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	Abstract
During the quenching process, coolants, heating temperature and holding time must be carefully selected to avoid high temperature difference which lead to undesired high residual stresses which consider a limitation to the surface life of the material. The aim of the present paper is to estimate the values of residual stresses in quenched 4140 low alloy steel using XRD and study the effect of holding time and heating temperature on the behavior and values of residual stresses. The experimental work involves: selection of material, preparation of material, annealing to remove unknown history of selected alloy, hardening, hardness test, and X-ray diffraction test. The theoretical work involves discovering of an empirical equation to study the behavior of residual stresses in terms of heating temperature and holding time. The results showed that the holding time play the main role in the values of residual stresses.
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Introduction
Depending on the heat treatments, steel has a set of properties that in turn depend on the composition in addition to the phases and microconstituents contained in it [1].
Heat treatments of low alloy steel is an economical way to produce components with a reliable service property. Also, the microstructures of the material will be modified due to heat treatment. The resulting microstructure influences mechanical properties like ductility, hardness, wear resistance, and strength or prepare the material for improved manufacturability [2].
Quenching method is one of the most important heat treatment methods that include the rapid cooling process from solution treating temperature or austenitizing. The successful hardening method associated with quenching will give desired specifications such as hardness, microstructure, strength, or toughness while minimizing distortion, residual stress, and the possibility of cracking. In general, coolants, heating temperature and holding time must be selected to produce heat rates and cooling rates qualified of ensuring agreeable microstructure in the section of quenched materials. However, the using of coolants with high heat removal rates must be avoid to prevent high residual stresses, distortion, and cracking problems. Heat treatments of steel refer to two variables (holding time and heating temperature) controlled processes that relieve residual stresses and/or modify material properties such as hardness (strength), ductility, and toughness [3].
One of the best techniques used to measure residual stress is the X-ray diffraction (XRD). This technique considers easy to use, available and accurate [4]. The measurements of residual stresses using XRD technique will be done using the distance between crystallographic planes as a strain gage. The value of the residual stresses refers to the interval change of the lattice planes from their free value of stress to a new value as a results of deformations [5].
Diego et al. [6], estimated the magnitude of residual stresses (compressive) in spring AISI/SAE 5160 steel samples generated by high-speed water quenching using X-ray diffraction. Compressive residual stresses of about 700 MPa were obtained at the surface and sub-surface of the samples.
Frederico et al. [7], calculate and resolve the residual stresses of a cold-forged part AISI 1045 steel samples. To aid in choosing the measurement points in the samples, a numerical simulation was used. The results showed that intensity and nature of previous residual stresses and heat treatment are effect on the values of residual stresses.
Kumar et al. [8], used X-ray diffraction technique for measuring residual stress after welding on aerospace material. The numerical analysis of weld residual stress has a good agreement with the XRD measurements of residual stresses.
The present work aimed to estimate the values of residual stresses resulted from quenching process of 4140 Low-alloy steel using X-ray diffraction results and discovering of empirical equation of residual stresses in terms of two variables (heating temperature and holding time) depending on the experimental results.

MATERIALS
Material used in this study was 4140 low alloy steel that have wide range of applications by all industry sectors, such as hollow shafts, hollow parts, transmission shafts, bushings, bearings mustard rings, cylinders, conveyor rolls, gears, threaded fasteners such as bolts, nuts and studs, etc. This type of steel gives a good strength and toughness with excellent impact properties, and good machinability. Welding is not recommended because of the likelihood of quench cracking occurring properties [9].
The measurements of constituents of alloying elements for this type of low alloy steel (4140 low alloy steel) was done chemically according to ASTM A751standard [10], with spectro, (Ametk, Materials spectrometer analyzer, Germany made) as listed in Table 1 and compared with the standard values.

Table 1. Chemical Analysis of AISI 4140 Low Alloy Steel. 
	Element  Wt.%
	Measured Wt.%
	Standard Wt. % [11].

