastic constants 

In this technique, the variation between the refractive indices on the 

principal planes has given due to [22]: 

𝛿1 − 𝛿2 =  1− 2 = (𝐴 − 𝐵)(𝜎1 − 𝜎2) = 𝐶𝐵(𝜎1 − 𝜎2)                             Eq.(2-7) 

Where CB is the constant of differential-optical stress 

           The stress-optical equation has established that the double refraction is 

proportional directly to the variation in principal stresses that is equal to the 

variation between two indices of refraction which revealed by the material under 

stress. Due to the differences between the refraction indices and the stress-

optical constant or (Brewster’s) constant, it is possible to determine the principal 

stresses variation. The variation between the indices of refraction has calculated 
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by dividing the retardation value on the material thickness [22]. According to 

the difference in velocity, the vibrating waves along two principal planes have 

emerged out of phase, the relative distance or retardation (δ) has given by: 

δ = (n1-n2)t=CBt(ζ1-ζ2)                                                                        Eq.(2-8) 

or 

n =δ/λ=CBt(ζ1-ζ2) / λ                                                                             Eq.(2-9) 

Where: 

t=The thickness of material for passing the light through it 

λ =The light wavelength that is 570 nm for polymer due to the ASTM standard 

while the equation has represented the stress-optical law [22]. 

              The retardation (δnm) due to the light source can be calculated by 

multiplying the value of compensator (R) and correction constant (bnm/division) 

according to this relation (δnm = R x bnm/division). The residual stress (ζ) can 

be calculated by dividing theretardation value (δnm) of material which is 

accounted from the previous relation on the result of multiplication between 

thickness (t) and stress constant (CBrewster) according to each temperature due 

to the following relation: (ζ = δnm / (t x CBrewster)) [22]. 

f-The Procedure of Measuring Residual Stresses 

            Photoelasticity differs from other procedures because it gives us 

information of the stress already existent on the surface and within the material. 

Residual stresses are related to errors in processing and could also originate 

failure of the material [15]. The measurements of photoelasticity have carried 

out by the sample insertion into the polariscope, lighting it with a source of 

white light, arresting the image and saving it in format file of JPEG and 

conversion of JPEG file by using a software into text format and lastly analyzing 

the extracted numbers from digital images by the data extraction from photos, 
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the stress analysis is possible by noticing the intensity of average light with 

pixels. 

            The load and thermal healing analysis has shown that the intensity 

difference has depended on the stress magnitude, also the thermal healing is 

effectual during the relieving of internal stress as well as it is possible to notice 

the location of stress acting [15]. The digital images have captured from the 

samples when performing stress analysis by a photo elastic method where the 

digital photo is an assembly of numbers where these numbers have stored, 

modified, transmitted and converted into something to see. Every part has 

captured in the digital image form that is a pattern of light and dark areas, these 

areas have divided into pixels which are very small squares. 

           Every digital photo has numbers described the image, these numbers have 

represented the average brightness or intensity at each pixel for example the 

darkest part of the image is zero and the lightest is 255 [15]. The essential 

benefit is concentrated on the value of retardation (δ) or reading (r),for which 

maximal and minimal value of n are get. 

         If δ/λ=n, where n=0,1,2…, the interaction between two waves is called 

constructive interference. On the other hand, if it takes its minimum value, zero 

in this ideal case, for δ/λ=1/2⁄,3/2…, this situation is called destructive 

interference and causes dark fringes, the regions of the highest concentration 

from isochromatic lines have represented the locations of residual stresses [22]. 

            Figure (2-22) shows a single-wedge model LWC-100 equipment (also 

called quartz wedge or babinet compensator) has used to determine the 

retardation value and made of synthetic crystal materials. This compensator 

exhibits a linearly-variable retardation and when observed in polarized light will 

show equidistant fringes [22]. 
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Figure (2-22): The compensator LWC-100 used to determine 

the retardation value [22] 

             Residual stresses are related to errors in processing and could also 

originate failure of the material [15]. The analysis of residual stresses is complex 

by the induced molecular orientation during processing. The birefringence 

technique measures the changing in optical properties of a polymer due to the 

presence of residual stresses, birefringence has several limitations for opaque 

materials [16]. However, the residual stresses have resulted distortion and 

induced anisotropy of polarization that has calculated due to the measurement of 

birefringence [14]. The resulting birefringence patterns are a qualitative 

indication of residual stress in the sample [5]. Figure (2.23) shows the principal 

of birefringence polariscope that utilized in determining the residual stresses 

from transparent components of polymer where polarizer & analyzer is set up ± 

45℃ direction [8, 24]. 

 

Figure (2.23): Polariscope for measurement of residual stresses [24] 
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2.4 Chemical Methods 

One of the results of manufacturing procedures for plastics is the residual 

stress, which occurs during the cooling and shaping of melted polymer. The 

molding process of thermoplastics tends to induce residual or molded-in stresses 

within molded products. The presence of residual stresses do not always appear 

through visual signs on the plastic part. Regardless of the reason that causes the 

stress, if the molecules of polymer do not have a desirable orientation through 

the cycle of molding, an attempts is made on relieving these stresses so as to 

transfer them to the desired state after ejection [30]. 

In case of enough chain movements, the occurring of cracking and crazing 

weakens the part [30]. The cracking under normal load conditions is usually an 

index of excessive residual stress, where the crazing is the emergence of many 

fine micro cracks. The exposure of polymers to chemicals has aggravated these 

conditions which may not be apparent through the production and inspection of 

quality control [32]. In addition, these stresses have taken the dissipation time 

and are superimposed upon all operational stresses that are experienced during 

the service. Thus, the performance of long-term creep and the chemical 

resistance of the product has an inversed influence [30]. 

The chemical method test has been selected because it provides a 

sufficient level of accuracy for measuring the residual stresses. There is no need 

for finding the precise levels of residual stress or calculating their distributions. 

The chemical testing is considered to be a simple and quick method that depends 

on the environmental stress cracking caused by the residual stresses. Tensile 

residual stress significantly increases the likelihood of failure in plastics due to 

ESC [33, 24]. ESC is a type of fractures that is caused by tensile stress (whether 

applied or residual) in the presence of a chemical environment. It is necessary to 

point out that most stresses in injection-moldings are of a compressive nature 
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[18].There are some precepts, health and safety considerations must be applied 

by researchers with chemical testing method: 

A- All chemical tests should be conducted in a ventilated laboratory hood, or in 

a well-ventilated area because the reagents are flammable organic chemicals. 

B- Chemical reagents should be stored in closed containers away from open 

flames, sparks, or locations where elevated temperatures may be expected. 

C- Disposal of these materials must be in accordance with applicable federal or 

local regulations. 

D- The researcher must consult the supplier’s Safety Data Sheet before handling 

the specific reagents selected for testing and follow the manufacturer’s 

instructions for handling precautions. 

E- The determination of the accept table molded-in stress level for an individual 

part should be made from its end use application, in particular, the chemical 

environment to which the part will be exposed [34]. There are many manners 

were presented in this method as the following: 

1- Chemical Probe Technique 

It is a typical destructive method used for plastics, the aim of this method 

is to accelerate the destruction at a concentrated point of stress by using a proper 

solvent for each material with an ideal concentration. It must be cautiously 

applied with a chemical solution and inevitably require trial and error to identify 

a proper concentration and soaking time for visualizing the destruction due to 

residual stress. The residual stress can be checked by generating cracks at a 

concentrated point of stress determined according to the solution concentration 

and soaking time that can be considered as influencing factors [8]. This 

technique is also known as solvent crazing [35] or solution soaking method [36]. 



Theoretical Part and Literature Review                                      Chapter Two                                     

 

  51  
 

This technique involves placing the polymer inside the chemical reagent 

and measuring the time taken for the polymer surface to fracture. The higher the 

residual stresses in the polymer the quicker it will fracture due to environmental 

stress cracking (ESC) [16]. The chemical probe technique can be used in 

principle to distinguish between well processed and poorly-processed polymeric 

moldings, the technique is not recommended as a substitute for other tests but 

for example does yield valuable information as the ESC susceptibility of 

complex molded components [37]. 

The chemical probe technique is a more speculative approach based on 

exposing the stressed part or product for a specific period of time to several 

environments of varying aggressiveness [35] in a progressive manner to estimate 

the magnitude of the residual tensile stress. The range of environments is 

selected according to the accuracy of measurement required [37]. 

There are reference data exist for the relationship between stress and time 

to crazing for different polymer–environment combinations with the polymers in 

the annealed state. The observation of the crazing and size of the cracks will 

indicate the level of stresses at the external surface of the part [35]. 

The chemical probe technique is based on establishing reference ESC data 

for the relationship between stress and time to fracture of a polymer in a specific 

chemical environment. When a plastic with unknown residual stress is exposed 

to the same environment, the time required for cracks or crazes to develop can 

be used to predict the magnitude of the unknown residual stresses in the plastic 

[16]. 

The normative reference ASTM D1939-84 provides useful background 

for conducting this test procedure where this standard determines residual stress 

in extruded or molded acrylonitrile-butadiene-styrene (ABS) parts by immersion 

in glacial acetic acid. Two sets of moldings were prepared one set under 

conditions known to produce ―well-processed‖ moldings and the other under 
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conditions known to produce a ―poorly-processed‖ product. The size and shape 

of the moldings should be the same for the test [37]. 

A range of chemical environments were selected and graded according to 

aggressiveness; care should be taken to ensure that the chemicals do not 

chemically attack the polymer where analytical reagent grade chemicals should 

be used in all the tests, the temperature of the testing shall normally be 23 ± 2 

°C. Initially a chemical of moderate ESC aggressiveness was selected. A test 

cell was attached to the surface of one of the moldings and added the test 

environment to the cell [37]. 

The surface of the molding under investigation was attached to the test 

cell and the chemical environment that will cause crazing in a poorly-processed 

molding was added to the cell. The surface of the material was inspected for 

crazing and note its condition after 10 minutes. If crazing is observed the 

procedure should be repeated on identical moldings with less aggressive 

chemicals until crazing is not observed, If no crazing is observed the procedure 

should be repeated on identical moldings with more aggressive chemicals until 

crazing is observed [37]. 

This procedure was repeated for both sets of moldings to produce a table 

contains of the phrase (pass) or (fail) with respect to molded part and chemical 

solution. By using these results, it can be identified a chemical environment that 

will cause crazing in a poorly-processed moldings but not in well-processed 

moldings [37]. 

If no crazing is observed, the quality of the molding may be considered as 

―well-processed‖ (i.e. there are no significant surface or near surface tensile 

residual stresses). If crazing is observed, the molding may be considered as 

―poorly-processed‖. This technique gives a full description of the moldings with 

respect to (their processing histories, elapsed time and storage conditions after 
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processing, location on the molding where the test cell was attached, 

environments tested, test temperature) [37].Advantages of this manner: 

1-The chemical probe technique is suitable for use in quality control 

applications (through the service) [16]. 

2-The chemical probe technique was shown to be effective in determining 

surface and near-surface residual tensile stresses in simple injection molded 

components [37]. 

3-the chemical probe method can still be used to identify regions of potential 

susceptibility to ESC, whether due to residual stress, microstructural sensitivity 

or a combination of both them [37]. 

Disadvantages of this manner are 

1- This technique has implicit constraint to materials which are micro 

structurally homogeneous. Hence, there is potential uncertainty in its 

applicability to welded material and also to complex moldings [37]. 

2- The chemical probe technique has potential but uncertainty in the 

quantification of residual stress can arise if significant environment-enhanced 

relaxation occurs. 

3- No information about stress distribution is obtained [14] and this method is 

difficult to digitize [36]. 

4- In injection-molded products, residual stresses can be of a magnitude 

sufficient to induce dimensional and shape changes and, in the presence of 

specific environments, can result in environment stress cracking (ESC) of the 

product [14].  

            In the case of POM, the hydrochloric acid is used to estimate residual 

stress, test method instructions are: the concentration of the hydrochloric acid 

aqueous solution must be defined according to the detected stress, the 
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temperature of the solution was maintained at 20C. If a molded part is 

contaminated by foreign materials like oil, it must be cleaned by methanol and 

then rinsed with water. The POM part was soaked slowly in the hydrochloric 

acid aqueous solution and leaved for 60 minutes (cracks generally occur within 

50 minutes), finally the part was removed and rinsed with water and the cracks 

were checked [8]. 

2- ASTM D7474-17 METHOD 

         The method of ASTM D7474-17 is based on exposing the finished plastic 

parts to a series of chemical reagents which cause cracking and/or crazing of 

plastics. Cracking and crazing are analyzed visually without the help of optical 

devices (excluding glasses) from the surface of the sample.  

Color changes in the part surface are not considered as crazing or cracking. In 

the case of controlled study and due to practicality and comparability of the 

results it is recommended to perform the conditioning of 24 hours before testing. 

The conditioning is not compulsory where samples were collected and 

conditioned in room temperature for minimum of 4 hours. 

           The samples are rinsed with isopropyl alcohol and dried in air. Dry and 

clean samples are soaked in to the solvent mixture which indicates the highest 

level of residual stresses for one minute and then rinsed with water. The sample 

is dried and visually inspected. If cracking or crazing is detected, the test is not 

continued, but the level of residual stresses is stated to be higher than the limit 

value. If no crazing is detected in the sample, it is soaked to the next solvent 

mixture for one minute, rinsed with water and examined for crazing. 

            This procedure is continued until cracking or crazing is detected, and the 

level of residual stresses is determined. The one minute time is measured with a 

stopwatch from when the sample is totally recessed into the solvent to the 

moment when the sample is removed from the solvent. The sample is rinsed 
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with clean water immediately after it is taken out from the solvent. This 

procedure is repeated for all the tested samples [24, 36]. 

3-Solvay Method for Poly Sulfonic Polymers 

A Solvay method has been developed for measuring the residual stress 

level in parts molded from PSU (Poly sulfone) and PPSU (poly phenyl sulfone) 

resins. It involves the exposure of finished parts to chemical reagents which are 

known to produce cracking or crazing of the material at specific stress levels. 

The exposure of parts to these reagents under no load conditions allows the 

quantification of the residual stress levels. 

Residual stress levels depend on numerous molding parameters. For this 

reason, individual samples may exhibit variations in stress levels. Therefore, 

testing multiple parts is recommended. The determining of stress levels through 

the use of reagent exposure is approximate in nature where small differences in 

the test conditions (ambient temperature, exposure time, or reagent 

concentration, etc) may cause slight variations in the test results that should be 

within 20 % of the actual stress level. 

PSU parts and components are amorphous thermoplastics considered to 

have good chemical resistance, if residual stress levels are below 800 psi (5 

MPa) they may typically be considered well molded. 

The polymeric part at room temperature is rinsed with isopropyl alcohol, 

the part is exposed to reagent for one minute, then rinse with water and drying 

the part by blowing low-pressure compressed air on it. The exposure time 

required for these reagents to produce cracking at the noted stress level is one 

minute. This exposure time was employed to facilitate rapid testing and to limit 

the possibility of errors due to over or under exposure. Exposure for longer time 

periods produces cracking at stress levels lower than those specified. The part is 

inspected for cracked or crazed regions under strong light while hairline 

fractures may be difficult to see. 
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If the part has no cracks or crazes, the residual stress level is lower than 

the stress level for that reagent. Proceed to the next reagent and repeat the 

previous steps. The stress level in the part lies between the stress level shown for 

the reagent which induces cracking and the one directly above it. To maintain 

accurate stress readings, the reagents must be fresh, the reagents may absorb 

water, evaporate, or become contaminated, which can lead to erroneous stress 

indications. Although reagents can be calibrated by using samples with known 

stress levels, It may be more practical to replace reagents with fresh solvent 

from the sealed container periodically [34, 38]. 

4- MEK Test 

There are another chemical techniques can be developed by some 

companies or factories for the quality control on the daily products due to the 

importance of their production such as MEK-test for PPSU products. MEK 

(methyl ethyl ketone) test is a simplified test has been utilized daily at the target 

company´s production unit in everyday testing assurance to verify the affectivity 

of the batch annealing as a quality control method in everyday testing in the 

production quality assurance. The difference in this method is that only pure 

MEK-solvent is utilized.  

