Measurement and evaluation of pulsating water jet peening intensity
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Abstract

Pulsating water jet peening is a promising method in surface treatment. It has the potential to induce compressive residual stresses that benefit the fatigue life of components similar to the other peening process. In this paper experimental results obtained by action of pulsating water jet on Almen strips are presented.
Introduction

Peening is the impingement on a materials surface with a mechanical or shock wave impact. The main goal of peening is to introduce an in-plane compressive residual stress to the surface and sub-surface of given material, and delay failure of the material from fatigue or corrosion failure. Peening is used on materials that are safety critical or sensitive parts which are exposed to high wear or fatigue loading such as gear teeth.
A variety of peening methods are currently available for material surface treatment, with the majority involving direct contact of a media to the surface of the material. The different types of peening that have been studied in a laboratory environment, or used in industry, include shot peening (Almen 1963, Gugliano 2001), fine particle shot peening (Oguri 2011), low plasticity burnishing (Prevey 2004), deep rolling (Majzoobi 2009), laser peening (Hill 2005), ultrasonic impact peening (Mordyuk 2007), abrasive water jet peening (Arola 2002), water jet peening (Rajesh 2004, Arola 2002), water jet cavitation peening (also known as cavitation shotless peening) (Soyama 2005, Han 2005) and one individual case of oil peening (Grinspan 2006).

Using a fluid to introduce compressive residual stress to a specimen has been researched for many decades. The majority of research has focused on the use of water as the fluid for improvement of the life of a part. The three types of water peening (surface treatments) are water droplet peening, water jet cavitation peening in water or in air, which is also known as cavitation shotless peening in some literature and pulsating water jet peening. Water droplet peening use high-velocity jets to impact the material surface requiring treatment. Upon impact, the energy from the water droplets is transferred to the material improving the life of the material by introducing compressive residual stress of the material (Rajesh 2004, Arola 2002). Problems that arise with water droplet peening are as follows: the pressure of water is very high, and the probability of material erosion is also high. Thus the use of pulsating water jet is seen as a more viable option to reduce these problems, because the same peening intensity can be created using a much lower pressure.

In the industry, the Almen intensity is widely used as a measure of the residual stresses occurring due to peening. Fig. 1 depicts the process of determination of the Almen intensity. The material and dimensions of Almen strips are standardized by Aerospace Material Specifications. The Almen method is relatively cheap and it is likely to continue to be used to evaluate peening intensity.
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Fig. 1. Almen system. The strips are mounted on their holders and are subjected to the same peening conditions as the actual parts. After certain coverage, they are removed from the holders. Due to the absence of self-equilibrating force and moment, the strips bend towards the peening direction. This deflection is called Almen intensity (Bhuvaraghan 2011)

Experimental facilities and procedures
The experimental facility used for investigation of peening effects of pulsating water jet on the Almen strips samples consisted essentially of a high-pressure water supply system Hammelmann HDP 253, a pulsating water jet generator (Foldyna 2011, Foldyna 2012), robot ABB IRB 6640-180/2.55 Master for traversing of the flat jet over testing samples and devices for measurement of the peening intensity. Fig. 2 shows a schematic illustration of apparatus for continuous and pulsating water jet peening.
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Fig. 2. Water jet peening apparatus
Tests were performed at constant operating pressures of 20 MPa. The generator was equipped with commercially available flat nozzle Hammelmann with equivalent orifice diameter of 2 mm and spray angle 10(. Traversing velocity vp was set to 0.125, 0.25, 0.5, 1, 2 and 4 mm·s-1. Standoff distance was set to 55 mm. This standoff distance was determined as an optimal for given experimental conditions in previous tests. Pressure pulsations in pulsating water jet generator were generated at frequency of 20.11 kHz (readout from the display of ultrasonic generator) and generator power was 210 W. Figure 3 shows continuous and pulsating flat water jet used in the experiments (visualization was made by shadowgraphy method).
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Fig. 3. Visualization of a continuous and pulsating flat water jet using the shadowgraphy method
The processing time per unit length tp was defined as the ratio of the number of passes n to the traversing velocity vp
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Standardized SAE1070 spring steel Almen test strip (Almen strip type A) clamped to amounting fixture by means of four roundhead screws was used in our experiments. This strip is of dimensions 76mm×19mm for three available thicknesses (type A: 1.29mm, type N: 0.79mm and type C: 2.39 mm). Arc height was measured using optical profilometer MicroProf FRT. Almen strip was measured both before and after water jet peening. Curvature of Almen strip before the test was taken into account when calculating the total arc height H. Fig. 4 shows measured profile of tested Almen strip. Measured data were analysed using the software SPIP 6.1.0.
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Fig. 4. Curvature of the Almen strip before and after exposure to pulsating water jet peening