	C
	0.4
	0.38 – 0.43

	Cr
	1.12
	0.8 – 1.1

	Mn
	0.76
	0.75 – 1

	Mo
	0.12
	0.15 – 0.25

	Si
	0.2
	0.15 – 0.3

	S
	0.037
	
≤ 0.035

	P
	0.03
	≤ 0.04

	Fe
	Balance
	Balance


EXPERIMENTAL WORK
Specimens Preparations
A round bar of AISI 4140 low alloy was cut into 50 samples with a thickness of 5mm and a diameter 10 mm. All samples were heated at different temperature and different holding time ranges using electrical furnace, and quenched in oil medium as a cooling liquid.

Pretreatments
Preheating was done to the specimens at temperature a proper temperature to remove any effects   of   hardening   processes   carried previously and residual stresses [12]. For the present study, annealing was done by heating the specimens to 850oC for one hour followed by a slow cooling in furnace to ensure phase transformation to ferrite and pearlite structure.

Heat Treatment
A rapidly cooling process of heated material by immersing it in oil, leading to a different residual stresses depending on the temperature and holding time. This process sets up residual stresses in heated parts and sometimes results in cracks.  For the present work, heat treatment involved heating of samples to high temperature range (800,850,900,950, and 1000°C) for different holding time (30, 60, 90, and 120 minute) using   electrical furnace (Thermolyne type, UK made), and quenched in oil.

Hardness Test
Hardness test for the quenched samples was done using Vickers hardness by means of a modern tester model HV-30, according to ASTM E92 standard [13]. Vickers hardness test involves diamond indenters which have a pyramid shape with an angle of 136°. The test was started with an application of a load of 10 kg for a specified period of time (10s). Then the dimensions of indentation were measured manually through a micrometer that was equipped in the tester. The process was repeated three times for each sample, taking the best suitable value of these three readings.

X-Ray Diffraction Test
In the present work, Copper radiation is used in the X-ray diffraction test. By X-rays,  crystalline substance will irradiated; it gives a distinctive diffraction style that is found by the crystalline structure of all phases present with this material.
It is observed that peaks of varying altitude corresponding to energy of X-ray diffraction from different (hkl) planes in the crystalline structure will appear of each phase in the diffraction style at discrete 2Ɵ angle. The test conditions are listed in Table 2 below:

Table 2. XRD Measurement Conditions
	X-ray tube

	Target
	Cu

	Voltage
	40 (kV)

	Current
	30 (mA)

	Slits

	divergence slit
	1.0 (deg)

	scatter slit        
	1.0 (deg)

	receiving slit
	0.3 (mm)  

	Scanning

	drive axis
	Theta-2Theta

	scan range
	10.0 -   90.0

	scan mode
	Continuous Scan

	scan speed
	10.00 (deg/min)

	preset time
	1.20 (sec)



Calculations of Residual Stresses
The residual stress equations related to x-ray diffraction are listed. The strain is measured and equations of elasticity are used to measure residual stress. 
The orthogonal axes systems used to derive equations are shown in Figure 1. 
The axes Si are for the surface of the sample with S1 and S2 on the surface. 
Li define the laboratory system with L3 is in the direction of the normal to the planes (hkl) whose interplanar distance d will be measured. 
L2 makes an angle φ with S1 and is in the plane which is defined by S1 and  S2 . 
When the interplanar lattice distance d is obtained from the diffraction peak for a given reflection hkl, the strain component along L3 can be obtained using the following equation [5]:

       		 	         (1)

Where do is the unstressed interplanar distance.

            	         (2)

For biaxial stress state,

 	         (3)

In Two Tilt Method, the variation of d with  is assumed linear. The line need only two tilts to define (φ, φ=0).
For this method, Equation (3) can be written as:

 	         (4)

If Bragg’s law is differentiated:

 			         (5)

From Equations (4) & (5):
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Figure 1. Sample and laboratory coordinate systems [5].