            The level of residual stresses is determined via the time of the exposure 

to the chemical (30s / 1min / 2min / 3min). Pure methyl ethyl ketone does not 

change its composition as time passes even though it vaporizes, the solution may 

lose its efficiency if it absorbs water from air. For this reason the methyl ethyl 

ketone is renewed weekly for production quality assurance testing. This method 

is developed according to ASTM D7474-17 and information received from 

Solvay (PSU & PPSU manufacturer) where long time experience is justified to 

utilize of MEK-testing. 
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This test also showed that 100% MEK does not give reliable result with testing 

time less than 1 minute. The residual stress level of as molded samples is 

between (8-10) MPa [24]. 

In order to select a suitable product utilized in the testing, the residual 

stress level of the selected moldings was verified. Samples were collected 

randomly from normal production. The approximate residual stress level of the 

as molded samples is performed with following procedure: 

The molded samples are rinsed with isopropyl alcohol and dried by air, 

then they are soaked into acetone for 3 minutes, rinsed with water, dried and 

visually checked for cracks (10 MPa level). The undamaged samples are soaked 

into MEK for 1 minute and visually checked (8 MPa level). Color changes are 

not considered as cracking/crazing). The result is stated OK if no cracks can be 

detected on the surface of the fitting in visual inspection. Flash light is utilized 

to improve the visibility of the possible cracks. In unclear cases the possible 

cracking is verified in microscope examination or with endoscope [24]. 

5- Solvent Stress Test 

This method is economical focused on measuring the residual stress at the 

surface of the part for molded specimens. This test takes the molded specimens 

and submerges them into different concentrations of solvent mixtures that are 

known to cause surface cracking at different stress levels, The exact solvent and 

concentrations levels are specific to each polymer and can be extended to 

polymer blends. The development of these tests require extensive knowledge of 

the material at known stress states. However, this test allows for more complex 

shapes to be tested and can provide an indication of stresses developed at 

thickness transitions, ribs and bosses as in (Figure 4-1). It can also be an 

effective method at quantifying stresses where processing may influence the 

localized stress in these areas [30].Disadvantages of this process are:  
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1- This test has not been developed for every resin or polymer family, and most 

of the tests are used only for amorphous resins because the amorphous resins are 

more likely to exhibit sensitivity to solvents, as compared to semi-crystalline 

resins and it is easier to notice the crazing on transparent resins from a practical 

standpoint. Therefore, the ability to distinguish crazing at the different solvent 

concentrations is enhanced. 

2-This method can only provide indications of the stress state at the surface of 

the part. It cannot directly measure the stress in the core of thick areas that may 

not be adequately packed out, and may be subjected to high tensile stresses [30]. 

5- Immersion Test:  

A- Acetic Acid Immersion Test 

This test is applicable for distinguishing between specimens that are 

highly stressed and specimens that are not provided with same conditions. 

Standard test method is according to ASTM D1939 (Determining residual 

stresses in extruded or molded Acrylonitrile- Butadiene-Styrene (ABS) parts by 

immersion in Glacial Acetic Acid).  

Specimen are either complete molds or cut pieces of the molding of 

sufficient size without influencing the observed stress. Specimen is kept in an 

oven for 24 hour at 50 ± 30 ºC, cooled in desiccators and immediately weighed 

to thenearest 0.001g. The equipment is sensitive balance up to 0.001g precision 

and micrometer flat ended up to 0.025 mm precision, the chemical agent is 

Glacial Acetic Acid of 99.7% assay. The important influencing factors are: 

(thickness of the specimen, test conditions (temperature and time), concentration 

of chemical solution) [39]. 

The acetic acid is placed in a container to ensure complete immersion of 

the specimen, the test specimen is placed into the acetic acid for 30 s; at the end 

of time, the specimen is removed and rinsed at once in running water, wiped 
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dry, and then carefully observed the cracking. If there is no crack another 

specimen is tested at interval of 90s, 2min with the same way. The results can be 

expressed in terms of no cracking, slight cracking, moderate cracking and 

extensive cracking [39]. 

B- Acetone Immersion Test (Chemical Attack) 

This test method is applicable only for distinguishing between 

inadequately fused and adequately fused PVC. The adequacy of fusion of 

extruded poly (vinyl chloride) PVC pipe and molded fittings by acetone 

immersion can be verified according to ASTM D2152. Specimen shall be of a 

size that is convenient with immersion in the test container but not less than 13 

mm in height. 

           Specimen shall be kept in an oven for 24 h at 50 ± 30ºC, cooled in 

desiccators and immediately weigh to the nearest 0.001. The equipment is 

sensitive balance up to 0.001 g precision and micrometer flat ended up to 0.025 

mm precision. Solution is Acetone of maximum density of 0.7857 g /ml at 25ºC. 

Important influencing factors are: (thickness of the specimen, test conditions 

(temperature and time), concentration of chemical solution) [40]. 

A sufficient amount of acetone is placed into sealed container without 

agitation to ensure complete immersion of the specimen is allowed to stay 

immersed for 20 min. After 20 min, The specimen is removed from the 

container and subjected for sign of attack. The swelling surface of test specimen 

is not considered an attack. The results of attack can be expressed in terms of 

lifting, raising or removing of any material outside surface or inside surface or 

mid wall of the specimen [40]. 

2.5 Indentation method 

The indentation method is proposed as a simple technique for measuring 

the residual stresses [41]. The indentation method is applied for determining the 
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mechanical features, including elastic modulus, hardness, Poisson ratio, as well 

as the residual stresses [42, 43] and the hardness of metals and polymers [8]. It 

can also be determined to the relative contact area as a feature of evaluating 

residual stress [44]. 

Indentation can be applied to obtain the localized averaged properties of 

flat specimens, being a simple and fast technique for measuring the mechanical 

properties and surface stresses of various materials [45]. Since there are 

differences in the properties of global indentation based on the existence of 

residual stress, this may help guide the direction and size of these stress [46].  

   The experimental setup of indentation technique is simple as compared 

with the uniaxial tensile test [45]. The indentation instrument needs to be fixed, 

and the pretreatment of surface is necessary [8]. The experimental setup of 

indentation technique is simple as compared with the uniaxial tensile test. On 

the other hand, the main disadvantage of the indentation technique is the 

complicated mechanical problem which arise from the non-homogeneous and/or 

inelastic deformation in the materials under indentation. Figure (2-24)  

illustrates the indentation device [45]. 

There are several physical features that characterize the indentation method: 

 The indentation test has high resolution for three dimensional 

properties and exists in many size scales. 

 In case the material properties are provided, the indentation can 

simplify quenching and thermal stresses in some cases [45]. 

 The indentation method can assess the properties of material with the 

conservation of structural integrity. 

 It can be applied in studying the mechanical characteristics of materials 

like hardness and elastic modulus, over a wide range of size scales [47]. 
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 The indentation techniques depend on semi-empirical formulae [47]. 

 The indentation test must be carried out within all the studying area 

avoiding the regions of porosity or micro cracks to probe the residual 

stresses [45]. 

 

Figure(2-24): Sketch of the indentation device [45] 

The measurement of residual stresses via the indentation method is 

originally adopted from the traditional Rockwell and Vickers hardness tests. The 

residual stresses affect the indentation experiments and could be applied in 

measuring the local elastic and plastic material properties [45]. The load 

variation with distance can agree with the examining of local properties (on the 

size of micro-indentation) or the averaged properties (on the size of macro-

indentation) [45].  

        According to the correlations that exist between residual stress and the size 

of contact area under sharp cone indentation of elastic–perfectly plastic 

materials. In case of elastic and plastic deformations having equal magnitude, 
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the hardness is invariant of residual stresses under the dominance of plastic 

deformations around the contact region for most metals and alloys [48, 49].  

The indentation test is advantageous for determining the residual stresses. 

It is beneficial in measuring residual stresses according to depth-sensing 

indentation. Figure(2-25) shows the load-depth curves according to the presence 

of residual stress and the types of stress [50]. Curves of (P-h) are plotted based 

on Kick's law which is applied on the loading part of the curve: 

P = Ch
2
                                                                                         Eq.(2-9) 

C is a constant which relies on (the elastic-plastic properties of material, residual 

stresses and the indenter geometry) [45]. 

 

Figure(2-25):The relation among residual stresses and load-depth curve [50] 

The load and depth of penetration were continuously registered during 

both loading and unloading through each test of indentation. The indentations 

are made at a distance of (5 to 7) times around the indentation contact radius, 

and it is inspected with an optical microscope [45]. Figure (2-26) presents the 

load-depth curves of indentation for the surfaces that have residual stresses and 

those who do not. To compute the residual stress, the indentation with energy 

method could be applied based on the loading and unloading curves of the 
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surface under stress, as well as the loading curve of the surface free of stress 

[50]. 

        The initial elastic part of the unloading curve has a slope proportional to the 

material modulus of elasticity. In addition to the computation of material elastic 

properties, the residual plastic strain, yield stress, and the exponent of strain 

hardening can be calculated through the utilization of load-depth curves with 

indentation regions that are measured empirically [45].  

         There are various forms of load-depth indentation curves with respect to 

the presence of residual stress: If the applied peak load is the same, the curves of 

indentation are shifted to higher peaks and lower depths that corresponded to 

tensile and compressive, applied or residual stresses, respectively. 

               If the depth of indentation is fixed, the indentation (load–depth) curves 

are shifted upwards and downwards with respect to compressive and tensile, 

applied or residual stresses, respectively [51]. The type of residual stress (either 

tension or compression) can be specified by the comparison between the load-

depth curves of residual stressed material and stress free material, whereas the  

residual stresses magnitude of equi-biaxial type can be quantified for any 

material. 

In case of compressive residual stresses, the indenter penetration into the 

material depth will be more difficult, causing the indentation compliance to 

decrease.  As for tensile residual stress, the performance of indentation will be 

easier, causing the effective indentation compliance to increase consequently 

[45]. 

The determination of local material properties can be carried out on 

different size scales by utilizing various loads and sizes of indenter in order to 

obtain different contact radii and depths of indentation. The size of scales has 

ranged from nano to micro to macro levels. The examination of several (P-h) 
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indentation curves at a constant load has produced cracking into the penetration 

depth [45]. 

 

Figure(2-26):The loading-unloading indentation curves and the presence of residual 

stresses [50] 

There are a number of configurations of the indenters, as follows:  

1. Sharp or pointed indenters, including conical and Vickers indenters 

2. Spherical indenters such as the ball indenter. 

The sharp indentation tests can initiate and control fracture in brittle 

materials [42]. The sharp indentation could be applied for determining the 

residual stresses state in elastic-plastic materials if its state is uniform over 

material depth, as the plastic deformations tend to dominate the behavior of 

most metals and alloys [45, 51].  

         A shortcoming of applying the sharp indentation in extracting the residual 

stresses is its small effect on load-depth sensing indentation [52]. On the other 

hand, both the spherical and sharp indenters could be applied for measuring the 
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elastic characteristics of materials [45]. Figures (2-27, 2-28) show the geometry 

and size of cone and spherical indenters, respectively. 

 

Figure (2-27):The geometry of cone indentation: (a) is the true 

contact radius and (h) is the depth of indentation [51] 

For sharp indenter, the angle β represents the inclination of the indenter 

with the surface, and this angle is equal to: 

(β) = 22   for four-sided pyramidal Vickers indenters and 19.7   for equivalent 

conical indenters [51, 53]. 

 

            Figure (2-28):  The geometry and size of spherical indenters [54] 
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For spherical indenter:  

(d) is the diameter of the contact area   

(R) represents the radius of the tip 

(h) represents the depth of penetration, and they are connected by the following 

non-linear relation [55]:  

  d= 2   √                                                                                               (2-10)  

It can be noticed from the variety of indentation techniques that the force 

of indentation increases with the increase in the radius of tip, according to the 

increased contact area at the same depth of indentation. For example, the 

spherical indentation has greater tip radius (R) as compared (2a) to the sharp 

indenter [56]. 

The impression of sharp conical indenter is illustrated in Figure (2-28) 

where:  (hc) is the depth of contact that is related to the deforming behavior of 

material  (hs) is the elastic displacement, also referred to as sink-in of the 

surface at the contact perimeter  (hmax) is the depth of indentation at maximum 

applied force (𝐹max) before the unloading part, the relationship due to Figure(2-

29) is [57, 58]: 

hc = hmax-hs                                                                        Eq.(2-11)                                                                                

       According to the application of sharp cone indentation on many 

ceramics and polymers, the elastic and plastic deformations are found to have 

comparable magnitudes, in addition to the fact that the invariance of hardness is 

lost [49, 45].  
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Figure(2-29): The maximum indentation of sharp conical indenter [58] 

The models of indentation method are: 

The residual stresses have an influence on the indentation hardness, 

loading and unloading curves, material pile-ups, and contact areas which led to 

the derivation of different models that have focused on applying various 

parameters and indenters to determine the residual stresses. Each indentation 

model has its own assumptions, limitations, materials and results [53, 59]. The 

developed indentation models that correlate with residual stresses are briefly 

discussed below. 

A- Energy Method Model  

This model depends on what residual stresses perform through the 

indentation technique. The reversal analysis is performed on material with 

known state of stress, so the error rate between the method output and well-

known magnitude is below 9%. The results of this technique is put into 

comparison with XRD measurements, and the results turned out to be consistent 

[60, 61]. 

B- Sharp Indentation model  

The sharp indentation test with sharp indenters as in Figure (2-27) is 

applied for determining the average residual stresses from the equi-biaxial state 

which exist proximally at the surface of elastic-plastic material over a depth of 
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(5-7) times the indentation depth used to discover and compute material 

properties and stress state. The used sharp indentation has carried out the 

microscopic determinations [45]. It must be noted that the sharp indentation and 

spherical indentation models have no easy application with thin film/layer 

structures [62]. 

              Xu model is sharp indentation model that depends upon the correlation 

between the coefficient of elastic restitution and residual stresses [63]. This 

model requires precise measurement for the coefficient of elastic restitution. 

When the roughness of sample surface is great, the error in the coefficient of 

elastic restitution is also great, leading to a consequent decrease in the precision 

of measuring residual stresses [60, 61]. 

       Figure (2-29) shows the depth of indentation at maximal applied load 

(loading curve) (hmax), with the depth of indentation at the state of total 

removed load (residual) or (unloading curve) (hr). The ratio (hr/hmax) could be 

an appropriate quantity for determining because it is more sensitive to the 

existence of residual stress. This ratio (hr/hmax) is smaller for in-plane tensile 

residual stresses than for compressive stresses [64].    

C- Spherical Indentation Model  

The spherical indentation test is carried out by spherical indenters, as 

illustrated in Figure (2-28). For ceramics and composite coating materials, the 

determinations of 3D property could be performed by spherical indentation [45]. 

The following Swadener model is one of the spherical indentation models. 

        The Swadener Model is considered a spherical indenter because it tends to 

be of more sensitivity towards the impact of stress, like changes in area. The 

model is based on the assumption of biaxial stress and could demand a large 

indenter radius (R) for achieving results of higher accuracy [53, 59].  The 

Swadener model has applied the contact pressure as a replacement of contact 

area as an indication of stress [50]. For example, it is applied to determine the 



Theoretical Part and Literature Review                                      Chapter Two                                     

 

  69  
 

residual stresses of Al alloy by the usage of Hertz contact theory as well as the 

correlations among hardness and yield strength. The precision of this model was 

between (10-20) % of the yield strength [65]. 

 

Figure(2-30):The loading curve of elastic-plastic material 

and elastic unloading 

2. 6 Ultrasonic Technique 

           In the past few years, there is a progress in improving the traditional 

techniques and developing novel methods for measuring residual stresses [66]. 

The nondestructive measurement is essential in optimizing the design of 

structures and improving their mechanical strengths [67, 68]. The development 

of ultrasonic method has happened before a half century and encouraged many 

researchers to study the acoustoelastic theory that applied basically to discover 

the stress of mechanical components where the velocity of wave has a close 

relation with stress [69]. In other words, the acoustoelasticity effect denotes to 

the differences in feature of propagating the acoustic waves in solids according 

to the residual or applied stresses [70]. 

