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Abstract

In this study, commercially pure titanium (cpTi) and a titanium alloy (Ti6Al4V) were subjected to waterjet (WJ) peening and abrasive
waterjet (AWJ) peening surface treatments. The texture and in-plane biaxial residual stress of the treated surfaces were quantified using
contact profilometry and X-ray diffraction, respectively. Regardless of the specific process conditions, the surface residual stresses resulting
from WJ and AWJ peening of both materials were compressive. Residual stresses in the Ti6Al4V rat@fngo < —30 MPa, whereas
stresses in the cpTitreated with the same conditions ranrg2@ < o < —60 MPa. Residual stresses resulting from WJ peening increased
with the WJ pressure whereas those resulting from AWJ peening decreased with an increase in both jet pressure and abrasive size. The
surface roughness of the metals did not change appreciably with WJ treatment, but AWJ peening resulted in a significant increase in
roughness. Therefore, AWJ peening may serve as a new method for introducing compressive residual stresses in engineering component
that also require rough surfaces. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Although, beneficial for components that require smooth
surfaces, existing methods of secondary processing are not

The surface roughness and surface integrity resulting from feasible for components that simultaneously require fatigue
net-shape processing may be detrimental to the fatigue-life strength and rough surface texture. One such component that
and corrosion resistance of engineering components. Of crit-requires these properties are metal prosthetic devices used
ical concern are stress concentrations posed by the surfacén cementless total joint replacements [17,18]. Any surface
topography, residual stresses caused by localized deformathat must maintain adhesion with a second substrate un-
tion or thermal transformations, and alterations in the sur- der fatigue loading is subjected to these same requirements.
face hardness that result from processing [1]. ComponentsAlthough, plasma spray and deposition based technologies
that require superior fatigue strength and/or resistance tocan be used in the development of a rough surface tex-
stress corrosion cracking are often subjected to secondaryture, they seldom offer, or are able to maintain, high fatigue
manufacturing processes. strength.

Secondary processes are utilized to minimize the compo- The objective of this study was to examine and compare
nent surface roughness and/or introduce a compressivehe surface topography and in-plane residual stress that
near-surface residual stress. The most common methodgesults from two different non-traditional surface treatment
enrolled for fatigue-life improvement include shot peening processes. Both processes utilized a high pressure WJ that
[2—4], roller burnishing [5-7], and abrasive finishing [8]. is targeted on the substrate at normal angles of jet impinge-
Laser peening [9,10] and waterjet (WJ) peening [11-16] ment; one of the processes utilized a pure WJ (i.e. WJ
have also recently emerged as viable alternatives to conven{eening) and the second was comprised of a WJ laden with
tional methods of surface treatment. abrasives (abrasive waterjet (AWJ) peening). A secondary

objective was to evaluate the use of AWJ peening as a sur-
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Table 1
Treatment conditions used for WJ and AWJ peening of the titanium plates
Experiment Pressure  Abrasive Standoff Traverse
(MPa) (mesh no.) (m) speed (m/min)
AWJ
1 280 50 0.15 3.81
2 280 80 0.15 3.81 9l .
3 280 120 0.15 3.81 Specimen
4 210 50 0.15 3.81
5 210 80 0.15 3.81 l \
6 210 120 0.15 3.81 B Rt Treatment
7 140 50 0.15 3.81 Path
8 140 80 0.15 3.81 le—— 51 mm —
9 140 120 0.15 3.81 (a)
10 80 50 0.15 3.81
11 80 80 0.15 3.81 ©=0° +y
12 80 120 0.15 3.81 B
¢ =45° +y
WJ
13 280 None 0.15 3.81
14 210 None 0.15 3.81 9 =90°% +y
15 140 None 0.15 3.81
9 =90° -y
2. Materials and methods
=45°, -
21 Material e Y o i

(b)

