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ABSTRACT

Abrasive waterjet (AWJ) cutting is one of the maoapidly improving technological
methods of cutting materials. In order to improke tccuracy of AWJ machining the
effect of the process parameters and the exteattbrs has to be known. This paper
concentrates on the reproducibility of an experimenere the effect of hardness of the
workpiece on the cutting quality was studied. Irtipalar, it was shown that the effect of
the hardness on the surface finishing is connegtttd material removal mechanism: in
the cutting wear zone the hardness acts favorahlyhe roughness surface of the
workpiece while, in the deformation wear zone wtikae hardness of the workpiece
increases, the roughness of the kerf is worsemethi$ paper, in order to achieve the
same result, different experimental research wasieda out varying the process
parameters. In particular, it was demonstrated tti@imost important process parameter
is the jet power; since jet power depends alscherstate of consumable components, its
control is nontrivial.



1 INTRODUCTION

Cutting with abrasive water jet (AWJ) is a non-cami@nal machining process which
uses high speed water jet for accelerating vergt beains and thus enabling the removal
of workpiece material. Almost every kind of maténiagardless of their composition,
structure, hardness or other physical-chemical gntags can be successfully machined.
Moreover, the process is cold and there is absehteat affected zone. However, in
comparison to other non-conventional processes asitiiser or WEDM (Wire Electrical
Discharge Machining), AWJ can result in a not ctetgly satisfying accuracy and
quality of the cut if not properly controlled (1).

Many parameters affect the cutting quality. Theammeters can be subdivided in two
groups: the first one includes the process parametech as water pressure, abrasive
flow rate, type and mesh of abrasive, traverse aate geometrical characteristics of
components of the cutting head. The second onelased to external factors such as
pressure fluctuation, abrasive flow rate fluctuativibration of the cutting head and of
the workpiece, wear of components of the cuttingche

The nozzle and focuser tube are critical componkeatause they directly influence the
precision, performance and economics of the AW&gs® (2). Wear of the mixing tube
results in degradation of the waterjet coherenay kinetic energy. Improvements in
nozzle and mixing tube wear characteristics areethee believed to be critical for the
continued growth of the technology. Literature mepaeveral works about this topic.

In (3) the authors are concentrated on the measuntenfi the wear profiles to understand
the wear mechanisms that are active in the prodas¢4) an accelerated wear test
method was proposed to provide a good indicatooakle performance under long-term
service conditions. Experimental studies carrietdtounvestigate the influence of orifice
and focusing tube bore variation on the performanicabrasive waterjets in cutting
aluminum alloy are reported in (5). The wear oficei and focusing tube was assumed
uniform. The results showed that orifice size ie @fithe major contributing parameters
for the depth of cut while for the kerf width, thecusing tube size is the major factor.
Moreover the surface roughness is greatly infludrmethe focusing tube size.

The AWJ kerf can be characterized in term of bofficiency of the process and
qualitative aspects. The efficiency can be valuatmsidering the maximum kerf depth;
as regards the quality, the most important indaxel are the surface finish and the
conicity of the kerf. The surface of the cut is fact characterized by the striation
formation curved in the opposite direction of thiting head and the cut is tapered.

In literature experimental and analytical reseagfforts have been carried out to get
previsional models for maximum kerf depth and far surface finish in AWJ cutting.

The topography of AWJ generated surfaces has liadied by some researchers. Based
on a flow visualization study of the waterjet cogfiprocess, Hashish proposed that a
waterjet cut surface consists of two cutting regi@®,7). The first region (the top cut of
the surface) is dominated by the cutting wear metere penetration occurs in a small
impact angle. The second region (the bottom pathefsurface) is dominated by the
deformation wear mode where penetration occurslarge impact angle. The surface is
smooth in the first region but is marked by stdas in the second region.

The roughness parameter is strongly related tohdeptcut and cutting speed for the
striation zone. Its value increases rapidly astdeptut or cutting speed increases (8). In
(9) a model for predicting the depth of cut of aira waterjet in different metals was
presented. Materials were characterized by two gut@gs: the dynamic flow stress (i.e.
evaluated by dynamic tests) and the critical vé&yodihe dynamic flow stress used in the
erosion model was found to correlate with a typmabulus of elasticity for metals.