           The application of vibrating sound waves at frequencies more than 20 

KHz  beyond the human hearing is called ultrasonic waves that used in the fields 

of defense, medicine and industries [68]. The ultrasonic instrument is quick, 

appropriate to the operations of routine examination and able to measure internal 



Theoretical Part and Literature Review                                      Chapter Two                                     

 

  70  
 

residual stresses for whole material [3]. The ultrasonic tool is portable, cheap 

and safe to operators [20].  The ultrasonic technique is a good candidate to 

measure thickness, give information on physical properties through the 

processing of polymer or composite materials [71], the piezoelectric transducers 

in ultrasonic techniques have used to discover internal flaws in engineering parts 

[67], measure structural dimensions [72] as well as  detect and identify damage 

in complex structures [73]. 

This method has applied successfully for determining residual stresses in 

nuclear reactors, shipbuilding, oil and gas engineering, highway and rail way 

bridges, construction industry, aerospace industry as well as in repairing of 

welded structures and service inspection through manufacturing [66]. The 

properties of ultrasonic waves have affected with various parameters including 

texture of material, crystal structure, environmental temperature, water content, 

size of particles and coupling conditions [74].   The most important advantage of 

the ultrasonic equipment is the possibility to measure applied and residual 

stresses for both real structures and samples [1] as well as in surface/subsurface 

layers of a material [66], this technique have gained a great interest  due to the 

accuracy and ease of  application [75]. 

            Ultrasonic waves could be described as mechanical waves which 

propagate at a frequency over than 20 KHz. This means that such waves tend to 

begin at the highest audible limit for human beings. In general, ultrasonic waves 

are generated and sensed using piezoelectric elements (transducers). The 

transducer converts the electrical energy into acoustical energy and vice-versa, 

thereby functioning as both transmitter and receiver. Various test conditions and 

materials demand different types of transducers. Higher frequency transducers 

(i.e. from 15 MHz to 25 MHz) have limited depth of penetration and high 

sensitivity to material discontinuities. On the contrary, lower frequency 

transducers (i.e. from 0.5 MHz to 2.25MHz) have a larger energy and 

penetration depth but less sensitive to material discontinuities [76]. 
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Advantages of the ultrasonic technique are: the ultrasonic technique has 

considered as a promising non-destructive technique for residual stress 

evaluation [73]. The measurements are laboratory or on site, it is suitable for 

measuring applied and residual stresses [67], the implementation of test is quick 

[10], safe [74] easy to apply [77] and flexible [73]. The ultrasonic technique 

measures macro stresses over material bulk volume, suitable for routine 

inspection and industrial study of big components such as discs of steam turbine 

[78].  

             The ultrasonic device is suitable for quick installing and easy carrying, 

the depth of  measurement and penetration are larger as compared to  X-ray 

diffraction method [74, 79], the ultrasonic instrument  is convenient to use and 

free of radiation hazards [2]. The ultrasonic device is not hurtful to operators [2], 

provides a gradient in stress [2, 74]. The ultrasonic stress measurement 

technique is portable provides through-thickness stress measurements for 

various materials [67].  

Disadvantages of the ultrasonic technique are the ultrasonic test gives 

average measurements of stress over a bulk volume, the measurements through-

thickness have required parallel surfaces and good surface finish of the 

component, it is not appropriate to the components of complex shape [67]. The 

ultrasonic test is very sensitive to the effects of microstructure (size of grain, 

amount of carbon, texture and structure) and to the service  conditions  as 

temperature [77]. The calibration of stress measurement necessitates a reference 

sample that is free of stress to give absolute measurements of stress [67]. In 

ultrasonic test, the velocities of waves have depended on microstructural 

inhomogeneity [1].  

2.7 The Principle of Acoustoelasticity  

          The ultrasonic technique exploits the acoustoelastic property of materials 

by measuring the velocity of ultrasonic waves travelling through a component 
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[80]. Ultrasonic waves are sensitive to stress [67], the ultrasonic technique for 

stress measurement has depended on the linear relationship between speed of  

propagating  ultrasonic wave  through the sample and mechanical stress of 

material that is called principle of acoustoelasticity [81].  

           Acoustoelasticity is the subject of research for half a century [68].  In 

another words, the acoustic elasticity has described the influence of  material 

residual stresses on the wave velocity [69]. In the field of residual stresses, the 

acoustic elastic effect has expressed of stress variation with flight time of the 

ultrasonic wave propagating into a fixed acoustic path through the elastic region 

[74, 81]. The sensitivity of acoustoelastic effect against stress increased when 

both directions of ultrasonic wave propagation and particle motion are parallel 

to the measured direction of stress in order to obtain absolute stress, so if all 

three directions coincide then the acoustoelastic effect is most strong [67].   

              Acoustoelasticity is the hypothesis of a linear relation between the 

speed of acoustic wave and the material elastic strain, it represents the basic of  

all ultrasonic techniques of measuring stress [75]. In some alloys, this linear 

relation between acoustic velocity and strain continues beyond the point of 

material yielding [75]. 

2.8 Ultrasonic Technique and Residual Stresses  

            The  stress analysis by ultrasonic is used to find the levels of stress where 

the determination of stress is relied on the ultrasonic wave velocity [74], this 

dependence is a valuable tool in determining the material stress by determining 

the variation in velocity [82]. On the other hand, the velocity of ultrasonic wave 

has also affected by the microstructure and defects in material [74]. Ultrasonic 

evaluation for residual stress measurement has been an effective method owing 

to its easy implementation, low cost and intrinsically being nondestructive. The 

velocity variations of acoustic waves in materials can be related to the stress 

state in the deformed medium by the acoustoelastic effects [83].  
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           The ultrasonic technology for measuring residual stresses has applied 

more widely in the residual stress inspection of members with regular shapes 

such as pipes, hubs, rails and gears due to its reliability, accuracy, and 

convenience, there is a severe requirement on the transducer angles of incidence 

and reception [84]. The ultrasonic test utilized the ultrasonic waves that contain 

very little energy and propagate within the stressed material [75]. As for the 

majority of materials, the relative differences in wave velocity are linear 

functions of strain and stress. (V) is the wave propagation velocity, the 

acoustoelastic constant or stress constant (K) is a parameter of material and its 

determination leads to directly assessment of material residual stresses [19, 2] as 

shown in Eq. (2-12): 

  

  
                                                                                                                  

where : 

     is the ultrasonic wave velocity in a stressed free medium, ζ is the applied or 

residual stress [19], the constant (K) describes the relative variation of velocity 

or travel time with stress [71]. The acoustoelastic constant have relied on: type 

of material, direction of wave propagation and polarization direction [7]. The 

measured stress is average stress acting between emitter and receiver [67], the 

stress  𝜎  could be applied or residual [19]   

          Ultrasonic test could be done for longitudinal and transverse (shear) 

waves. The longitudinal waves are known for having their displacement 

oscillations alongside the direction of propagations.  As for transverse or shear 

waves, the displacement oscillations seems to occur at a right (transverse) angle 

to the wave propagating direction. Both types of waves are supported in solids, 

whereas only longitudinal waves are supported in fluids. The transmission of 

shear values is rather difficult in fluids [76].  



Theoretical Part and Literature Review                                      Chapter Two                                     

 

  74  
 

Longitudinal (compressive) waves are often adopted in practical aspects. They 

are propagating in solid, liquid and gas medium, The longitudinally propagating 

wave is the most sensitive to stress variation [19]. It must be noted that 

longitudinal residual stress occurred in the direction of wave propagation [85] as 

shown in Figure (2-31).  

 

Figure (2-31): Propagation of longitudinal wave in a medium [86] 

            The ultrasonic measurement of stress provides an average condition over 

the path of waves propagation. The longitudinal wave has propagated in the 

direction of thickness employed to identify the average residual stress on the 

whole thickness of the sample [7]. The  longitudinal residual stress that occurred 

in the direction of wave propagation could be determined as[85]: 

  
   

     𝜎                                                                                 𝐸         

It must be noted that longitudinal residual stress occurred in the direction of 

wave propagation [85], the longitudinally propagating wave is the most sensitive 

to stress variation [19]. 

2.9 Pulse-Echo Method  

         Echo method is applied for revealing defects in members made from 

various materials. The dual transmitter-receiver transducer has recorded the 

impulse after its reflection due to heterogeneous structure of material or limiting 
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surface. According to the defect in material, portion of ultrasonic wave is 

reflected and received by dual transducer. 

         There is a portion of ultrasonic wave passes through the defect and reaches 

to opposite wall of inspected material, this portion is reflected and returned to 

the dual transmitter-receiver with some delay as the bottom echo. The traveling 

time of the impulse, as well as the velocity of the ultrasonic waves are used for 

evaluating the depth of defect or reflected surface [86]. In order to obtain an 

efficient echo test, the grain size of tested material must be smaller than 

inspected defects. If this condition does not satisfied, the formed echoes by grain 

boundaries are overlapped any echo of defect.  

           The principle of defect inspection by echo test is applied by spreading  of 

ultrasonic wave with short pulse; the evaluated time of travelling ultrasonic 

waves to the boundaries which separating materials of various elastic properties 

and densities. The knowledge of wave velocity lead to detect the distance to the 

reflected interface. 

           There are various fields for applying the echo test such as: detecting of 

small cracks, discontinuities in material structure, delamination between layers, 

measuring the thickness of slab, monitoring the curing in polymer adhesives. 

The important limitations of echo test are included: the need to use coupling 

agent (couplant), the inspected material of heterogeneous nature lead to crowd 

of echoes, elucidation of results is difficult [86]. 

           Another name of pulse-echo test is contact ultrasonic method where the 

transducer is put within direct contact to the considered samples in order to 

transmits the ultrasound pulse inside the sample and detects the reflected signal 

from interface (edges or flaws) using the transducer itself that depicted in Figure 

(2-32) [76]. 
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Figure (2-32): The transducer in contact ultrasonic method [76] 

          The principle of measurement by echo test is represented in Figure (2-33)  

where the reflected strength of signal is revealed against time for the generated 

signal and  received echo via an oscilloscope. The distance of traveled signal is 

directly related with signal travel time in order to reveal the information as flaw 

sizes and location. 

 

 

Figure (2-33):The principle of pulse-echo method [11] 

              If the pulse of ultrasonic signal is transmitted via a sample along 

thickness (d) and reflected from the opposite wall, the echoes are produced. The 

echoes have a distance that is double the sample thickness d before it reaching 
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the transducer, the delay time (t) between two echoes is measured and 

consequently, the ultrasonic longitudinal velocity (V) can be determined through 

the following:  

  
  

 
                                                                                                                        

where is (d)thickness of sample, (t) time of travelling ultrasonic wave [76]. 

2.10 Polymer Overview  

           Polymer materials can be defined as macro-molecules that are formed 

using multiple small components known as monomers. These monomers are 

joined together to form polymers. According to the morphology, polymers could 

be classified into amorphous or semi-crystalline polymers. An amorphous 

polymer has amorphous areas, wherein the molecules have a random 

organization, whereas the molecules are evenly packed in crystalline polymers. 

Since all crystalline polymers have amorphous areas to some extent, no 

polymers could be considered totally crystalline [87].  

          According to the random packing structures, amorphous polymers do not 

have sharp melting points, but rather a range of temperatures. They are regarded 

as glassy polymers when they exist in a glass state at room temperature and their 

glass transition temperature (Tg) is higher than the room temperature. As for 

rubbery and semi-crystalline polymers, Tg is lower than room temperature [87]. 

2.11 Polymers and Ultrasonic Waves  

             Ultrasonic surface wave testing is one of the most effective methods of 

detecting surface internal defects and evaluating through thickness stresses. 

Polymers are commonly adopted in the production of aerospace vehicles, 

automobiles and ships. They differ from metals in that they have lower stiffness 

and strength. They have a sensitive to defects and stress concentrations, and 

being rather weakly resistant to crack extensions [82]. This makes them 
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vulnerable to hazards resulting from both residual and working stresses. It is 

therefore important to ensure the proper evaluation of polymer work conditions 

and service life. The solution to these issues depends mainly on the non-

destructive tests (NDT) of the component. The lack of efficient test methods 

leads to issues of wasted materials and hidden accidental dangers [82].  

           Polymers are sensitive to surface cracks and stresses, so the ultrasonic 

measurement of stress in polymers requires very great accuracy [7]. The linear 

acoustoelastic effect can be applied to assess the residual stresses quantitatively 

in polymeric products. In this case, the ambient temperature should be observed 

carefully throughout the measurements and correcting the temperature 

influences as the ambient temperature changes while testing [82, 7]. 

           A polymer could be either amorphous or semi-crystalline. Amorphous 

areas in polymers are usually seen at low temperatures, at which the molecules 

vibrate slightly without significant movement. This is known as the glassy state, 

at which the polymer tends to be brittle, hard and rigid as glass. Heating this 

polymer enables its chains to wiggle around, making it soft and flexible like 

rubber, hence its name rubbery state [88].  

         The presence of double bands, aromatic groups, and/or larger side groups 

increased the melting point of the polymer, resulting from the limited flexibility 

of the polymer chain itself. On the other hand, the chain branches cause the 

melting point to reduce due to the defects that come along with branching [88]. 

Polymers are often described as a distinct type of modern materials. In spite of 

their light mass density, they have mechanical properties made them strong 

enough for a variety of applications in order to achieve suitable rigidity [89].  

         However, high Young's modulus is not the only necessary characteristic, 

polymeric materials should be ductile tolerating considerable bending. Ductile 

polymers involve different semi-crystalline polymers that have a lower (Tg), 

such as polyethylene (PE), polypropylene (PP),  and amorphous glassy polymers 
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like polycarbonate (PC) and polyethylene terephthalate (PET). On the other 

hand, glassy polymers like polystyrene (PS) and poly methyl methacrylate 

(PMMA) with higher (Tg) seem to be rather brittle under ambient conditions 

[89]. 

2.12 Glass Transition Temperature  of  Polymers  

        Glass transition temperatures (Tg) can be defined as the point at which the 

glassy state transits into the rubbery state. It is a characteristic of the amorphous 

area in polymers, when crystalline areas are characterized by the melting point. 

Despite the fact that amorphous polymers have no melting point, all polymers 

have a glass transition temperature (Tg) [88]. This state is explained through 

Figure (2-34) where the relationship between specific volume and temperature 

due to cooling after melting is depicted, this relationship is including completely 

amorphous (A), semi-crystalline (B), and crystalline (C) polymers [90]. 

 

Figure (2-34): Relationship between specific volume and temperature [91] 
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          The molecular chains of polymer in amorphous state  are distributed 

randomly while the crystalline state in highly ordered chains are shown in  

Figure (2-35). In amorphous state of glassy polymers, the onset of molecular 

motion take place at the glass transition temperature (Tg), the melting 

temperature TM of crystallites is greater than Tg. In a glassy state lower Tg, the 

low mobility of  polymer chains causes stiffness and brittleness in material [92].  

 

Figure (2-35): The molecular chains of (a) amorphous (b) crystalline polymer [92] 

2.13 Glassy Polymers and Amorphous Structure 

             Glassy polymers are known for their amorphous non-crystalline 

structures whereby no regular pattern of atoms or molecules is found. Glassy 

polymers characterizes with high stiffness making them mechanically strong as 

hollow fiber membranes or porous flat films [90]. The molecular motion is 

increased with temperature and the physical properties of polymer altered due to 

undergoing a transition from a glassy state into a rubbery state till melting. 

Glassy polymers have favorable mechanical and manufacturing properties [92]. 

            The glassy polymers are transformed into rubbery state according to 

raising of temperature above glass transition, addition of solvent(s) or other 

additives. The most common amorphous glassy polymers include polystyrene, 

polyvinyl acetate, polymethyl methacrylate, polysulfone, poly(ether sulfone), 

polyimide, and polycarbonate [93].  
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2.14 Applications of Glassy Polymers  

       The most important class of polymers is glassy polymers where there are 

various important applications of glassy polymers can be mentioned as 

following: 

1- Aerospace composites, contact lens and automotive head/tail lights. 

2-Thin films in solar cells,  optical materials, fuel cells and lithography [94]. 

3- Systems of drug delivery [94].  