Grade 2 commercially pure titanium (cpTi) and Grade
5 titanium alloy of composition Ti6Al4V were utilized in Fig. 1. Specimens, surface treatment, and location of diffraction mea-
this investigation. The CpTi and Ti6AI4V were obtained in s_uremz_ants. (a) Surface treatment pattern and specimen size; (b) X-ray
plate form with 3.2 and 6.4 mm thickness, respectively. The diffraction measurement scheme.
cpTi has an elastic modulus of 104 GPa, yield and ultimate
strength of 330 and 500 MPa, respectively, and elongation of 16 mm. Peening of the cpTi and Ti6AI4V was conducted at
24%. The Ti6AI4V has an elastic modulus of 114 GPa, yield normal angles of jet impingement using a traverse pattern
and ultimate strength of 900 and 980 MPa, respectively, andas shown in Fig. 1(a). A cross-hatch pattern was used to

16% elongation. insure full treatment of the entire specimen surface area and
to minimize macroscopic surface variations that may re-
2.2. Equipment and procedures sult from the combined deformation/erosion process. Both

processes were conducted using a single-pass treatment
An AWJL was used for all surface treatments of the tita- (N0 replication) with a traverse speed of 3.81 m/min. Fol-
nium samples. The WJ system used in this study is capable'OWing tregtment, specimens repre;entative of each surface
of developing jet pressures up to 300 MPa and has a working'Were s_ectloned from the plates using the AWJ for further
envelope of 0.7 nx 1.3 m. A nozzle assembly with 0.30mm ~ analysis. _ _ _
diameter sapphire jewel and tungsten carbide focusing tube Surface profiles of the cpTi and Ti6Al4V samples were
with 0.9mm diameter and 89 mm length was used for all obtained using a stylus surface profilométausing a tra-
WJ and AWJ surface treatments performed. Garnet abrasives/€rse length of 4.8mm and cutoff length of 0.8mm. A
were used for all the AWJ peening experiments. skidless contact probe with 1.0n diameter was used for_
AWJ peening of the two metals was conducted with 12 all me_asurements. Surface profiles were used in caI(_:uIatmg
different parametric conditions as listed in Table 1. Four the arithmetic average roughne&s) peak to valley height
jet pressures ranging from 70 to 280 MPa and three levels(Rv), and ten point roughnessx{), according to ANSI
of abrasive mesh (#50, #80, and #120 mesh) were usedB46.1. In.addm_on to the standard _roughnes; parameters,
In addition, WJ peening was conducted with each of the the material ratio curve was used in palculatlng the core
titanium substrates over three jet pressures. The standofffk ParametersRx, Ry, andRy) according to DIN 4776.
distance for both AWJ and WJ peening was held constantAn evaluation of the microscopic features of the treatc_ed
in this preliminary study at 0.15m, which resulted in a surfaces was conducted with a Jeol JSM T-35 scanning

jet treatment diameter at impingement of approximately €lectron microscope (SEM).

1 Model 2652, OMAX Corp., Auburn, WA. 2Model T8000 Profilometer, Hommel, New Britain, CT.
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A residual stress analysis of the surfaces was conducted3.1. Surface topography
with an X-ray diffractometet using Cu kx radiation with
a wavelength X) of 1.54060 A and beam width of 0.5mm A representative surface profile resulting from AWJ
at 40kV and 30 mA. Peak intensities of the diffraction pat- peening of the cpTi and Ti6Al4V is shown in Fig. 2(a) and
terns were recorded at angles of 0, 45° and 90 with (b). The profiles in this figure were obtained from the sur-
+v tilts of 0°, 17.46, 25.18, 31.37 and 36.99. Thus, face of Specimen 1 treated with a jet pressure of 280 MPa
the surface residual stress in each specimen was determineéind #50 mesh (Table 1). Surface roughness parameters for
from a total of 30 diffraction measurements. Negative the cpTi and Ti6Al4V specimens were calculated from the
tilts were conducted with pseudo-negatiye angles ac- respective surface profiles and are listed in Tables 2 and
cording to the measurement scheme shown in Fig. 1(b).3, respectively. Based on a comparison of the standard
All peak intensities were corrected for Lorentz polariza- roughness parameters for each material, the surface tex-
tion, absorption, and background intensity using a linear ture resulting from AWJ peening was primarily dependent
correction. Peak positions of the diffraction patterns were on the treatment condition, not the material. The highest
found from the center of gravity and used to determine the average surface roughnes,) of the AWJ peened speci-
lattice plane spacing according to Bragg's law [19]. The mens resulted from treatment with the highest jet pressure
magnitude of biaxial residual stress was determined usingand largest abrasive mesh (Specimen 1) as evident from
the sirf ¢ method of analysis, which provides an average Tables 2 and 3. Although, the surface roughness of the
value of the in-plane stress distribution over the depth of metals did increase with WJ peening, the changes were
X-ray penetration [19]. Absorption coefficients for the cpTi far less significant than those resulting from AWJ peening.
and Ti6AI4V were determined to be 912.8 and 902.5¢m  The largest surface roughness resulting from WJ peening
which correspond to an X-ray penetration depth (for 99% of the two metals occurred in treatment of the cpTi as ex-
absorption) of 12.0 and 12udm, respectively. pected from the comparatively low yield strength. However,