Results and discussion

The experiment was aimed at comparing the effects of continuous and pulsating water jet on Almen strip intensity. Figure 5 shows peening intensity of continuous water jet peening versus pulsating water jet peening.

[image: image8.png]h[mm]

———before pulsating
water jet peening

———after pulsating water
jetpeening

——before continuous
water jet peening

——after continuous
water jet peening





Fig. 5. Comparison peening intensity of continuous water jet peening versus pulsating water jet peening (tp = 2 s·mm-1; P = 20 MPa)

Peening intensity (arc height) for continuous water jet was calculated as H = 6.3 (m. Peening intensity for pulsating water jet was approximately 13 times higher.

Other experiments were focused on the monitoring of the influence of the processing time per unit length tp on peening intensity (arc height H). Tab. 1 shows equations describing curvature Almen strips before and after the effect of pulsating water jet peening. Fig. 6 shows peening intensity curve created from the measured value of arc heigh H.
Tab. 1. The equations describing the curvature profile of the Almen strip before and after the test
	tp
[s·mm-1]
	The equations describing the curvature profile of the Almen strip before the test.
	The equations describing the curvature profile of the Almen strip after the test.
	arc height H
[µm]

	0.25
	h = 0.005·l 2 – 0.214·l – 2.827
	h = -0.009·l 2 + 1.368 l – 47.565
	25

	0.5
	h = 0.01·l 2 – 0.5254·l + 7.144
	h = -0.0234·l 2 + 1.783 l – 33.614
	47

	1
	h = 0.004·l 2 – 0.248·l + 3.286
	h = -0.0387 l 2 + 2.861 l – 53.299
	59

	2
	h = -0.005·l 2 + 0.384·l – 6.053
	h =-0.0649 l 2 + 4.796 l – 88.033
	82

	4
	h = 0.009·l 2 – 0.453·l + 4.574
	h = -0.0626 l 2 + 4.798 l – 91.397
	99

	8
	h = -0.002·l 2 + 0.367·l – 14.044
	h = -0.073 l 2 + 6.081 l – 127.12
	97
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Fig. 6. Peening intensity curve for pulsating water jet (P = 20 MPa).
A peening intensity curve is a continuous function and has a corresponding equation relating arc height H to processing time per unit length tp. Peening intensity curve for using parameter is
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(2)
Knowledge of peening intensity curves is important for selection of the optimum exposure time per unit length tp.
Conclusion

The results of the experimental measurement show that pulsating water jet is effective tools for surface treatment. Efficiency of pulsating water jet is more than ten times higher in comparison with continuous water jet for pressures of around 20 MPa.
An Almen strip was used for evaluation of peening intensity. This type of measurement cannot give accurate information about the residual stress field in the components because different stress profiles may give the same arc height, the height being related to the integral of the residual stress field on the strip thickness. Moreover, the material used for the strip is pre-defined, while that of the peened part can be of any metal; for this reason, knowledge of the Almen intensity alone does not provide useful information about the residual stress field induced by shot peening in structural parts. Subsurface residual stress gradients resulting from pulsating water jet peening are also a significant element of the surface integrity and will be identified in future studies.
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