4- Membranes for separating gasses in (gas, oil and petrochemical industries) 

[95]. 

5- Preservation of an inert atmosphere during transportation of flammable 

materials [95]. 

6- Electronic coating that requires adhesive strength, fracture toughness, wear 

resistance, tensile and compressive strength [95, 96]. 

7- Polymer matrix composites (PMCs) [95]. 

8- Corrosion prevention [96].  

9- Substitute for glass in the electronics, automotive industry, machine guards 

and  safety glass [88, 97]. 

2.15 Chemical Structure of Polystyrene (PS) 

              Polystyrene is one of the most broadly used thermoplastic glassy 

polymer, so it can be used as an important component in various fields ranging 

from domestic, industrial to automobiles, there is considerable improvement in 

physical properties of PS due to the combination with other materials [98]. 

Polystyrene is an  atactic amorphous polymer, it is transparent with easy 

production, sustains thermal properties and have high mechanical strength, it is 
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brittle to some extent and mechanically stable, softens at 100   so it is suitable 

for sterilization [98].  

             Polystyrene is widely used for packing purposes. The  general additives 

to PS are flame retardants, antioxidants and UV-stabilizers [98]. Polystyrene is 

an addition polymer, polymerized by a successive addition to the monomers of 

styrene. Most important addition polymers are polymerized using olefins and 

vinyl-based monomers [88, 97]. Polystyrene is aromatic polymer made from 

styrene monomer, it is one of the most widely used thermoplastics several 

billions kilograms per year, Figure (2-36) illustrates the chemical structure of PS 

[99].     

 

Figure (2-36): The chemical structure of PS [99] 

There are three commercial produced grades of general purpose PS 

depending of the synthetic procedure: easy flow, medium flow and high heat 

flow. In injection molding, easy and medium flow PS are adopted whereas high 

heat flow is used in the applications of extrusion [100]. Polystyrene is also 

involved in polymer matrices when preparing polymer based nano-composites. 

The production of polystyrene involves the polymerization of styrene- 

monomer, as demonstrated in Figure (2-37a) [98]. 

           Polystyrenes could be found in three different configurations, these 

configurations are atactic polystyrene, isotactic polystyrene and syndiotactic 
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polystyrene (SPS) as shown in Figure (2-37b), where the most commercially 

available polystyrene is atactic polystyrene [101]. 

(a) 

(b) 

Figure (2-37):(a) The addition polymerization of PS from styrene- monomer [98] 

(b)The various configurations of polystyrene [101] 
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2.16 Properties of Polystyrene (PS)  

             Polystyrene is one of the most broadly used thermoplastic glassy 

polymer, so it can be used as an significant component in various fields ranging 

from domestic, industrial to automobiles, the physical properties of PS are 

significantly improved on combination with other materials, PS has some level 

of brittleness and mechanical stability [98]. Polystyrene is characterizes with fair 

density and dimensional stability, its processing methods are versatile, the 

specific grades of PS are possible on food contact, the density of PS is greater 

than polyethylene and polypropylene [98]. 

            Polystyrene is amorphous without sharp melting point where the material 

softens over a wide temperature range. The glass transition temperature of PS is 

between (74 -105)   PS is hard and brittle below Tg, Polystyrene softens at 

relatively low temperatures and flows like a liquid at 100   or under stress, so it 

is easy to thermoform or extrude. There are  sensitive properties to heat such as 

elongation at break and impact strength. PS is resistant to strong oxidizing acids, 

bases, alcohols, alkalis, vegetable oils, aliphatic amines, beverages, condiments, 

numerous foodstuffs, poly glycols and various pharmaceuticals, but PS is 

insoluble in aliphatic hydrocarbons.  

         The physical properties of PS are significantly improved on combination 

with other materials. Polystyrene is soluble in esters, aromatic and aliphatic 

hydrocarbons, aldehydes, aromatic amines, ethers, polyglycol ethers, ketones, 

chlorinated hydrocarbons insecticides, essential oils. Polystyrene has good 

resistance to hydrolysis. Polystyrenes displays good behavior under high-energy 

radiation, fire resistance is weak where PS burns easily and generates flames 

even after removing the source of ignition. PS is good insulator in a wet 

environment with high dielectric resistivity, fair rigidity with low loss factor 

[98]. 
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2.17 Types of Polystyrene  

A. General Purpose Polystyrene (GPPS)  

            GPPS is homopolymer and sometimes called crystal PS, General purpose 

PS is atactic and cannot crystallize, it is quite brittle material, its chemical 

resistance is poor, the barrier properties toward oxygen and water vapor are also 

poor, its impact resistance is weak, the scratch resistance is low, GPPS has low 

flexibility, it is used in high-performance and engineering products due to 

electrostatic build-up.  

          The GPPS is aromatic amorphous glassy polymer, it softens around 75    

its formation is easy, liquid at around 100  . GPPs has good luster, process 

ability, stiffness and hardness. Various grades of GPPS are designed for optical 

requests where the range of light transmission  is (80% up to 98%) [102].  

          The mentioned disadvantages of polystyrene is overcame by adapting  it 

into its copolymers and blends that represented one of the most versatile 

polymer materials [98]. The wide family of styrene polymers involved number 

of modified polystyrene variants as:- 

A- High impact polystyrene (HIPS) 

          The development of high-impact polystyrene (HIPS) is carried out by 

rubber toughening of PS which expresses of improvement in impact resistance 

and barrier properties with reduction in transparency. The presence of rubber in 

HIPS is led to easy of thermoforming, good flexibility and low softening point 

[98].  

B- Expanded PS (EPS) 

EPS foam is produced in the form of large blocks, eco-friendly and cannot be 

recycled, it is found in various sizes, shapes and densities, effectively cost. The 

amount of consumed EPS is 15–30% of total consumed PS. Expanded 
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Polystyrene Aggregate Concrete (EPAC) is a lightweight eco-friendly material 

produced by replacing partially coarse aggregate with equal volume from 

chemically coated PS beads, it is used in both structural and non-structural 

applications according to its very attracting properties such as lightweight, 

thermal properties, capacity, durability, the feature of  (EPAC) is expressed by 

Figure (2-38) [103, 104]. 

  

Figure (2-38): PS in building: (a) in construction (b) in concrete as aggregate [105] 

C-Extruded polystyrene(XPS)  

           The trade name of extruded PS is Styrofoam, it consists of closed cell 

foam (cellular microstructure), it is usually used as an insulating material in 

heat-sensitive products, in packaging, cushioning agent, in art and craft field 

where it is easily cut into different shapes and sizes of excellent beauty for 

decorating [98]. Compound Styrofoam is introduced in the manufacturing of 

electronics as buttons of keyboards as shown in Figure (2-39) [106]. 

 

 

(b) (a) 
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Figure (2-39):Compound Styrofoam into keyboard buttons 

[106] 

D-Branched PS  

            Branched polymers have some unique properties, such as lower solution 

and melt viscosities, increased solubility, and many more terminal groups. It is 

expected that these branched polymers will be used as polymer rheological 

modifiers [107]. 

E-Hydrogenated PS  

Hydrogenated styrene–diene copolymers used as thickening (viscosity) 

additives to lubricating oils are considered. Specific features of the synthesis and 

hydrogenation of such copolymers are produced. The main requirements to 

thickening additives and the molecular structure–property relationships for the 

thickening power and viscosity index, mechanical stability, ability to disperse 

carbon black particles, heat resistance, and low-temperature properties are 

analyzed. The main producers of thickening additives based on hydrogenated 

stryrene–diene copolymers are presented [108]. 
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G-ABS and ASA copolymers 

           Acrylonitrile-butadiene-styrene (ABS) and acrylonitrile-styrene-acrylate 

(ASA) copolymers have outstanding scratch and chemical resistance as well as 

improvement in gas barrier properties [98].   

H- Styrene - Acrylonitrile Copolymer (SAN) 

           The copolymers of styrene-acrylonitrile (SAN) are the most important 

products of PS. SAN and ABS a is used in different fields as medicine, 

automotive, transportation, boats, appliance, recreational devices [98]. 

I- Syndiotactic Polystyrene (SPS)  

           Semi-crystalline syndiotactic PS is used through polymerization catalyst 

technology [98].  

F- Copolymer (styrene - maleic anhydride)  

          The copolymerization of styrene and maleic anhydride improves thermal 

performance.  

There are also other types of PS as: super PS (styrene-diphenylethylene 

copolymer), ethylene-styrene copolymers, oriented polystyrene sheet [98].  

2.18 Applications of Polystyrene 

            Polystyrene is applied in construction and building (around 70%), 

packaging (around 25%) and other applications (around 5%) [109]. The 

description of PS applications in various fields are mentioned below.  

a-Medical Field 

            PS and its products are more suitable for usage in not reusable medical 

applications as plates of tissue culture, conducting test trays, medical cups, tubes 

of test, kits for housing test through the biomedical research. PS is used in 

medical equipment due to its excellent clearness benefits for good visibility and 
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exceptional sterilization process for example diagnostic purposes and speculum 

[98]. One of medical applications is shown in Figure (2-40). 

 

 

  

 

 

 

 

b-Construction Applications 

            PS is applied in the industries of  construction and building for insulating  

boards, sliding, ceilings, walls, floors, sides, roofs due to its excellent capacity 

of insulation. PS is utilized in walls of sound proofing, units of bath and shower, 

fixtures of lighting and plumbing for buildings because of its good capability of 

processing and tremendous performance under all climatic conditions.  PS also 

is used as architectural design models and replacement to corrugated cardboards 

[98]. PS is used as binding translucent materials between solar cells and 

Portland cement in the form of  blocks and panels for exterior walls and 

partitions [110] as shown in Figure (2-41).  

  

 

Figure (2-40):PS in medical devices 
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Figure (2-41): Use of PS in solar cells [110] 

c-Automotive Industry 

            PS is used  in automotive applications due to its characteristics: moisture 

free, inexpensive, thermally stable in a wider range of temperature, high 

mechanical strength with other elements, conductive in ionic form. The common 

industrial automobile products from PS are cores of bumper, void fillers, roof 

liners, head rests and head impact, knee supports, side protection from impact, 

seating of car, sun visors, liners of car air conditioning, liners of battery under 

bonnet, sound deadening under bonnet [98], there are exterior and interior 

automotive parts made from PS as shown in Figure (2-42). 
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Figure (2-42): Parts of automotive that fabricated from PS [111] 

d-Electronic Field 

            In electronic industry, PS is used in manufacturing computers with   

various types with respect to form, aesthetics, function, high performance, cost 

ratio and televisions. PS is used in consumer electronics for protecting CD and 

DVD, boxes of jewelers, cassette tape and many devices for information 

technology [98]. PS is used in the manufacturing of electronics as capacitors and 

can be shown through Figure (2-43).  

 

Figure (2.43): Capacitors made from Polystyrene 
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e-PS With Metals & Inorganic Compounds  

          PS is applied in removing of toxic metal ions from municipal, commercial 

and industrial effluents in order to protect our environment [99].  PS  is included 

within different metallic and ionic membranes, it is mediated through inorganic 

composites as the synthesis of PS-supported ZrO2 composites due to the 

easiness of production and inert behavior of PS for enhancing sorption of Pb(II) 

ions from water [112]. PS is applied in detecting of H2O2 because of its 

possibility for creating composite materials for electrodes [97].  

f-Food Packaging  

          The exceptional insulator and protector material of food in the process of 

food packing is PS in order to prevent food meals from decomposition/spoiling 

like eggs, meat, fish, salads, dairy products and cold drink because PS is easy 

and cheap material for preserving food. PS has a great role in the industry of 

goods packaging, refrigeration and transportation, the materials of packaging are 

recyclable.  

            The transportation of shopper goods and health care products 

(pharmaceuticals, neutral cuticles) across the countries requires packing in boxes 

where PS is put as a supporting materials along boxes, it also offers insulation 

and protection from various exterior conditions like air, temperature, moisture in 

order to maintain the properties at all circumstances [99]. 

g-Household Appliances  

          There are various household appliances are made from PS as air 

conditioners, hot air and microwave ovens, refrigerators, blenders, vacuum 

cleaners with hand-held, disposable cutlery, equipment of garden, accessories of 

kitchen and bathroom, toys and other playing accessories, smoke detector 

housings [113, 114, 115].  
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2.19 Literature Review  

2.19.1 Literature  Review of Polystyrene      

               Rouabah F. et al.(2012) investigated the effect three thermal 

treatments  on the thermal, mechanical , and  thermo physical properties of 

polystyrene. First of them is the quenching from the melt state to different 

temperatures. Second is the quenching from (Tg +   . The third is the 

annealing. The enhancement in the impact strength after a second quenching at 

    . The enhancement in impact strength in expense the other properties as 

elastic modulus, density and hardness [4]. 

             María Teresa, et al. (2014) analyzed the effect of molding temperature 

and cooling time on the residual stresses present in parts include two types of 

polystyrene. The part made in injection molding. Using the photoelasticity to 

determine  the residual stresses. Concluding the photoelsticity technique can be 

applied in calculating residual stresses in injection molded crystal polystyrene 

parts [116].  

2.19.2 Literature Review of Ultrasonic Test 

               Javadi, Yashar et al. (2012) presents a three dimensional thermo-

mechanical analysis to evaluate welding residual stresses in dissimilar plate-

plate butt weld joint geometry of AISI stainless steel 304 and Carbon Steel 

A106-B type. The materials tested are commonly used for pressure vessel 

applications. Four passes butt-weld joint geometry with 4mm root gap was used. 

Two calibration samples were extracted from A106-B and A240-TP304 base 

metal to determine acoustoelastic constants. The nominal frequency and 

diameter of the piezoelectric elements are 2 MHz and 24 mm, respectively. Two 

calibration samples were extracted from two base metals to determine 

acoustoelastic constants, then the results from ultrasonic stress measurements 

are carried out on both side of plates [77]. 
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             Raheem G. Kadhim (2014) searched the effect nanosilver particles on 

mechanical properties of polymer matrix containing polyvinyl alcohol and 

polyvinyl- pyrrolidone. The casting method used to prepare the samples (PVA-

PVP-Ag). The percentage of nano silver in the range (0-16%). Using the 

ultrasonic method to determine the mechanical properties as absorbtion 

coefficient of ultrasonic wave, relaxation amplitude, bulk modulus and acoustic 

impedance. Increasing in density, relaxation amplitude, and absorption 

coefficient with increasing the amount of Ag [117]. 

              Dawei Jia,et al. (2014) explored the effect of temperature and stress on 

the velocity of ultrasonic longitudinal waves in two amorphous polymers and 

two semi crystalline polymers. Calculating the acoustoelastic constants and 

temperature constant of polymers. The velocity alters linearly with stress and 

temperature, as well as there is an important effect of temperature as the 

acoustoelastic effect. It is necessary to ensure the ambient temperature in the test 

[7].  

             Xu, Chunguanget et al. (2015) carried out an experiment of residual 

stress testing of oil pipeline weld joint is carried out by using the ultrasonic 

detector. The material of pipeline is X70 steel and welding procedure is manual 

arc welding. The residual stresses are tested around straight weld joint in a 

section of pipeline. The test conditions are: frequency of transducers 5MHz, 

distance between transducers is 30mm, the material of the specimen is 6061 

aluminium alloy and environment temperature is 23 . In order to verify the 

accuracy of the test results, a hydrostatic test has been carried out,  it is observed 

that the blasting area is consistent with the dangerous area evaluated by 

ultrasonic method [2].  

   Karrar Abd-Ali Obeid, et al. (2015) searched on blend of poly 

ethylene glycol  and carboxy methyl cellulose PEG/CMC prepared by liquid 

mixing method. The mechanical properties was determined by ultrasonic 
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method. The adding of PEG on led to increasing density and the absorption of 

ultrasonic coefficient [118].  

           Hermawan Judawisastra, et al. (2019) determined the elastic modulus 

of three thermoplastic  polymers and comparing with the elastic modulus from 

mechanical testing  by using  ultrasonic method-pulse echo. Determination the 

elastic modulus in pulse echo is more comfortable than transmission method. 