The diffracted beam from the AWJ peened samples wasthe largest change in surface roughness resulting from WJ
found to suffer from a significant loss in beam intensity dur-
ing the X-ray analysis. As all the AWJ peened specimens
exhibited this characteristic, it was uncertain whether the re- 200

duction in beam intensity was due to an increase in surface 150 _
roughness or changes in the surface chemistry that resulted E
from abrasive debris. Therefore, an elemental analysis of __ 100 F
the TiBAI4V surface was conducted using a Jeol JSM-840A E sof
SEM with a KEVEX SIGMA Level 4 energy dispersive N ok
spectrometer (EDS) and quantum detector. The system was :‘CE» 50 *
used to perform an X-ray microanalysis in which differ- © E
ences in material conductivity on the Ti6Al4V surface (as -100 |
a result of elemental composition) are detected and used to -150 — cpTi
provide high resolution contrast images. An image analysis 200 E L
software (GMBH Analysis 2.2) was used to translate con- 0 1 traverge Iengthsl (um) 5
trast differentials into quantitative data and an image pro- ’
cessing software was used to calculate the concentration of (®)
garnet abrasives remaining on representative surfaces after 200
treatment. 150
100 f
S F
3. Results = 50
S 0Ff
AWJ and pure WJ peening of the titanium samples was =) 50 F
conducted over a range of parametric conditions as described 2 100 :
in Table 1. A macroscopic examination of the specimens F
indicated that the surface topography resulting from AWJ -150 | Ti6AI4V
peening was highly dependent on the operating conditions. 1010 J T S A S S PR

0 1 2 3 4 5
traverse length, | (mm)

(b)

However, there were minimal differences in the macroscopic
features of the WJ peened titanium resulting from surface
treatment, regardless of the process parameters.

Fig. 2. Typical surface profiles of the AWJ peened titanium. The samples

3Model 1830 Generator and PW 1710/00 Diffraction Control Unit, were treated with #50 abrasives and jet pressure of 280 MPa. (a) AWJ
Phillips. peened cpTi; (b) AWJ peened Ti6AI4V.
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Table 2 Table 3
Surface roughness resulting from treatment of the cpTi Surface roughness resulting from treatment of the Ti6AI4V
Specimen Ry R, Ry R« Rok Ruk Specimen Ry R, Ry R« Rok Ruk
(em)  (em)  (uem)  (um)  (um)  (um) (em)  (em)  (um)  (um)  (um)  (um)
1 155 79.6 120.9 51.9 21.2 21.7 1 14.2 76.7 95.8 46.9 20.9 21.8
2 11.7 63.9 85.1 41.6 12.1 15.0 2 11.0 60.8 84.5 34.9 16.2 16.7
3 8.5 49.3 57.3 27.3 9.9 9.9 3 7.6 42.6 54.2 26.4 105 8.1
4 135 65.9 88.9 425 9.3 20.8 4 12.2 64.5 86.4 40.2 16.8 15.6
5 11.3 59.5 73.4 39.8 7.1 14.4 5 9.4 51.8 74.6 317 12.6 111
6 7.9 45.1 53.7 26.8 8.1 9.2 6 6.3 35.9 437 20.8 7.6 7.0
7 11.3 58.5 72.7 35.8 13.6 12.7 7 10.1 53.8 69.7 31.6 10.8 15.4
8 7.3 46.8 59.3 22.6 10.6 11.7 8 8.9 49.4 61.1 28.3 7.4 13.9
9 5.5 36.2 51.7 16.3 7.5 9.6 9 4.7 30.3 35.5 14.4 5.0 7.7
10 8.0 47.0 61.5 243 104 12.6 10 7.6 44.5 59.0 26.1 7.3 13.9
11 6.0 37.0 45.6 18.3 7.1 7.9 11 5.7 33.9 445 19.2 5.7 7.5
12 4.1 26.9 35.4 13.1 5.5 5.2 12 3.6 21.9 30.0 10.9 35 7.1
13 3.7 18.1 21.6 12.8 2.1 4.3 13 24 14.6 17.9 7.7 14 7.0
14 3.3 17.4 20.0 10.7 2.8 3.8 14 2.2 14.8 23.0 6.2 24 6.4
15 3.2 16.1 19.4 11.1 25 2.9 15 1.0 6.0 8.6 3.0 1.0 2.2
Substrate 29 143 18.2 9.6 2.3 3.2 Substrate 0.9 5.9 9.8 24 1.0 18