Results and Discussion
Hardness test results for 4140 low alloy steel that austenitized at different temperatures and different soaking times then quenched in oil are depicted in Figure 2. It can be seen that the quenching process affected the hardness by increasing its value as the temperature increase till reached the maximum value at an austenitizing temperature of 900°C. This behavior is attributed to an increase in the amount of martensite phase and also AISI 4140 contains no (Ni) element which makes the role of carbide formers elements is so obvious in increasing hardness. The hardness value starts to decrease as the temperature exceeds 900°C as a result of the formation of the retained austenite phase at room temperature. Furthermore, the soaking time has a powerful effect on changing the hardness value. It is obvious from the same figure that increasing holding time decreases the hardness value as a result of austenite grain growth which finally will change the shape of martensite at room temperature.


 Figure 2. Hardness variation with austenitizing temperature at different holding times.

Figure 3 shows micrographs of 4140 low alloy steel austenitized at different temperatures for 120 min. the quenched in oil.  Distinctly, the microscopic structure is dominated by the martensite phase, which is characterized by the needle shape. Martensite is a metastable phase and very hard brittle because dislocations can easily move in which martensite is extremely supersaturated with carbon and B.C.T structure has no close-packed slip planes. Also, martensite has a fine grain size and an even finer substructure combined with those grains. It can be observed from these micrographs that the amount martensite increase with increasing the temperature. The formed martensite phase taken the lathe shape in the range of temperature (800 - 900 °C) as shown in Figure 3 a, b, and c. Increasing the temperature affected the shape of martensite where plate form was created because of the austenite grain growth when the temperature exceeded 900 °C as shown in Figure. 3 d and e. Also, retained austenite affects the martensite reaction and the execution of quench treatment. During quenching process, martensite plates formed and it surround and isolate by small pools of austenite. The surrounding martensite must deform, but the strong martensite resist the transformations. Therefore, retained austenite remain in the structure due to existing martensite cracks.
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Figure 3. Microstructure of AISI 4140 alloy steel heated for two hours at (a) 800 °C, (b) 850 °C, (c) 900 °C, (d) 950 °C, (e) 1000 °C.

The recorded patterns of XRD for samples as-received and those heated for different temperatures and different soaking times and quenched in oil are illustrated in Figure 4. The peak of plane (200) ɣ which belong to retained austenite phase was not observed in any of the recorded patterns [6].
Using XRD results and residual stresses calculations, an empirical equation was discovered in terms of two variables (heating temperature and holding time) using Lab-Fit Software.211 α
200 α
110 α
110 α
211 α
200 α
(d)
(c)

The experimental results of residual stresses were compared with the estimated values of Equation 7 as shown in Figure 5. The results obtained of residual stresses by empirical equation were shown to be agreed well against experimental values, the correlation coefficient (R) reaches to 0.9929.
Figure 6 shows the effect of heating temperature on the residual stresses at different holding time. Residual stress is completely distributed in the compressive stress region. Another observation is that the stress is linearly increasing with increase heating temperature for different holding time. At low holding time results (30 minutes), high residual stresses are recorded.

                                             (7)
Where: : Residual Stresses, 
T: Heating Temperature (o C),
t: holding time (min.)
A,B: Constants
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b




   Figure 4. XRD patterns of AISI 4140 alloy steel heated for different times at (a) 800 °C,(b) 850 °C, (c) 900 °C, (d) 950 °C, (e) 1000 °Ce
d
c




Figure 5. Comparison between empirical equation results and experimental results of Residual Stresses



Figure 6. The resulting residual stresses at different heating temperatures and different times.

Conclusions
After quenching of 4140 low alloy steel samples and estimation of residual stresses depending on the XRD results and calculations, the following conclusions are recorded:
1. Calculation of residual stresses of quenched low alloy steel using XRD test is very useful method.
2. Holding time play a principal role in the values of residual stresses, and at increasing holding time will reduce the residual stresses.
3. from results of hardness test, the best heating temperature is 900oC that will give excellent results of hardness.
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