Polymethylmethacrylate (PMMA), low density poly ethylene (LDPE), and 

polyamide(nylon) were used. The outcomes of elastic modulus  from pulse echo 

had a deep error in the range (98% -158%)  particularly for the low density 

polymer and large  ratio of viscous property to elastic property. The attenuation 

from ultrasonic mathod was operated  by the viscoelastic properties and the 

elastic modulus from ultrasonic velocity reading was influenced by the density. 

The  linear model for thermoplastic elastic modulus determination based on 

ultrasonic pulse echo testing has been improved and could decreased the error to 

3.45% [119]. 

             Sasmita et al (2019) calculated the elastic modulus of some polymers 

by using Ultrasonic method. Using five types of polymers were polyster, epoxy, 

polyamide 6, low density polyethelene and polymathyl methacrylate. There are a 

difference in value of elastic modulus especially for material of low density. 

Using lower probe frequency for testing enables easy alternating ultrasonic 

detection so it will allow the measurement of wave velocity [120]. 

            Ye, Chong  et al. (2019)  used a laser/ electromagnetic acoustic 

transducer (EMAT) ultrasonic method where Q-Switched Nd:YAG laser is 

applied to generate a broadband ultrasonic wave with a reception bandwidth of 

(0.5MHz, 2.0MHz). An EMAT is attached to the welding plate in order to 

evaluate the surface/subsurface longitudinal residual stress distribution 

generated by gas metal arc welding (GMAW), the welding voltage was 25V and 

the welding speed was set as 0.375 in./s where the sample was joined by a 
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Miller Pulstar 450 GMAW machine. The velocity variation is experimentally 

measured due to the time of flight for travelling ultrasonic waves along a 

specific path parallel to the direction of the welding seam.  The welding residual 

stress evaluation were carried out along each inspection row where 15 equally 

spaced points between 0 and 45mm away from the welding seam were chosen 

[83]. 

       Yang, Shunmin et al. (2019) studied specimens of 304 stainless steel bars 

with dimensions of (390 mm x 60 mm x 6mm).To facilitate the experiments, the 

front surfaces were polished with a milling machine to a roughness (Ra) of 2.83 

μm. The calibration sample is heat treated into 600 degrees Celsius and stayed 4 

hours at that temperature, then followed by slow cooling in order to stress relief. 

Double receiving transducers are advantageous in that they eliminate 

environment effects (temperature and coupling conditions). Time-of-flight was 

measured using the zero crossing method between the two receiver echoes R1 

and R2. The specimens were numbered from S1 to S10, with S1 being the 

reference specimen free of stresses. Samples S2 through S10 were tested for 

travel time by using the ultrasonic technique and each travel time was compared 

to the travel time of S1. for the 6 mm transducer. Test conditions are frequencies 

of transducers (5 , 2.5, 1) MHz, the distance between transmitting transducer and 

first receiving transducer is 37.6 mm, environment temperature 26  . The 

uncertain factors involved in measuring residual stress with LCR waves, such as 

the distance between the transmitter and receiver and the diameter and 

frequency of the transducer, have been investigated [121]. 

              YANG, YANG (2020) measured the residual stresses for cylinder 

heads as cast engine components, six cylinder heads were manufactured from 

the same material composition. Four of them were kept for 5 hours after casting, 

and two of them had 10 hours, seven positions on each cylinder head were 

assigned as sample points for measurement due to high residual stresses and 

sharp residual stress gradients. The results are generated by averaging the speed 
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of waves within the covered region. Ultrasonic measurement were examined at 

several positions on cylinder heads. It comprises of 2MHz ultrasound ejector.  

Residual stresses at identical positions with 10-hour shakeout time are supposed 

to be smaller in magnitude than those with 5-hour shakeout time because longer 

shakeout time ensures gentle temperature reduction during cooling and results in 

less residual stresses. Longer shakeout time can lower the tensile stresses and 

develop more compressive stresses in the surface layer, and can also reduce the 

tensile strength slightly. the experiments are very scattered due to the complex 

geometry of the cylinder head [122].  

          Zhouyiao Zou (2020) used the ultrasonic longitudinal through 

transmission technique  to determine the internal stresses in basin insulators 

inside gas-insulated metal-enclosed switchgear. An internal stress measurement 

system is advanced to discuss the relation between the uniaxial compressive 

internal stress and the velocity of ultrasonic wave. This research is provided the 

ultrasonic method is feasible in calculating the internal stress in epoxy 

composites [123].  

 Najm Sanaa S. (2021) calculated the physical properties of polymer 

solution of  polyvinyl amid and poly ethylene glycol PVA/PEG  by using 

ultrasonic method by dissolving various weight of powder PVA/PEG in water. 

Different concentrations of PEG in percentage (6%-14%)g/mol added to PVA. 

Increasing in acoustic impedance ,absorption coefficient and bulk modulus with 

increasing concentration of polymeric solution. The compressibility decreased 

with increasing the concentration [124].                     

           Hwang, Young-In et al. (2021) used a probe consisting of one 

transmitter and two receivers was fabricated piezoelectric elements, the 

frequency and diameter of transducers were 2.25 MHz and is 0.75 inch 

respectively, the intervals between transducers were 29.3 mm. the dimensions of 

the welded plate were (270 * 40 * 6) mm. For the residual stress measurement 
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using the LCR wave, three rail samples were cut from different sites and used, 

the difference in residual stress distribution according to the characteristics of 

wheel-rail contact surface was analyzed from the obtained residual stress value. 

Received signals used for calculating travel times. it was verified how the 

difference in the arrival times of the LCR waves showed a trend as the tensile 

stresses increased. It was concluded that this non-destructive evaluation 

technique could be employed for accurate stress measurement of rails because 

differences in stress applied to the rail can be detected [125].  

               Zhi, Qimeng et al. used in this study A7N01P Al alloy plates with the 

dimension of (500×300×13) mm under aging condition (solution treated and 

naturally aged according to ISO 2107:2007) were used in this study. The 

welding joints were processed by the Mental Inert-Gas (MIG) technique and the 

welding direction was parallel to the rolling direction of the base metals. The 

welding wires of 1.6 mm diameter. In this work, the frequency of transducers 

was 4 MHz with the diameter of 6.8 mm. The distance between excitation and 

receiving transducer was 30 mm. The microstructure have significant effect on 

the acoustoelastic constant and consequently the acoustoelastic constant has 

significant effect on the measurements of residual stresses. The results indicated 

that the residual stresses obtained with correction are more accurate for 

structures design [126].  

2.19.3 Literature Review of Optimization Method  

               M.F. Zanil, et al. (2019)  used the modified bee colony algorithm to 

find the to discover the optimal operating situation for specific targeted 

production for polypropylene derivative .Working on  the ideal benchmark 

equations and complex case of  the polymerization of polypropylene in fluidized 

bed reactor. Algorithmic is placed by developing the examination knowledge of 

onlooker bee from meta-heuristic idea in search space. The optimization for the 

polypropylene reaction is implemented  by the multi objective functions ABC 
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algorithm, and the objective functions are maximum production rate and melt 

flow index by monitoring operating temperature and pressure, superficial gas 

velocity, and concentration of feed propylene [127].  

             Xiaohui Guo  (2022) predicted the natural aging life of 8016 ethylene 

propylene rubber carefully and fast. Depending on the time-temperature 

equivalent superposition precept, the artificial bee colony algorithm . This 

research inserted the digit   the acceleration factor of the accelerated aging trial, 

and the computation of the acceleration agent was believed an optimization 

problem, which evaded the error superposition trouble  caused by data fitting at 

each temperature. The final outcomes show that the artificial bee colony 

algorithm can fast and exactly identify the acceleration factor of the accelerated 

aging test [128]. 

            Anton Chepurnenko (2022) studied the chance to use artificial neural 

networks to limit the rheological parameters of polymers from curves of stress 

relaxation. The feed forward back propagation  neural network was chosen for 

this search. Neural networks were trained on theoretical stress relaxation curves 

structured . The value of the mean square error (MSE) was used as a criterion 

for the performance of the training. The structured  model of the artificial neural 

network was examined on the experimental relaxation curves of recycled 

polyvinyl chloride. The type of the experimental curve approximation was quite 

good and was comparable with the standard methods for processing stress 

relaxation curves [129].  
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Chapter Three 

Optimization and Statistical Solutions 

3.1 Introduction  

Back-propagation algorithm is one of the most widely used and popular 

techniques to optimize the feed forward neural network training. Nature inspired 

meta-heuristic algorithms also provide derivative-free solution to optimize 

complex problem. Artificial bee colony algorithm is a nature inspired meta-

heuristic algorithm, mimicking the foraging or food source searching behavior 

of bees in a bee colony. Explaining steps of artificial bee colony ABC algorithm, 

feed forward neural network FFNA and hybrid of them will be discussed in this 

chapter.  

3.2 The Optimization Method  

The operation  of calculating the best design or best representation is 

known as the optimization. This procedure can be applied in all fields of 

engineering, medicine, chemical and physical applications [130]. Any 

optimization problem can be solved depending on the type of problem  by 

applying one of the following methods: 

1.Traditional optimization methods: These can be helpful for dimensional 

problem with any number of dimension . Several methods are:(a) direct methods  

(b) Gradient methods (c) methods of linear programming (d) methods of interior 

point [131]. 

2.Progressive optimization techniques (meta-heuristic algorithms): large part of 

practical problems are complex, nonlinear , inconsistent and discontinuous. 

They have been used successfully in solving many real-world problems. The 

success of meta-heuristic algorithms has increased the interest in this field. 

Currently, there are more than 200 meta-heuristic algorithms. The equilibrium 

optimizer (EO), the marine predators algorithm (MPA), the slime mould 
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algorithm (SMA), the reptile search algorithm (RSA), the dandelion optimizer, 

the runge kutta optimizer (RUN), and weighted mean of vectors (INFO) are 

some of the current meta-heuristic algorithms recommended in these years. 

Artificial beecolony (ABC), cuckoo search (CS),particle swarm optimization 

(PSO) ,differential evolution algorithm (DE) and flower pollination algorithm 

(FPA) aresome of the very popular meta-heuristic algorithms proposed in recent 

years [132].  

3.3  Artificial Bee Colony Algorithm (ABC) 

 The artificial bee colony ABC turn out the most successful and powerful 

in resolving the problems that have more than action. The stochastic algorithm is 

depended on population that mimics the searching for food attitude of honey bee 

colonies to calculate the optimal parameter in the problem [133]. The social 

structure, quality of nectar and fertilization of crops are the few most important 

properties for making these species most famous. Due to various geographical 

locations and differences in weather pattern, the honey bees are found with 

different color, shape and nature, but irrespective of those differences there are 

some basic jobs that they perform on daily basis. The foraging or finding new 

food source and information sharing about new source are the most common 

jobs [134, 135]. 

Inside the algorithm three groups of bees. First of them is the working 

bees, second is the onlookers, third is the scouts. The algorithm consists of only 

one artificial bee used for each supply of food. The working bees (employed 

bees) go to their feed  fountain and back to hive and dance in this region. The 

onlookers(unemployed bees ) monitor the dances of working bees and select 

feed fountain according to the dances to take the best kind of feed [136].  

The selection of the food source depends on many parameters. The food 

source is selected on the basis of the quality of nectar, distance of food source 

from the colony, quantity of nectar. The scout bee is one kind of unemployed 

bee which starts the searching of a food source without its knowledge. 
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Appearance of this kind of bee generally varies from 5-30% of the total 

population. The employed bees are the successful onlooker bee with the 

knowledge of food source [134].  

The employed bees generally share the food source information with the 

other bee, and guide others about richness and the direction of food source. In 

reality the guidance of employed bees is reflected through their waggle dance in 

the specific dance area, and this dancing area is the main information sharing 

center for all employed honey bees. The onlookers bee is the most informative 

bee, as all the information about food source is available in dancing area [137].   

On the basis of available information in the dancing area the onlookers 

bee selects the best one. Sharing information also depends on the quantity of 

food, and hence the recruitment of honey bee depends on the quantity and 

richness of food source. When nectar amount is decreased, the employed bee 

becomes an unemployed bee, and abandon the food source. The algorithmic 

process of artificial bee colony simulates the real life scenario of searching a 

food source, and maintain various types of bees involved in the searching and 

collecting the nectar [134].  

The main steps of ABC algorithm are: 

1.First step is started with the random leading bee, one of the leading bee is set 

up for fountaining feed and determining the concentration of food according to 

the objective functions, so the optimal location and the optimal fitness will be 

registered. 

2.Second step is introduced each lead bee without prior planning to select a 

neighbor of leading bee and randomly choose one dimension, so the site is 

updated as in Eq. (3-1 )[138]: 

      
             (  

      
   )                                                     𝐸         

Where 
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i =1,2,…………,SN;            SN=Number of feed fountain 

j=1,2,………….,D;           D=Number of optimization parameter  

Every used bee is linked to only one of feed fountain, therefore; the 

number of feed fountain (in other words food sources) sites is equal to the 

numbers of used. While initialization is finished, employed bees generates a new 

solution based on ABC algorithm as in  Figure (3-1).The used bee has produced 

changes to the feed fountain (solution) position in bee memory relying on 

information and detect  the source of the neighbor's food and then assess its 

quality  as in Eq.(3-2 ) [138]: 

            (       )                                                                          𝐸        

Where k                 

According to without prior planning, the chosen index that has to be different 

from I and       is a uniformly divided real random number  in the range[-1,1]. 

 

 

Figure (3-1): A simple position update scheme[139] 

 



     Chapter Three                                                          Optimization and Statistical Solutions   

104 
 

The fitness equation as following: 

         {

 

       
          

 

       
        

}                                                 Eq.(3-3) 

where        refers to the value of the objective function for solving the trouble 

[128].  

3-Third step all the used bees are terminated the fixative of their 

research, then they participated the datum with the number of nectar and their 

source situation where the onlooker bee in the hop region. There are several 

properties of bee fiction. An onlooker will estimate the datum of nectar taken 

from all the bees completed and choose the fountain  of the food fountains with 

the prospect related with the magnitude of nectar [138].  

This probabilistic chosen relays on the worth of  fitness settlement in the 

population according to fitness as in Eq.(3-4) [128, 140]:    

       
        

∑          
  
   

                                                                                                     

without prior planning real number within the range [0,1] is created for every 

fountain in the ABC algorithm. 

4-Fourth step every follow bee would be advanced as a leading bee would 

choose in conformity with the roulette wheel design and the location would be 

updated agreement to Eq.(3-4). If the new position is preferable, the chosen bee 

would be updated in the present location, otherwise, the digit (best value) Base 

would plus 1. A leading bee can be chosen by many follow bees again and 

again, which denotes that leading bee with larger fitness degree would be chosen 

with sizable probability.  

5- Fifth step The position and focus of optimal feed fountains of this obstetrics 

would be registered . 

6- Sixth step the leading bee with the extreme digit Base would be chosen, and 

the leading bee would be as a scout bee if the digit is larger than  limits, so the 
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position, fitness and  Bas would be initialized. The parameter Limit plays a 

function  of reborn of lead bee with the long-term with no updating.  

7- Seventh step if the generation digit is junior than the maximum digit, it 

should be go to the next generation at second step, otherwise, the results would 

output [140].  

There is general  flow chart concerning  ABC is presented in Figure (3-2). 

 

 

Figure (3-2): Flowchart of artificial bee colony ABC [140] 

3.4 Artificial Neural Networks 

   Artificial neural network ANN is one of the most important artificial 

intelligence techniques. It has been used to solve many real-world problems . Its 
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popularity is a result of its strong structure. Security, science, engineering, 

medical science, finance, education, energy, and manufacturing are some of the 

areas where ANN is used. One of the important capabilities of ANN is the 

learning feature. It can provide modeling of problems using existing data and 

can give information about data that it has never seen.  The training process of 

ANN is very important. Successful modeling of a problem is directly related to 

the successful training process of ANN [135] 

The artificial neural network is similar to the human brain installation. It 

composes of the input strata, pursued by hidden layer of neurons and the output 

strata. It stratifies in different area as: style rating/estimate, framework designing 

and symmetry, signal processing, image processing, monitoring systems and 

stock market predictions as well as some of the major areas  of engineering and 

science.  The reason is  belonged to the numerous helpful sides of neural 

networks as their parallel structure, learning and adaptive capabilities, Very 

Large Scale Integrated (VLSI) implement ability and fault tolerance [141]. 