peening occurred in treatment of the Ti6Al4V due to the pressure of 70 MPa and #120 mesh abrasives. The largest

low original substrate roughnesB{= 0.9 um, Table 3). residual stress resulting from WJ peening of the two metals
was near 180 MPa and resulted at the highest jet pressure.
3.2. Residual stress Note that, the biaxial stresses presented in Table 4 represent

the average stress determined over the depth of X-ray pen-

Residual stresses resulting from WJ and AWJ peening etration. Subsurface residual stress gradients resulting from
of the titanium specimens were computed using thégin  AWJ peening are also a significant element of the surface
method of analysis. The biaxial in-plane residual stresses de-integrity and will be identified in future studies.
termined for both the WJ and AWJ peened cpTi and Ti6AI4V
are listed in Table 4. It was found that the residual stresses re-
sulting from all conditions of surface treatment in this study 4. Discussion
were compressive; the magnitude of stress in the cpTi ranged
from 60 to over 200 MPa while the residual stress withinthe A comparison of the surface texture and residual stress
Ti6AI4V ranged from near 30 MPa to over 400 MPa. Similar resulting from WJ and AWJ peening of the metals clearly
to the observed changes in surface texture, residual stressedifferentiated the two surface treatment processes. The sur-
in both materials were strongly dependent on the treatmentface roughness resulting from AWJ peening of the cpTi and
conditions. The largest compressive residual stress resultingTi6Al4V was significantly larger than that resulting from WJ
from AWJ peening of the two metals was treated with a jet peening and increased with jet pressure and abrasive size.

Table 4
Compressive residual stress resulting from WJ and AWJ peening of the titanium
Experiment Pressure Abrasive cpTi stress TiBAI4V stress o cpTilo TiBAIAV
(MPa) (mesh no.) (MPa) (MPa) (MPa/MPa)
1 280 50 103+ 30 88+ 55 1.2
2 280 80 87+ 25 128+ 57 0.7
3 280 120 1244 26 196+ 39 0.6
4 210 50 98+ 30 142+ 41 0.7
5 210 80 115+ 30 181+ 56 0.6
6 210 120 149+ 33 186+ 56 0.8
7 140 50 118+ 32 186+ 57 0.6
8 140 80 168+ 24 184+ 47 0.9
9 140 120 175+ 22 3184+ 36 0.6
10 70 50 144+ 23 266+ 55 0.5
11 70 80 178+ 32 240+ 44 0.7
12 70 120 193+ 29 353+ 56 0.5
13 280 None 163t 24 118+ 36 1.4
14 210 None 124+ 28 93+ 40 1.3