In (10) the effect of heat treatment and abrasype on depth of cut was investigated.
The research shown that in cases where the wokpigalness is much less than that of
the abrasive material, hardness alteration by tneatment may become insignificant on
the depth of cut but has effect on the length efdhtting wear zone. As regards cutting
obtained at high traverse rates, only deformati@amoccurs and may correlate with
fracture strength. A threshold hardness ratio, betwthe material and abrasives, needs
to be exceeded for efficient material removal. Omiuis threshold is exceeded, the
material removal may belong to either cutting weradeformation wear

The effect of heat treatment on erosion resistamae found insignificant in (11): the
relative change in abrasive particle and targeerathardness is very small. A slightly
different result was found in (12), where the dffetthe hardness of the workpiece on
the surface of the kerfs was studied. The reshhisved that the effect of the hardness on
the surface finish is connected with material reaianechanism: in the cutting wear
zone the hardness acts favorably on the roughnefscs of the workpiece while, in the
deformation wear zone when the hardness of thepieck increases, the roughness of
the kerf is worsened.

Aim of the present work is to assess which propesameters have to be controlled to
fully reproduce the results of the previous expernt(12).

2 THE REFERENCE CASE

2.1  Experimental setup

The experimental setup and results already repantéti2) are used here as a reference
for further investigation. Let us summarize theailstof this reference case, dividing the

information into three main groups: equipment datpecimen data and process

parameters.

Equipment:

- diameter of nozzle: 0.3 mm

- length of focus: 76 mm

- diameter of focus: 0.8 mm

- condition of nozzle and focuser: partially worn

Specimen:

- geometry: bars 10 mm thick

- material: carbon steel (C40 UNI EN 10084)

- metallurgical state: both normalized (as is) wadler quenched to about HV 520

Process parameters:

- standoff distance: 2 mm

- traverse rates: 100, 120, 140, 160, 180, 200,a2200230 mm/min
- water pressure: 300 MPa

- abrasive: GMA Garnet, mesh 80

- abrasive flow rate: 6 g/s

Traverse rate of 230 mm/min was found to be that linaverse rate that permits
completely separation of the kerf.

2.2 Result analysis
Roughness data, measured at different depths @ n@n distance from the entry side),
were collected. For roughness measurement, a perslrface measuring system



(Diavite DH-5) was used. Exploration length of 1Bnnand cut-off length of 2.5 mm
were selected.

Each roughness measurement was evaluated by awgrémir values, taking into
account two factors:

- probe travel direction (either same or oppositdhocutting head);

- side of the kerf.

All tests were repeated twice, therefore each vasuebtained from eight different
measurements, although not independent from e&eln. ot

Basing on such data, the following Figure 1 couldpbeduced. In this figure, black
marks (identified by “N”) refer to normalized spewins (the subsequent number
indicates the measurement depth), while white mgkk€") refer to hardened ones.
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Figure 1 — Results from the reference campaign, asported in (12)

A peculiar behavior could be observed in FigureClnse to the entry side, hardened
specimen showed lower roughness, while about thesiele this effect is reversed. This
behavior can be connected to jet power that, dsitrgavith depth, is likely to activate

different removal mechanisms. This remark is cofbpatwith the data taken at

intermediate depth (5 mm, N_5 and WQ_5): at lowdrse rates, when more energy is
transferred, hardened specimens show better rosgtaseit happens at low depth.

This reference case is assumed to be well reprddwben the above mentioned effect
can be seen. Absolute values of roughness wilbbeidered as well.

Information about jet power were collected indilecFirst, limit passing traverse rate

was evaluated by visual observation at the statiefest and (as said) it was found to be
equal to 230 mm/min. Second, another indirect assest of jet power was performed

by estimating the jet exit angle, as suggestedl®) 14). Photographs of the kerf side
were taken through an optical microscope and liteegjent to the striations were drawn
as shown in Figure 2.