          The ANN has simple units called neurons or nodes, each of which is 

interconnected with each other. These nodes are divided into three types: input, 

hidden and output nodes as in  Figure (3-3). Input nodes represent the input data, 

hidden nodes are the main processing units that hold the calculation process, 

while the output nodes represent the ANN output results. However, the hidden 

nodes can be structured as a single or multiple layers of nodes that are connected 

to each other [142]. 

There are many types of the artificial neural network ANN such as feed 

forward (FF), Radial Basis Function (RBF), Recurrent Neural Network, 

Dynamic Neural Networks [158]. There are many types of the artificial neural 

network ANN such as feed forward (FF), Radial Basis Function (RBF), 

Recurrent Neural Network, Dynamic Neural Networks [143]. 
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Figure(3-3): ANN basic unit [142]  

The requisite building block of FF neural networks is a ―neuron‖. A 

neuron can be explained as a processing unit. Every neuron in a network picks 

weighted input through these synaptic links from the neurons that is linked to 

and produces an output by threading the weighted total of those input indicatives 

(either external inputs from the environment or the outputs of other neurons) 

through an activation function. If there is no feedback from the outputs of the 

neurons towards the inputs through the network, then the network is indicated to 

feed-forward neural network. Usually, neural networks are arranged in the shape 

of layers [144]. 

Feed-forward neural networks fall into two types relying on the digit of 

the layers, either one layer or multi-layer. Every neuron is consisted of an 

former weight and every neuron is linked to each other from one layer to the 

other. The feed forward network usually needs to be trained, as a human brain, 

with each training period the network gets more knowledge and precision since 

the weights are re-adjusting accordingly to the target [143]. The types of feed 

forward neural network input layer are expressed by Figure (3-4).  
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(a) single layer 

 

(b) multi-layer 

Figure (3-4): Types of feed forward neural network  

FFNN input layer [141] 

 

          The training of the FFNN was depending on the back propagation 

function with trapezoidal function. Back-propagation multilayer feed-forward 

ANN is created by using the Neural Network Toolbox in Matlab [144]. The 

input values come in  through the framework and  determine the mean square 

error MSE. After that from the output the sensitivity is diffused back to the 

initial layer and the weight biases are updated. The output of the ith node of 

those hidden nodes can be described by Eq. (3-5) [142]. 
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     (∑   

 

   

     )                                                                  𝐸               

 

Where: 

   : is the output of the hidden node i 

Xj:is the jth input to the hidden node 

wij is the connected weight between the hidden node and the input node xj 

θi is the threshold (bias) of that hidden node 

 fi: is the hidden node transfer function  

The number of neurons in the input and output layers of the ANN is 

identical to the number of input and output parameters, respectively. However, 

the number of neurons in the hidden layers of the neural network is calibrated 

during the training and validation process [144]. 

         The training of the feed forward ANN is based on adjusting the 

corresponding weights and biases of the specified ANN structure in order to 

minimize the error rate between the target and the actual output of a supervised 

ANN. optimization search algorithms can be applied for ANN training, where 

the weights and biases of a fixed ANN structure can be fed into the algorithm as 

a vector of values representing the weights and biases of the corresponding 

nodes [142].  

The training is the process of repeated applications of the back-

propagation algorithm until the error becomes acceptable or some other criterion 

is achieved. Since the difference between the training data is larger, this will 

result in a larger ANN prediction error. Thus, it is necessary to normalize the 

experiment data before applying them to the network. Eq. (3-6) is The 

normalizing equation  
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                                                                         𝐸        

where : 

x is the real value of the variable before normalization  

xmin and xmax are the minimum and maximum values of the variable x 

The data for training and validation of ANN were obtained in MATLAB . 

The mean square error (MSE) of the network outputs and the target values are 

used as the network performance indicator. The equation of calculate MSE is a 

function to scale and reform the performance in neural network as shown [159].  

 

  𝐸  
 

 
∑       

 

 

   

                                                                               𝐸         

 

Where  

n-total number of data patterns 

                                          

                                

It can be utilized with  root mean square error (RMSE) to determine the 

real distance between the target and output due to Eq. (3-8)  [143]: 

 

   𝐸  √
 

 
∑        

  
                                                                   Eq.( 3-8)   

 

3.5 Statistical Software (SS) 

         The special computer programs that prepared for statistical  information 

analysis are called statistical software (SS). It can be crossed as a graphical user 

interface or scripting. It is applied to resolve information emerging from a 

carefully  orderly scientific operation of observation and experimentation, then 
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the analysis of data can make a result  that can be explained to delivery scientific 

knowing. Sometimes data analysis can be applied to support research results in 

situations where integrity issues are suspected.[145, 146] 

             SPSS is popularly known as Statistical Package for the Social Sciences 

or Statistical Product and Service Solutions. SPSS is a widely used as statistical 

software for statistical analysis in social science and market analysis [146]. The 

main steps of SPSS flowchart are presented in Figure (3-5). 

 

Figure(3-5): Flow chart of SPSS analyzing data of SPSS 
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Chapter Four 

Experimental Part 

4.1 Introduction  

Large interest was introduced to determine the residual stresses in glassy 

polymers because of the technological importance of these materials. The 

detection of residual stresses was influenced on characteristics of molded 

polymers. This chapter will explained the stages of preparing PS specimens, the 

various instruments used to test them. The applying of non-destructive 

ultrasonic pulse-echo technique in order to evaluate through thickness residual 

stresses. 

4.2 Properties of PS  

PS granulates were supplied from Hebie Bona Import and Export Trade 

Co., Ltd-China. PS is colourless, odourless, tasteless and shiny. The basic 

properties of the used PS are listed in Table (4-1). The methodology of 

experimental work is shown in Figure (4-1). 

Table (4-1) Basic Properties of PS 

Property Details 

Average molecular weight (g/mol) 35000 

Density (g/cm
3
) (0.96-1.052) 

Transparency 88%-92% 

Refractive index 1.59-1.6 

Birefringence Stress-optical effect 

Heat distortion temperature 70 -100  

Melting temperature 150 -180  

Thermal decomposition 300  

 



Experimental Part                                                                                                                           FourChapter  

  113  
 

 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure (4-1):Research methodology 

4.3 Preparation of Specimens 

  The specimens were prepared using pressed granulates of PS. The 

required amount of PS granulates was weighed and placed in the rectangular 

mold under hot press. The first step is placing PS  granulates between two foils 

of aluminum inside metal mold in the form of rectangular plate with dimensions 

Research Plan 

Material(PS granulate) 

DSC FTIR Melt flow rate 

Press granulates of PS to sheet  by using hydrolyic press 

180 &P(0,45.714,76.19,106.667,

152.381)MPa 

200 &P(0,45.714,76.19,106.667,

152.381)MPa 

Cooling in (water & 

air) 

Ultrasonic Test (Pulse echo technique) 

Measurement of  ultrasonic velocity through thickness 

 Calculate residual stresses 

Optimization method Statistical method 

SPSS 

Artificial Bee Colony (ABC) training Feed 

Forward Neural Network FFNN with Matlab 
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of (150mm *70mm * 3mm) (length * width * thickness) as shown in Figure (4-

2).  

         The used hydraulic press is found at laboratory of Material Engineering 

College/University of Babylon. The applied pressures from hydraulic press on 

the whole press area (40cm*40cm) were (3, 5, 7, 10)MPa. The actual applied 

pressures on rectangular metal mold were obtained by transforming the pressure 

of hydraulic press to the pressure applied on metal mold. The force is calculated 

from equation (4-1), then mold pressure is determined by using cross sectional 

area of specimen. This transformation is shown by table (4-2). 

 

   𝑠𝑠    
𝐹    

           𝑠𝑠
                                                                         𝐸        

 

Table 4-2 The transformation between pressures (MPa) 

Hydraulic Pressures Mold Pressures  

0 0 

3 45.741 

5 76.19 

7 106.667 

10 152.381 

  

              There are several experiments for preparing PS specimens were carried 

out (approximately 65) experiments, many of these specimens were pressed 

during various time intervals and failed. According to these experiments, it 

could be reached that best times of stillness under the applied pressures by 

hydraulic press were (30, 20) minute at (180       respectively.    
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(a) 

 

(b) 

Figure (4-2): (a) Hydraulic press (b) Metal mold  

There are two manners used in preparing specimens: 

1- Heating the press to 180 , place PS granulates for 30 min in the mold 

at180 . Different pressures (0, 45.714, 76.19, 106.667, 152.381) MPa were 

applied for time (10) min. Five specimens were cooled in air and other five 

cooled in water. The temperature of air and water is (25) . 

2- Heating the press to 200  and place granulates for 20 min in the mold at 

     . various pressure (0, 45.714, 76.19, 106.667, 152.381) MPa were 
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applied for  time (10) min. Five specimens were cooled in air and other five 

cooled in water. There is additional two specimens for both annealing and 

tensile test, so the total number of effective specimens was (22). 

The metal mold is very suitable for preparing PS specimens in order to 

obtain very smooth flat plates because:  

a- Ultrasonic technique is requires no surface polishing during preparation of 

specimen in order to maintain the original stress state and avoid causing damage 

to the material understudy.  

b- Ultrasonic technique is  required avoiding surface roughness, imperfections 

(defects) and even small cavities that could possibly give inaccurate 

measurements.  

The prepared specimen is shown in Figure (4-3) while the procedure of 

specimens preparation is shown in Figure (4- 4).  

 

 

Figure (4-3): PS specimen (sheet) 
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Figure (4-4): Procedure for preparing PS specimens 

4.4 Annealing Treatment     

  The annealing treatment was carried out on PS specimen pressed under 

(76.19)MPa pressure at 180  and cooled by air. The treatment was started by 

heating the oven temperature to 82   for (1) hour in order to ensure the precise 

annealing treatment. The specimen was placed at 82  for (12) hours in order to 

relax residual stresses and obtain stress free specimen [4] as shown in Figure (4-

5). This specimen was adopted as reference specimen for evaluating through 

thickness residual stresses due to equation (2-13) which followed the principle 

of acoustoelasticity. 

 

Figure (4-5): Annealing treatment of PS 
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Slow cooling 
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4.5 Melt Flow Rate (MFR)  

          This instrument is used to study melt flow index. This test is a response to 

the needs of recycling facilities, which do not always need to know the technical 

parameters of the processed raw materials. MFI is often used to determine the 

polymer processing.  For example, blow molding is more suitable than injection 

or rather pipe, film, or plates extrusion. MFR is compatible with standard ISO 

1133 and ASTM  D1238.  

         The melt flow rate testing instrument is SHI JIA ZHUANG ZHONG SHI 

TESTING MACHINE CO., LTD. It is found in the Engineering Materials 

College/University of Babylon. The measurement of melt flow index can be 

performed on (pellet, regrind, grind, powder, dry blend or cut pieces of the 

finished product (of 0.5cm size). The measurement is made under loading 

(0.325kg-21.6kg). MFI is often used to determine the polymer processing. Melt 

flow index MFI was calculated as average of (3) specimens. The applied weight 

is 0.063g, so MFI for PS is (3.72)g/10 min. at 180 . 

4.6 Differential Scanning Calorimeter  

           Thermal properties of materials were emphasized by differential scanning 

calorimeter (DSC) test. The hatch of DSC consists of  two sample positions, one 

is employed as a sample and the other one as a reference where an inert material 

is used which does not have thermal transformations   in the temperature scope 

under study. The differential scanning calorimeter is type TA-60 WS instrument 

(Shimadzu, Japan). It is available in laboratory of Materials Engineering 

College/University of Babylon. 

         Thermopile sensors were used to measure the variation in temperature 

between sample and reference and give the differential thermocouple voltage. 

The differential thermocouple voltage is transformed to energy per unit time by 

tool using the calibration constant. The heat flow rate versus temperature was 

obtainable for the sample and reference.  
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         Glass transition temperature (Tg) is usually a range, over which the 

properties of an amorphous material change. Below Tg, materials exhibit a 

glassy, rigid structure; while above Tg, they are rubbery and flexible. Melting 

occurs over a temperature range in polymers due to the molecular weight 

distribution and range in crystal sizes as well as defects within the crystal. 

because amorphous materials can flow at higher temperatures but they do not 

melt. 

4.7 Fourier Transform Infrared (FTIR)  

In FTIR, Infrared radiation pass through the specimen. Some of the 

infrared radiation absorbed by the specimen and the other transmitted through it. 

The result of test refers  to the molecular absorption and transmission creating 

molecular fingerprint of the specimen. Each molecular structure has single FTIR 

spectrum. FTIR device type IR Affinty-1(made in Japan) if found in Laboratory 

of Materials Engineering College/ University of Babylon. It is provided with a 

room temperature DTGS detector, mid-IR source. The wave length is (4000 to 

400) cm
-1

 and a KBr beam splitter.  

4.8  Density Test  

Density test has been carried out for the verification of the material 

density by using high precision density tester type Densometer  GP-120S with 

digital accuracy  𝐷   0.0001g/cm
3
). The principle of Archimedes has been 

applied to measure the accurate balance using displacement method through the 

weight of samples. This device is found in Engineering Materials College 

/University of Babylon. The standard density of PS was (1.05)g/cm
3
 . According 

to air cooling from 180  under (76.19MPa pressure), the specimen density was 

(1.021) g/cm
3
. The cooling by water from the same temperature and pressure 

was produced increasing of density to 1.042g/cm
3
. There is no significant effect 

of applying pressure on density of specimens as compared with the standard 

density of PS. 
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4.9 Tensile Test   

The dog bone tensile test specimen is cut according to ASTM D-638 type-

V as shown in Figure (4-6). The load is increased continuously with deformation 

(stress with strain) until failure. The device of tensile test is Microcomputer 

Controlled Electronic Universal Testing Machine. It is found in Engineering 

Materials College / University of Babylon. 

 

 

 

 

 

 

 

4.10 Ultrasonic Pulse-Echo Test 

 The most popular non-destructive test is ultrasonic technique. It is 

capable to use within any field and gives fast scan for quality control test. The 

longitudinal ultrasonic waves were measured by using  piezoelectric traducer 

which works as a transmitter and receiver in the same time. The acoustic 

couplant is a semi-liquid material. A couplant is placed between the specimen 

surface and transducer for enhancing the transmission of sound to the part in 

order to generate reliable inspection.  

Pulse-echo test is easier to use as compared with transmission method and 

require only one side of the sample. In the state of pulse echo method, the 

emitter has employed to receive the ultrasonic signal. At an interface, the wave 

is reflected, then the signal go back to the transducer and revealed.  The 

 

Figure (4-6):Tensile test specimen 
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ultrasonic wave then converted to an electrical signal by the same transducer and 

the electrical signal can be appeared  on a screen. 

     

 

Figure (4-7):The ultrasonic pulse echo device 

 

 The ultrasonic test is conducted with general purpose portable digital 

flow detector Sitescan series Sonatest D-50 device with pulse-echo method to 

gain the longitudinal wave velocity of material as shown in Figure (4-7). The 

frequency and diameter of transducer are 2 MHz and 10 mm, the wave length is 

0.0011m (11x10
5
) nm. The device is made in United States of America.             

         The evaluation of through thickness residual stresses was carried out due 

to Equation (2-13) depending on the difference in ultrasonic longitudinal 

velocities between stressed specimens and stress free specimens.  According to 

the principle of linear acoustoelasticity, the ultrasonic technique for stress 

measurement was depended on the linear relation between the propagation 

velocity of ultrasonic wave and mechanical stress of material. The measurement 

of residual stresses is based on the assumption of uniform acousto-elastic 

properties for tested material and a stable acousto-elastic constant (K). The 
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defects have negative effects on accuracy such as low homogeneity in materials 

texture, segregation in microstructure, cluster of inclusions.  