15 140 None 93t 27 85+ 38 11
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In addition, the surface texture resulting from AWJ peening treated with lower jet pressures, there was no trend evident
of the cpTi was equivalent to that resulting from treatment between the profile valley radii and treatment parameters.
of the Ti6AI4V with the same conditions as evident from a It is expected that the increase in kinetic energy achieved
comparison of the surface roughness parameters in Tables 2vith use of large abrasives and high jet pressures results in
and 3. In comparison to changes in surface texture invokedmore substantial single particle impact and facilitates the
from AWJ peening, there was only a mild increase in surface development of distinct indentations with small valley radii.
roughness of the metals with an increase in WJ peeningNevertheless, additional research is required to understand
pressure. the relationship between treatment parameters, abrasive
AWJ peening invoked a combination of erosion and lo- particle shape, and the resulting profile valley radii.
calized plastic deformation as a result of abrasive particle  Although, the surface texture resulting from AWJ peen-
impact at nearly orthogonal particle attack angles. Abrasive ing was dependent on the treatment conditions, microscopic
indentations on the titanium surfaces would undoubtedly features of the specimens appeared relatively independent
contribute to the fatigue-life of treated components, espe- of the process parameters. During the microscopic analysis,
cially through the radius of curvature of dominant profile garnet abrasives were found patrtially impregnated within
valley radii. The smallest profile valley radii distinguished both the AWJ peened cpTi and Ti6Al4V surfaces. Abrasive
from the AWJ peened cpTi and Ti6Al4V surfaces presented residue has also been documented on substrates subjected to
in Fig. 2 are shown in Fig. 3(a) and (b), respectively. Al- grit blasting [20,21]. Note that, the abrasive particles located
though, there was no definitive trend in the profile valley onthe AWJ peened surfaces appeared to be a combination of
radii of the AWJ peened metals, surfaces treated with #50 whole abrasives and fractured residue. A micrograph high-
abrasives and higher jet pressures (e.g. treatment combinalighting abrasives impregnated within a Ti6AI4V surface is
tions 1 and 4 of Table 1) appeared to exhibit the smallest shown in Fig. 4(a). Abrasives have also been found impreg-
valley radii of all surfaces examined [18]. For the surfaces nated in the surface of metals subjected to AWJ machining in
which the particle attack angle is much more acute [15,22].
EDS was used to highlight abrasive particles in the surface
r of selected specimens and obtain estimates of the abrasive
L particle concentration covering the treatment surface. An
example of abrasives distinguished using this approach in
the surface of the AWJ peened sample in Fig. 4(a) is shown
in Fig. 4(b). Approximately 7% of the total surface area was
covered with abrasive particles while selected areas were
p=14pm found to exhibit much higher concentrations (e.g. Fig. 4(c)).
Although, the SEM and EDS analysis were not conducted
with all specimens, the concentration of abrasives appeared
3 cpTi to increase with increasing jet pressure and smaller abrasive
A00 L L ) particles. Furthermore, a higher concentration of abrasives
290 2t'92 2'9‘|‘en2t‘fl6| (2:;;3 3.00 were found deposited in the AWJ peened cpTi surface in
ravers(ea) g, T comparison to that of the Ti6AI4V. The larger concentration
of abrasives found in the cpTi is undoubtedly attributed to
50 — the lower yield strength of this material and opportunity for
 Ti6AI4V deposition through extensive plastic deformation.
r Residual stresses resulting from AWJ machining of met-
als have been shown to be compressive, and relatively
insensitive to the cutting condition [23]. In contrast, resid-
ual stresses within the titanium resulting from WJ and AWJ
peening were largely dependent on the treatment conditions
as evident from the range in stress reported in Table 4. The
influence of jet pressure and abrasive mesh number on resid-
p=8pum ual stresses in the cpTi and Ti6Al4V specimens is shown
SOl b i in Fig. 5(a) and (b). The magnitude of compressive residual
386 3.88 390 392 394 396 stress in both materials increased with a decrease in abra-
traverse length, | (mm) sive size and jet pressure. An increase in jet pressure and
(b) the use of larger abrasives promoted an increase in the jet
Fig. 3. Minimum profile valley radii obtained from surface profiles of the energy available for hydrodynamic erosion. Cons.equently'
AWJ peened specimens. The samples in these figures were treated withmaterlal removal allowed n?ar'surface_ Str_ess relief Of. the
#50 abrasives and jet pressure of 280 MPa. (a) AWJ peened cpTi from Surface layers and resulted in a reduction in the magnitude
Fig. 2a; (b) AWJ peened Ti6Al4V from Fig. 2(b). of compressive stress. Residual stresses resulting from WJ

height, z (um)

75 L

25 [

height, z (um)

25 [
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B stsive [ Tisanv _ D_f‘?@f’e.. .