Figure 2 — Exit angle evaluation

For each experimental condition (treatment), twecépens were selected, cut with a
fixed traverse rate of 200 mm/min. Both sides of kbe were studied, thus yielding a
total of 4 pictures per treatment; 20 measuremeats taken for each treatment. The jet
exit angle was computed by averaging the measursmen

3 REPRODUCTIONS OF THE EXPERIMENT

3.1  First reproduction: case A

At first, a new experimental campaign was carriatto repeat the reference experiment.
All experimental details had been kept constanparticular the water pressure was 300
MPa. The AWJ system was the same as for the referease; anyway, nozzle and
focuser tube had to be replaced for this campaidpus, the condition of nozzle and
focuser changed from “partially worn” to “new”. this case, it is reasonable to assume
that the erosive power of the jet was significamtigreased. This assumption was tested
through the evaluation of jet exit angles, whendpwxit angles were estimated (see
Figure 4). Accordingly, passing cut was possiblethet higher traverse rate of 280
mm/min.

Roughness data were evaluated by averaging seveaslumrements as it was done for the
reference case; in this reproduction, anyway, frapetitions were carried out. The
results, shown in Figure 3, do not display the shafeavior as reported for the reference
case. The hardened specimens showed higher rouglialees than the corresponding
normalized ones. Also in this case the differenteoughness between the two set of
samples (N and WQ) are bigger at higher traverses rahowing a weak effect of jet
energy; in any case, a clear reproduction of thedstrd case was not achieved.
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Figure 3 — Results from reproduction case A (watepressure 300 MPa)

3.2  Second reproduction: case B

In this case the experiment was designed to repmdibe same jet power as in the
reference case. This goal was reached by varyiagviter pressure and by selecting a
suitable value though a trial and error procedwater pressure of 250 MPa was found
to match this requirement. Passing traverse rateagaal to 240 mm/min in this case.
Average exit angles, compared with the previousgaare reported in Figure 4.
Repetition of the experiment was carried out usihg same protocol previously
reported; also in this case, four repetitions vexecuted.
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Figure 4 — Chart of exit angles
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Figure 5 — Results from reproduction case B (wategpressure 250 MPa)

In this case, the comparison of roughness on tbesets of specimens shows the general
trend outlined for the reference case: lower roegkrfor hardened samples at shallow
depth and the very opposite at depth 9 mm. Alsd#tevior at depth equal to 5 mm is
similar to the reference case, showing a transatorarying traverse rate.

Concerning the absolute values of roughness, thdtsesf case B proved to be able to
match the reference values very well.

3.3 Another significant factor

Figure 6 reports the results of a cutting testiedrout without using fixturing devices. In

this case, the workpiece was just laid on the mgttable and held in position using

weights; all other experimental conditions were $iaene as in case B. Only one WQ

specimen, containing two series of cuts, was teskl comparison, results for

experiment B are reported in Figure 6.

Because of the peculiar (and undesired) behavitreofoughness data, all results shown

in Figure 6 were discarded; all other data in thesent paper are produced by using

fixtures based on a screw clamp. The peculiar iehatown in Figure 6 may be due to

vibration effects. In particular:

- the roughness peak at 180 mm/min may be due toaese phenomena;

- roughness data showed to be correlated with travate rather than the geometrical
location in the specimen;

- this problem was never recorded using screw figture
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Figure 6 — Possible effect of fixturing on roughness; resultat depth
of measurement 1 mm

The trend shown above may be a further confirmatibthe importance of a correct
fixturing. It is worth noting that no other sign@le.: special noise, evident abnormal
mechanical vibration etc.) could suggest the oenae of a new phenomenon. Under
constant process parameters (just one traversedettection of malfunctioning may be
really difficult and abnormally high roughness \eduvould be recorded.

4 CONCLUSION

The characterization of the kerf, made through hmegs evaluation, proved to be an
effective technique of investigation. Repetition tifis experiment can be very
satisfactory, provided that some parameters arefudyr controlled. In particular,
variation of the erosive power of the jet can plkaykey-role in activating some
phenomenon. It is worth noting that jet power ig paly dependent on the process
parameters (water pressure, abrasive flow rate) &gt on equipment status (especially
level of wear of the consumable components) as Wilteover vibration proved to have
a major impact on the kerf roughness, leading tg significant changes of such value.
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