         According to the consideration of difference in morphology between batch 

to batch inside polymer components, through thickness residual stresses were 

determined twice in this work: first through thickness residual stresses in terms 

of K, second through thickness residual stresses are based on the acoustoelstic 

constant (K) for PS that determined experimentally from previous work. The 

acoustoelastic constant (K) of PS is (-7.69 10
-4

 MPa
-1

) [7]. The two procedures 

in evaluating residual stresses were carried out at temperatures (180, 200)  

under various pressures (0, 45.714, 76.19, 106.667, 152.381)MPa. The 

ultrasonic velocity of reference (annealed) specimen (2260) m/s was approved in 

the evaluation of residual stresses.  
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Chapter Five 

Results and Discussion 

5.1 Introduction:  

      The present material  understudy is (PS) that utilized as building material 

and fabricated as personal protective equipment. The quality of these products 

was affected by the distribution of residual stresses.  This distribution was 

caused dimensionless changes, fractures and deformations. The residual stresses 

were made the manufactured parts unsuitable for use. The longitudinal 

ultrasonic velocity was measured for all specimens due to position under various 

applied pressure. Consequently residual stresses from pulse echo ultrasonic 

method were evaluated along specimen length and applied pressure. 

5.2 Differential Scanning Calorimeter Test (DSC) 

               The differential scanning calorimeter (DSC) is obtained heat flow rate 

versus temperature and consequently the glass transition temperature (Tg). The 

average weight of specimen is (8-10)  mg which placed into pans of 

aluminum.  DSC test is carried out by heating the specimen from (25-320)  

with heating rate 10 𝑚  ⁄ . The specimen is cooled down through the same 

rate into room temperature under an inert gas.  

           DSC curve of PS specimen is shown through Figure (5-1). The evaluated 

glass transition temperature of PS is (93.52   because of the presence of phenyl 

groups (benzene rings) into chemical structure that were responsible for high 

glass transition temperature [98]. The degradation of PS specimen is happened 

at (320) . Melting in polymers occurs over a temperature range due to 

(molecular weight distribution, range in crystal sizes, defects within crystal). 

The melting range of PS is (200-240)  because amorphous materials can flow 

at higher temperatures but they do not melt. 
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Transition

 

Figure (5-1):DSC curve of PS specimen 

 

5.3 Fourier Transform Infrared Spectroscopy (FTIR) 

     One of the most famous tools is Fourier transform infrared (FTIR) 

spectroscopy. The role of FTIR role is identify and investigate the presence of 

different functional groups in polymers. Every molecule recognizes by  the 

confirmed FTIR spectrum that refers to it. This tool is very important for 

materials analysis. Fourier transform infrared spectra technique was used for 

giving the fully characterization of prepared specimen from PS. FTIR is a 

relationship between percent of transmittance (T%) and wave number (1/cm
-1

).  

Fourier transform infrared spectra of polystyrene in the range of wave number 

(400-4000) cm
-1 

is shown in Figure (5-2).  
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Figure (5-2): FTIR spectra of PS with standard and experimental bands 

Table (5-1):Experimental and standard bands of PS  

Type of band Standard 

Polystyrene(cm
-1

) 

Experimental 

Polystyrene(cm
-1

)
 

Aromatic C-H stretch 3025 3024 

CH2 asymmetric and 

symmetric stretches 

2923 2924.9 

Aromatic ring stretch 1601 1604.77 

Aromatic ring stretch 1492 1496.76 

CH2 bond 1451 1450.47 

Aromatic CH bond 1027 1025 

Aromatic CH out of 

plane bend 

753 756.1 

Aromatic ring bend 694 694.37 

Aromatic ring out of 

plane bend 

537 540 
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5.4 Tensile Test 

Tensile test is conducted to obtain the tensile strength and elastic modulus 

of PS specimen prepared with heating into 180 , pressing under (5MPa). It was 

cooled rapidly by water and tested with strain rate (0.5mm/min). The stress-

strain curve is shown at Figure (5-3).The tensile strength of  PS specimen is  

(12)MPa, elastic modulus is (0.34)GPa. The standard tensile strength of PS is 

(16)MPa. The reduction in tensile strength produced from tensile test was 

belong to several sources:  

a-The presence of phenyl groups that is responsible for the resistance of polymer 

structure to rotation of chains that was  lead to stiff and brittle polymer [98].  

b-The dependence of yield and post-yield stress on thermal history of polymer 

[147].  

c-The procedure of preparing PS specimen (application of pressure, water 

cooling) which was lead to generation of compressive residual stresses. 

  

 

Figure (5-3)Stress-strain tensile curve of PS 
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             It is important to characterize and monitor the elastic modulus of 

polymer in order to predict the lifetime of polymer component and prevent 

failure. The reduction in modulus of elasticity lead to structural failure [119]. 

The elastic modulus was obtained from tensile test is (0,34)MPa while the 

standard modulus is (1.5)GPa. The reason was belong to several reasons: the 

conditions of preparing specimen due to )temperature, pressure, cooling with 

water), branching, density and molecular weight (35000)g/mole as agreed with 

[119]. 

5.5  Ultrasonic Longitudinal Velocity 

            The distribution of ultrasonic longitudinal velocities that passed through 

air cooled and water cooled specimens from (180       under various 

pressures (0, 45.714, 76.19, 106.667, 152.381)MPa  along the specimen length 

at the distances (25, 75, 125)mm on 150mm length were shown in Figures (5-4 

to 5-7). The velocities of ultrasonic waves produced from pulse-echo test were 

varied in the range (2000-2500) m/s through Figures (5-4) and (5-5) due to air 

and water cooling from  (180  . This range of velocity was consolidated with 

[7] except air cooled specimen under (152.381)MPa pressure where the 

longitudinal velocity was diminished approximately to (250m/s) at a distance of  

(25)mm along specimen length. 
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Figure (5-4): Longitudinal velocity along specimen length cooled by air  

from 180  under various pressures 

 

            The applied pressure (45.714)MPa with air and water cooling was 

produced maximum velocity. Maximum pressures (106,667, 152,381)MPa were 

lead to maximum ultrasonic velocity as agreed with [119] where cooling by 

water was generated compressive residual stresses and the application of high 

applied pressures. These conditions were lead to increase in density and 

consequently ultrasonic velocity. The pulse-echo test of (2MHz) frequency is 

good for penetrating into thin and highly attenuated materials. Consequently, 

pulse-echo test gives more accurate ultrasonic velocities than transmission test 

as agreed with [119].  
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Figure (5-5): Longitudinal velocity along specimen length cooled by 

water from 180  under various pressures 

 

              According to Figures (5-6, 5-7), the distribution of ultrasonic velocities 

was uniform and convergent  in the range of (2000-2500) m/s due to air and 

water cooling that consistent with  [148]. Maximum ultrasonic velocity greater 

than (2500)m/s was obtained at (152.381)MPa pressure due to slow and rapid 

cooling from 200 , this behavior is agreed with [119] and suited to hypothetical 

behavior. This behavior was stated that increasing in applied pressure lead to 

increase in density and consequently ultrasonic velocity. 
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Figure (5-6): Longitudinal velocity along specimen length cooled from 

200  by air under various pressures 

 

 

Figure (5-7): Longitudinal velocity along specimen length cooled from 

200  by water under various pressures 
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5.6  Residual Stresses in Terms of Acoustoelastic Constant  

  The evaluation of through thickness residual stresses was carried out due 

to Equation (2-11) depending on the difference in ultrasonic longitudinal 

velocities between stressed specimens and stress free specimens.  According to 

the principle of linear acoustoelasticity, the ultrasonic technique for stress 

measurement was depended on the linear relation between the propagation 

velocity of ultrasonic wave and mechanical stress of material [81].  

Through thickness residual stresses were determined and drawn twice: 

first through thickness residual stresses in terms of K, second through thickness 

residual stresses are based on the acoustoelstic constant (K) for PS that 

determined experimentally from reference [7]. The two procedures in evaluating 

residual stresses were carried out at temperatures (180, 200)  under various 

pressures (0, 45.714, 76.19, 106.667, 152.381)MPa. The ultrasonic velocity of 

reference (annealed) specimen (2260) m/s was approved in the evaluation of 

residual stresses.  

5.6.1  Residual stresses along specimens length 

           The residual stress distribution for PS specimens along their length under 

various pressures due to air and water cooling from 180  were sketched in 

terms of acoustoelastic constant (K) because of the unfeasibility of determining 

it over this thesis work. According to figure (5-8), maximum tensile and 

compressive residual stresses due to uniform air cooling were obtained under 

(zero, 45.714)MPa respectively. On the other hand, minimum residual stresses 

(approximately zero) were happened under high applied pressures (106.667, 

152.381) MPa. 
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Figure (5-8):Residual stresses in terms of K along air cooled specimen from 

180  under various pressures 

           Figure (5-9) was represented the generation of tensile residual stresses 

without applied pressure and under (76.19)MPa pressure due to water cooling. 

The corresponding compressive residual stresses were occurred under (45.714, 

152.381)MPa pressures. According to pressure (106.667)MPa, there was 

increasing to maximum compressive residual stress (-0.8/K)MPa at 25mm from 

one limb of specimen. 

          Figure (5-10) was shown for PS specimens cooled from 200  with 

uniform temperature distribution by air cooling. The increasing in applied 

pressure lead to transform the residual stresses from tensile to compressive 

under (76.19)MPa. It could be observed that maximum applied pressure 

(152.381)MPa was produced maximum compressive residual stresses. The 

pressure (0,45.714)MPa was induced maximum tensile residual stresses.  
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Figure (5-9):Residual stresses in terms of K along water cooled specimen 

from 180  under various pressures 

 

 

Figure (5-10):Residual stresses in terms of K along air cooled specimen 

from 200  under various pressures 
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respectively. The pressure (76.19)MPa was caused transition in residual stresses 

from compressive to tensile along the specimen length. 

 

Figure (5-11):Residual stresses in terms of K along water cooled specimen from 

200  under various pressures 

 

           The discussed results through Figures (5-4 to 5-11) for both air and water 

cooling from (180, 200)  were verified the approval with theoretical rule. This 

rule is referred to that compressive residual stresses were corresponded with 

increasing the ultrasonic velocity. On the other hand, tensile residual stresses 

were related with decreasing  in ultrasonic velocity that guaranteed with [19].  

5.6.2 Residual stresses due to various applied pressures 

           The residual stresses in terms of K for PS specimens cooled by air and 

water from 180C under various pressures at the three distances (25, 75, 125)mm 

along the specimen length were described in Figures (5-12, 5-13, 5-14). For 

(25)mm distance under air cooling through Figure (5-12), the behavior of 

residual stress is transformed from tensile at zero pressure to compressive at 

(45.714, 76.19)MPa, then transforms to tensile at higher pressures 
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125)mm from Figures (5-13, 5-14) respectively. The uniform cooling system  in 

air was essential to reduce the risk of environmental stress cracking in moldings 

[37]. On the other hand, the behavior under slow cooling was conformed with 

[16] where the compressive residual stresses were converted into tensile residual 

stresses  by applying external pressure. 

 

Figure (5-12): Residual stresses in terms of K at 25mm for all specimens cooled 

from 180  
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Figure (5-13): Residual stresses in terms of K at 75mm for all specimens cooled 

from 180  

 

 

Figure (5-14): Residual stresses in terms of K at 125mm for all specimens cooled 

from 180  
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            For (25)mm under water cooling, the behavior of residual stresses from 

Figure (5-12) was transformed from tension under zero pressure to compression 

under (45.714)MPa. There are two other transformations one to tension under 

(76.19)MPa and another to compression under higher pressures (106.667, 

152.381)MPa. The same pattern of behavior was represented at distances (75, 

125)mm hrough Figures (5-13, 5-14) respectively. The generation of 

compressive stresses under (45.714)MPa was a natural result to the rapid 

quenching. The tensile stresses under (76.19)MPa were produced because the 

compressive residual stresses were converted into tensile residual stresses by 

applying external pressure as stated in [16].  

              Finally, the origin of generation compressive residual stresses under 

(106.667, 152.381)MPa was belong to high pressures of pressing and fast 

cooling with water. This behavior was guaranteed with [119] where the rapid 

cooling in water with high applied pressures were increased material density and 

consequently ultrasonic velocity. Consequently increase in velocity was 

indicated the presence of compressive residual stresses [77].  

   The residual stresses in terms of K for PS specimens cooled by air and 

water from 200  under various pressures were described over Figures (5-15, 5-

16, 5-17) at three distances (25, 75, 125)mm along the specimen length. 

According to air cooling, the behavior of residual stress was transformed from 

tensile at (0, 45.714, 76.19)MPa pressure to compressive at higher pressures 

(106.667,152.381)MPa.  

The behavior at the distances (75, 125)mm through Figures (5-16, 5-17) 

was transformed from tension under (0, 45.714)MPa to compression under 

(76.19, 106.667,152.381)respectively. Generally, the lower pressures was 

formed tensile residual stresses while higher pressures formed compressive 

residual stresses. The generation of  tensile residual stresses were particularly 

dangerous as they were directly exposed to chemical contamination and 
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therefore significantly increase the risk of environmental stress cracking in 

components made from PS [37]. 

 

Figure (5-15): Residual stresses in terms of K at 25mm for all specimens cooled 

from 200  

               

              For (25)mm under water cooling, the behavior of residual stresses 

from Figure (5-15) was transformed from tensile under zero pressure to 

compression under (45.714, 76.19, 106.667, 152.381)MPa. The behavior at 

distances (75, 125)mm in Figures (5-16, 5-17) respectively was transformed 

from tensile under zero pressure to compressive under (45.714)MPa.  

          There was another transformation to tensile at (76.19)MPa and 

consequently to compressive due to higher pressures (106.667, 

152.381)MPa. The reason was that water quenching lead to formation of 

compressive residual stresses. The range of residual stresses was between  

(-0.15 to 0.15) for PS specimens.  
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Figure (5-16): Residual stresses in terms of K at 75mm for all specimens cooled 

from 200  

 

 

Figure (5-17): Residual stresses in terms of K at 125mm for all specimens cooled 

from 200  
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5.7 Evaluated Residual Stresses  

5.7.1  Residual stresses along specimen length 

          The evaluated residual stresses for PS specimens cooled from (180, 

200)  by air and water were expressed under various pressures along the length 

of specimens through Figures (5-18 to 5-27). From Figure (5-18), it can be 

observed that  maximum tensile and compressive residual stresses were obtained 

under (0, 45.714)MPa due to air cooling. According to water cooling from 

Figure (5-19), maximum tensile and compressive residual stresses were obtained 

under (0, 45.714, 106.667, 152.381)MPa pressures respectively. On the other 

hand, the higher pressures (106.667, 152.381) due to slow cooling were 

diminished residual stresses into approximately zero. 

 

 

Figure (5-18):Evaluated residual stresses along air cooled specimens from 180  

under various pressures 
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Figure (5-19):Evaluated residual stresses along water cooled specimens from 180  

under various pressures 
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152.381)MPa pressures were undergone compressive residual stresses. 

Maximum compressive stress was obtained at pressure (152.381)MPa in the 

range of residual stresses between (-200 to 150)MPa.        

The distribution of residual stresses versus position for water cooled 

specimens was varied. The variation was from tensile under zero  pressure to 

compressive under (45.714, 106.667, 152.381)MPa. The range of residual 
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(76.19)MPa was at equilibrium between compressive and tensile through the 
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Figure (5-20):Evaluated residual stresses along air cooled specimen from 200  under 

various pressures 

 

 

Figure (5-21):Evaluated residual stresses along water cooled specimen from 200  

under various pressures 
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were approved with theoretical rule. This rule was stated that  compressive 

residual stresses were corresponding to increment in velocity. On the other hand, 

tensile residual stresses were related with velocity decrement [77, 19]  

5.7.2 Residual Stresses According to Various Applied Pressures 

           The evaluated residual stresses along specimens length cooled from 

180  with air and water under various applied pressures were described 

through Figures (5-22, 5-23, 5-24). For (25)mm distance under air cooling 

through Figure (5-22), the behavior of residual stress was transformed from 

tensile under zero pressure to compressive  at  (45.714, 76.19)MPa. There was 

other transformation to tensile under  higher pressures (106.667,152.381)MPa. 

           The same pattern of behavior was appeared at the  distances (75, 125)mm 

from Figures (5-23, 5-24) due to air cooling. The air cooling was essential to 

reduce the risk of environmental stress cracking in moldings [37]. 