(b) 100 pm

Fig. 4. Abrasive deposition in the Ti6Al4V resulting from AWJ peening of the Ti6AI4V. The sample was treated with #80 abrasives and jet pressure of
280 MPa (experiment 2 of Table 1). (a) Garnet abrasives in the Ti6Al4V surface; (b) abrasive particles isolated using EDS (highlight shown in (c)); (c)
abrasive particles outlined using image analysis. Abrasives represent 17.5% of the selected treatment surface area.

peening of both metals increased with treatment pressure agrosion to occur more extensively during WJ peening, than
shown in Fig. 5(c). The absence of material removal in WJ in treatment of the Ti6Al4V, as evident from the larger sur-
peening resulted in an increase in the near-surface deformaface roughness of the WJ peened cpTi samples (Table 4).
tion with increasing pressure. Nevertheless, residual stresses Based on the preliminary results, it would appear that WJ
within both materials that resulted from AWJ peening ex- peening would be less effective in the surface treatment of
ceeded those that resulted from WJ peening at the same jehard metals or those that exhibit high yield strength and/or
pressure. hardness. However, WJ peening has been reported as an
As evident from Table 4, the residual stress resulting from effective method of treatment for cutting tools and other
AWJ peening of the cpTidcpti) was generally lower than  high strength materials [12,14,24]. The WJ pressures used
that resulting from treatment of the Ti6AI4\ (isal4v ) US- for treatment in these previous investigations were signif-
ing the same conditions. However, contrary to the existing icantly higher than those used for the comparative study.
understanding of surface treatments and residual stressen this study, the treatment conditions for both processes
derived from shot peening, residual stresses resulting fromwere selected to maintain consistency and comply with the
WJ peening of the cpTi were greater than obtained from machine limits. As such, the conditions for both processes
treatment of the Ti6AI4V. The comparatively high yield were only differentiated by the addition of abrasives in AWJ
strength of the Ti6AI4V and deformable nature of the pure peening. Therefore, further improvement in the magnitude
WJ droplets limited the degree of near-surface plastic de- of compressive residual stress resulting from WJ peening
formation that occurred during WJ peening of the Ti6Al4V. would likely result from higher jet pressures than those used
It appears that the lower yield strength of the cpTi enabled in this investigation. Furthermore, WJ peening may be more
more extensive near-surface deformation during WJ peen-effective as a multi-pass treatment process whereas results
ing and resulted in a larger compressive residual stress. Thefrom this study were achieved from a single treatment. AWJ
comparatively low yield strength of the cpTi also allowed peening could serves as a viable process of surface treatment
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Fig. 5. Influence of treatment parameters on the residual stress. (a) AWJ peening of the cpTi; (b) AWJ peening of the Ti6Al4V; (c) WJ peening of the

cpTi and Ti6AI4V.

A opTi
A Ti6Al4V

where rough surface texture and compressive residualroughness and magnitude of in-plane biaxial residual stress.
stresses were desired. If the component fatigue strengthBased on results from this study, the following conclusions
were of concern, then proper abrasive selection (including were drawn:

appropriate size and shape) would be necessary to minimiz
abrasives impregnated within the substrate and to control

profile valley radii of surface indentations. Evaluations
of grit blasting have revealed that grit residue remaining

on treated surfaces was a function of impingement angle

and was a maximum for orthogonal impingement {90

[20]. Therefore, the concentration of abrasives impregnated

within the substrate that results from AWJ peening may

reduce through changes in impingement angle. Our future

work will focus on the applications of AWJ peening and
the ability to simultaneously control the surface texture,

residual stress, and concentration of impregnated abrasives
that result from this process as a function of the treatment

parameters.

5. Conclusions

An experimental study comprised of WJ and AWJ peen-

1. AWJ peening invoked a significant increase in the sur-

face roughness of both metals. The maximum average
surface roughness resulting from treatment wag.rh5
and resulted from AWJ peening with the largest garnet
abrasive (#50) and highest jet pressure (280 MPa). In ad-
dition, garnet abrasives were found impregnated within
the AWJ peened surfaces of both metals.

2. Both WJ and AWJ peening introduced compressive

residual stresses in the metal surfaces. The maximum
compressive residual stress resulting from WJ and
AWJ peening was approximately 180 and 400 MPa,
respectively.

3. Residual stresses within the Ti6AI4V resulting from AWJ

peening were greater than those that developed in the cpTi
subjected to the same treatment conditions. However,
residual stresses resulting from WJ peening of the cpTi

were greater than those that developed in the Ti6AI4V.
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