 

Figure (5-22): Evaluated Residual stresses at 25mm for all specimens cooled from 

180  
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           For (25)mm under water cooling, the behavior of residual stresses from 

Figure (5-22) was transformed from tensile under zero pressure to compressive  

under (45.714)MPa. There is another transformation into tensile under pressure 

of (76.19)MPa. Finally the behavior was become compressive under (106.667, 

152.381)MPa. The same pattern of behavior was observed through Figures (5-

23, 5-24) due to the distances (75, 125)mm.  

         According to the distance (75)mm, the sequence of through thickness 

residual stresses was as follows: (97.342, -125.436, -20.139, 5.569, 9.782)MPa 

with respect to air cooling and the same sequence of applied pressures. It was 

noted that the tensile stresses under higher pressures were less than tensile 

strength of PS (12)MPa. For water cooling, the residual stresses were (148.452, -

85.432, 64.666, -106.448, -111.051)MPa. The evaluated residual stresses were 

guaranteed with  [86, 76, 25] and similar to the corresponding behavior from 

water cooling from 180  without introduction of (K) through Figures ((5-12), 

(5-13), (5-14)). 

 

Figure (5-23): Evaluated Residual stresses at 75mm for all specimens cooled from 

180  
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Figure (5-24): Evaluated Residual stresses at 125 mm for all specimens cooled from 

180℃ 

            The evaluated residual stresses at three distances (25, 75, 125)mm with 

air and water cooling from 200  under various applied pressures were 

expressed through Figures (5-25, 5-26, 5-27). According to air cooling, Figure 

(5-25) was described the residual stresses at (25)mm where the behavior was 

transformed from tension under pressures of (0, 45.714, 76.19)MPa to 

compression under (106.667, 152.381)MPa.  

               The same previous pattern of behavior was observed in Figures (5-26, 

5-27) due to the distances (75, 125)mm except residual stress under (76.19)MPa 

was compressive instead of tensile. The uniform slow cooling is essential to 

reduce the risk of environmental stress cracking in moldings [37]. 
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Figure (5-25): Evaluated Residual stresses at 25 mm for all specimens cooled from 

200℃ 

 

 

Figure (5-26): Evaluated Residual stresses at 75 mm for all specimens cooled 

from 200℃ 
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Figure (5-27): Evaluated Residual stresses at 125 mm for all specimens cooled from 

200℃ 
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material surface and between  intermediate layers [149]. Generally, the range of 

residual stress was between (-200 to 200)MPa. 

5.8  Statistical Package For Social Science (SPSS)  

             This software program is used by researchers in various types of 

quantitative data analysis. The behavior of mean velocity are represented 

opposite relationship with the mean stress according to the calculations of 

statistical analysis SPSS software, This behavior is guaranteed with [7, 82] 

where maximum residual stresses  corresponding to the minimum ultrasonic 

velocities and vice versa.  

        According to SPSS, all tests of significance were given (p-value). The 

statistical power of the test is p-value. The  widely used critical value for p is 

(0.05). The hypothesis is null and rejected for p       In most tests, this p-

value (p       means that general findings were considered as general 

population. Generally, , the sample is externally valid and can be generalized 

onto the population.  

 Figure (5-28) represents the assessment of mean ultrasound velocity for 

the reference specimen with all other specimens. In SPSS, the number of the 

reference (annealed) specimen is (100). There are many differences between the 

reference specimen and others The behavior of interchanging altitude and  

declining of residual stresses for various specimens that inspected by ultrasonic 

test is agreed with [74, 82], Figure (5-29) represents the mean stress for all 

specimens with respect to the reference specimen. 

           All the specimens can be changed to the following numbers  in order to 

determine (p-value) in SPSS. Comparing. Table (5-2) is represented (p-values) 

where (p-value) is effective (p       depending on circumstances of 

specimens. For specimens (1, 2, 3, 4 , 8, 10) that cooled from 180  depending 

on reference specimen, (p-value) is effective (p      . On the other hand, for 
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specimens produced by cooling from 200   which represented with (11, 12, 

13,14,18,19, 20),  (p-value) is effective (p         

 

 

Figure (5-28): Mean velocity for all specimens due to SPSS 

 

Figure (5-29): Mean stress for all specimens due to SPSS 
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Table 5-2:SPSS, p-value of ultrasonic velocities and residual stresses 

Temperature Medium 

of 

cooling 

Pressure Symbol p- value of 

velocity 

p-value 

of stress 

 

 

 

 

 

     

air 0 1 .124 .000 

water 0 2 .000 .000 

air 45.714 3 .000 .000 

water 45.714 4 .000 .002 

air 76.19 5 .006 .311 

water 76.19 6 .988 .033 

air 106.667 7 .100 .758 

water 106.667 8 .000 .000 

air 152.381 9 .143 .605 

water 152.381 10 .000 .000 

 

 

 

 

 

     

air 0 11 .076 .000 

water 0 12 .000 .000 

air 45.714 13 .058 .000 

water 45.714 14 .000 .000 

air 76.19 15 .024 .666 

water 76.19 16 .145 .599 

air 106.667 17 .001 .115 

water 106.667 18 .000 .001 

air 152.381 19 .000 .000 

water 152.381 20 .000 .000 

 

5.9 Hybrid ABC and FFNN Flowchart  

            Artificial neural networks have large possibility in resolving the issues of 

polymers characteristics. In this work, hybrid artificial bee colony with feed 

forward neural network (HABCFFNN) algorithm is built by the language of  

technical Computing MATLAB R2010a in order to obtain the optimized 

manufacturing conditions with appreciable values of residual stresses. 

The procedure is started after evaluating the residual stresses for all 

specimens and entering these magnitudes in algorithm to find the optimum 

conditions for preparing PS specimens with respect to  applied pressures and 

residual stresses. MATLAB  is a systematic  program which control the 
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functions of a computer's hardware to give the incorporated numeric estimation  

and graphic imagining in elevated scale programming language. 

 The evaluated through thickness residual stresses are produced under 

various pressures and two manner of cooling (air, water) are entered in Matlab 

program. The flowchart of through thickness residual stresses program is shown 

in Figure (5.30). The optimal results of HABCFFNN algorithm are expressed 

through table (5-3) as well as the parameters of HABCFFNN are displayed. 

Table (5-3) The parameters of (HABCFFNN) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Max. No. of Iterations 1000 

Colony Size (No. of Onlooker Bees) 100 

Regression  1 

Training  function  Levenberg Marquardt 

Training ratio 70/100 

Validation ratio  15/100 

Test ratio  15/100 

No. of Decision Variables  5 

Lower Bound of Decision Variables  100 

Upper Bound of Decision Variables 100 

Data Division Random 

No. of Hidden Neurons (hidden layers)  20 

Optimum Values 

Residual stress (180)   and  water cooling 

P=(106.667)MPa , 𝜎  𝑠= (-70.003)MPa 

Residual stress (200   and water cooling 

P=(76.19)MPa ,   𝜎  𝑠= (10. 579) MPa 
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Figure (5-30): Flowchart of HABCFFNN 
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             The types of  neural network functions are shown in Figure (5-31). The 

relationship between  ABC and FFNN is represented in Figure (5-32). The Input 

included layers of feed forward neural network FFNN are shown in Figure (5-

33), while Figure (5-34) is represented the hidden layers of  FFNN. 

 

 

Figure (5-31):Types of functions in neural network 

 

Figure(5-32): The related block between ABC-FFNN 

Weight FunctionsTransfer Functions Processing FunctionsNet Input Functions

Control Systems
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Figure (5-33): Input included layers of  FFNN 
 

 

5.10 Results of (HABCFFNN) Algorithm 

            According to HABCFFNN algorithm, artificial bee colony was training 

the neural network. The training process is carried out for (70) times at two 

temperatures under various pressures and types of cooling. Figures (5-35),  

(5-36) are referred to one training process at (180, 200)  respectively.      

         

          The performances of residual stresses for PS specimens that pressed under 

pressures (45.714, 76,19, 106.667, 152.381) MPa and cooled from (180, 200)  

are shown in Figures (5-37, 5-38) respectively. It can be shown that (training, 

validation, test) are identical. The regression curve is characterized in Figure  

(5-39) (R=1) which refers to the accurate solution of optimization.  
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Figure (5-34): Hidden layers of  FFNN 
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Figure( 5-35): Representation of one training process (180   
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Figure (5-36): Representation of one training process (200   
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Figure (5-37): Performance  of residual stresses for PS  

specimens (180)  

 

 
Figure (5-38): Performance  of residual stresses 

for PS specimens (200   
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Figure (5-39):Regression plot of HABC-FFNN  
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Chapter Six 

Conclusions and Recommendations 

6.1 Conclusions 

There are numerous  conclusions could be deduced from this dissertation work: 

1- Maximum ultrasonic velocity approximately (2500)m/s is obtained at 

(152.381)MPa pressure due to slow and rapid cooling from 200  as well as 

from from rapid cooling at 180    

2-The compressive residual stresses in terms of K for PS specimens cooled from 

(180, 200)  by air and water were corresponded  with increasing in ultrasonic 

velocity while tensile residual stresses are related with decreasing  in ultrasonic 

velocity.  

3-The optimal pressures from (HABCFFNN) were obtained under (106.667, 

76.19)MPa while the optimal through thickness residual stresses due to water 

cooling from (180, 200)  were (-70.003, 10.579)MPa. 

4- The air cooled PS specimens from 200  have maximum ultrasonic velocity 

against maximum applied pressure. 

5- There is different behavior was obtained at a distance of (25)mm for water 

cooled state from 200  where through thickness residual stresses behaved as 

tensile under zero pressure and compressive under all applied pressures. 

6-The determined through thickness residual stresses were an addition of 

(thermal stresses due to cooling type, over load pressures of pressing, restraining 

of polymeric sheets inside metal molds).  

7-At the middle of PS specimen (75)mm cooled by air from 180 , the higher 

pressures (106.667, 152.381)MPa are given tensile stresses (5.569, 9.782)MPa 

less than tensile strength of PS MPa. 
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8-According to (p-value) from SPSS software, in two temperatures (180, 200)  

the more significant residual stresses are (tensile without pressure) for air and 

water cooling. 

9- In SPSS, the significant pressure on residual stresses due to water cooling 

from (200)   was 152.714.  

10-The range of ultrasonic velocity produced from pulse-echo test were  (2000-

2500) m/s due to air and water  cooling from (180, 200). 

6.2 Recommendations 

1- Detected the presence of residual stresses from tensile test.   

2-Manufacture of polystyrene by another manufacturing process such as 

injection molding and compression molding, then measure residual stresses.  

3-Use another non-destructive methods in measuring residual stresses such as 

Neutron diffraction and  X-ray diffraction. 

4-Studying the influence of residual stresses on cyclic loading. 

5-Examination the relationship between creep strength and manufacturing 

stresses. 
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 الخلاصة

تشذأ الاجهادات الستبقية نتيجة لعسليات الترشيع السختلفة وتؤثر بذكل كبير على انجاز السهاد            

وتؤدي الى حدوث فذل مفاجئ من دون سابق انذار. لقد اصبح من السهم تطهير طرق دقيقة ومهثهقة 

سدد الذقهق، لذا لقياس الاجهادات الستبقية في السركبات الهشدسية.  تعتبر البهليسرات مهاد ضعيفة تجاه ت

. يعتبر تطهير تقشيات ةالبهليسيريفان وجهد الاجهادات الستبقية يؤثر بذكل حتسي على انجاز السهاد 

تدميرية مهم جدا من وجهة نظر علسية واقترادية. تطبق  تقشية السهجات فهق الرهتية  القياس اللا

وحة الحالية يتم تطبيق تقشية السهجات بذكل واسع على تقييم الاجهادات الستبقية في السعادن. في الاطر 

الردى( لأول مرة في قياس الاجهادات الستبقية لسشتجات البهلي -فهق الرهتية من نهع )الشبزة

 .ستيرين

، لذا فقد تم حداب الاجهادات السهرفهلهجياناحية فيسا بيشها من  ةالبهليسيريتختلف السركبات             

هذه الأطروحة من خلال قياس الاجهادات الستبقية بدلالة الثابت فهق  الستبقية خلال الدسك مرتين في

 مرة أخرى. ستيرينالدسعي مرة وبالاعتساد على قيسة للثابت فهق الدسعي محدهبة مدبقاً لألهاح البهلي 

بهاسطة الههاء والساء  مئهية(درجة 011، 081لقد تم تقييم الاجهادات الستبقية تبعاً للتبريد من درجتي )

ميكا باسكال. تم اعتساد  (010.280، .011.11، 1.07.، 04..41تحت تأثير ضغهط مختلفة ) 

م/ثانية في تقييم الاجهادات الستبقية  (0011سرعة عيشة التخسير القياسية الخالية من الاجهادات )

تبقية السحدهبة بدلالة الثابت بالاعتساد على تقشية السهجات فهق الرهتية. فيسا يخص الاجهادات الس

( درجة سيليزية يعطي نتائج مطابقة 011، 081فهق الدسعي فان التبريد بالههاء والساء من درجتي )

لقاعدة ان الاجهادات الانزغاطية تقابل الزيادة في سرعة السهجات فهق الرهتية بيشسا اجهادات الذد 

 تقابل نقرانها.



 

 
 

، 081( ان التبريد بالساء والههاء من )(pتظهر قيسة  SPSSي بخرهص البرنامج الاحرائ         

في حالة الزغط الرفري وهذا يتطابق  ستيرينيشتج اجهادات شد في عيشات البهلي  مئهية( درجة 011

مع القياسات العسلية من خلال تقشية السهجات فهق الرهتية. كانت القيم السثلى للزغهط من خلال 

 الشحل الاصطشاعية مع الخلايا العربية ذات التغذية الأمامية  البرنامج الهجين من خلايا

HABCFFNN)( متسثلة ب )081عشد الدرجات الحرارية ) لميكا باسكا (1.07.، ،.011.11 ،

، -1.112.، أما القيم السثلى السقابلة للإجهادات الستبقية فقد كانت مداوية الى )مئهيةدرجة  (011

 ميكا باسكال. (.01.17

درجة  011هي  ستيرينرشيع عيشات البهلي لقد تم استشتاج ان الدرجة الحرارية الافزل لت          

لأنها تؤدي الى تهليد اجهادات متبقية مفيدة من نهع الانزغاط والتي تكهن نافعة في مقاومة  مئهية

اجهادات الكلال والزحف. لقد تم التهصل الى ان  نذهء الاجهادات الستبقية يعهد الى )الاجهادات 

داخل  ةهليسيريالبالحرارية حدب نهع التبريد، الاحسال العالية نتيجة الزغهط السدلطة، تقييد الالهاح 

م/ثانية نتيجة التبريد بالساء  (0111-0111القهال السعدنية(. كانت سرع السهجات فهق الرهتية بين )

فان قيسة الزغط السؤثرة على  SPSS. طبقاً لشتائج مئهية( درجة 011، 081والههاء من الدرجتين )

( ميكا 010.280هه الزغط ) يةمئه درجة  011الاجهادات الستبقية في حالة التبريد بالساء من درجة 

 باسكال.

 

 

 

 

 



 

 
 

 جوهىرٌت العراق

 وزارة التعلٍن العالً والبحث العلوً

 جاهعــــــت بابــــــل

 كلٍت هنذست الوىاد 

البىلٍوراث و الصناعاث هنذست  لسن

 البتروكٍوٍاوٌت

 

 

 البىلً الاجهاداث الوتبمٍت فً هنتج هن هنالتحمك 

 تمنٍت الوىجاث فىق الصىتٍتاستخذام ٍرٌن بست

 أطروحت

همذهت الى لسن   البىلٍوراث و الصناعاث البتروكٍوٍاوٌت فً كلٍت هنذست 

الذكتىراه فلسفت فً الوىاد / جاهعت بابل كجسء هن هتطلباث نٍل درجت 

 هنذست الوىاد / بىلٍور

 هن لبل

 لٍنا فاضل كاظن 

 (1002بكالىرٌىش هنذست هىاد )

 (1002هاجستٍر هنذست هىاد ) 
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