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ARTICLE INFO ABSTRACT

Keywords: Pure waterjet surface treatment without abrasive particles has a promising application in the biomedical field,
Waterjet because it induces compressive residual stresses on a metal surface and never leaves the tiny hard particles. In
Ti6Al4V this work, the influence of operation pressure, standoff distance and the number of paths of the waterjet on the
SE:L:S_‘;?:;?S surface topography as well as the hardness was studied using the Taguchi method. The results showed that the
Hardness most essential parameter is the operation pressure. By tuning the operation pressure from 100 to 300 MPa, the
Taguchi surface of Ti6Al4V specimens can be smoothed, roughened or damaged; when the surface layer is eroded, the

new-born surface exhibits a clear stochastic nature accompanied by microvoids. The standoff distance benefits
finer controlling the height parameters, whilst the number of paths affects the waviness. The hardening effect
generated by the waterjet impingement extends to a few hundred-micron depth of the specimens, and the peak
value of microhardness was found at a depth of 70 pm, which is an increase by greater than 20 %. The roughness
parameters of Arithmetical mean height (Sa), Skewness (Ssk), Auto-correlation length (Sal), and Developed
interfacial area ratio (Sdr) as a set are recommended to characterize the biomaterial’s surface. The present
research results promote the application of waterjet treatment in the field of fine-tuning biomaterial surface
morphology.

1. Introduction Waterjet technology that places a sample under the waterjet itself

and subjects it to the water pressure in the air or underwater is one of the

The surface topography of the implant significantly influences the
bone response [1,2]. There are two stages (short/long) of biological
response after implantation [3]. One is the short-term response that a
fibrous soft tissue is formed and capsules around the implant, and
another response directly relates to bone-implant contact without the
connective tissue layer, known as osseointegration [4]. The surface
topography plays an important role in the biomechanical fixation be-
tween the implant and the soft fibrous tissue at the early stage of im-
plantation. Meanwhile, the rate and quality of osseointegration that
determine the long-term success of the clinic implantation are also
affected by the surface topography [5]. The demand for specific surface
finishes of biomedical devices [6] drives researchers to develop efficient
surface modification methods.
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promising methods [7,8]. As one of the fastest-growing technologies, the
waterjet can machine (cut, drill and mill, clean, remove) almost any
material [9]. Waterjet is used in a variety of fields from automotive and
aerospace to medical and the food industries [10]. Particularly, pure
waterjet induces compressive residual stress to enhance fatigue strength
[11], and never leaves tiny residues (hard particles) on a metal surface
compared to the abrasive waterjet, it holds tremendous promise in the
medical industry [7,11].

Taylor proposed the modification of metallic substrates through the
use of high-pressure pure waterjet technology in early 1995 [12]. The
essence of his proposal lies in the controlled erosion of the substrate, to
achieve minimal thickness loss. Arola and McCain [13] are recognized
pioneers in the utilization of abrasive waterjet peening, particularly in
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the context of surface preparation for metal orthopedic implants.
Notably, Barriuso et al. [7] and Lieblich et al. [11] conducted analyses to
assess the feasibility and viability of employing pure waterjet processing
to roughen the surface of the metallic biomaterial Ti6Al4V alloy. Xie and
Rittel conducted a series of simulation work to predict the surface profile
by using the pure waterjet with/without considering the initial surface
roughness [14-18]. Table 1 summarizes the current research issues
concerning the waterjet peened surface obtained from the literature,
which is not limited to the biomaterial Ti6Al4V alloy.

Most researchers only consider the height parameters (Ra, Rz), and
the parameters for characterizing the horizontal direction of a surface
profile are seldom reported. In the recent 5 years, a few researchers have
realized the limitations of using line roughness parameters and started to
adopt the concept of areal roughness and investigate its influence on the
biocompatibility of implants [34-40]. The areal parameters of a waterjet
peened surface, however, have not been analyzed comprehensively.

Moreover, the influence of waterjet processing parameters on surface
topography is also one of the hot topics. As per Table 1, a higher pres-
sure, a closer standoff distance or multiple impacts would all benefit
roughening the surface, but how to obtain a desired surface topography,
specifically a desired roughness value, with waterjet has not been
answered yet. The Taguchi method [41] (a statistical technique to
optimize the performance of the products or process) is therefore used in
the current work to design experiments and find out which parameters
are suitable for generating the desired surface profile.

The Taguchi method utilizes orthogonal arrays to efficiently explore
the parameter space with minimal experiments [42,43]. A loss function
quantifies the deviation between experimental and desired values,
transformed into a signal-to-noise (S/N) ratio. The S/N ratio, catego-
rized as lower-the-better, higher-the-better, or nominal-the-better,
identifies optimal process parameters with the highest S/N ratio. Sta-
tistical analysis of variance (ANOVA) determines the significance of
process parameters, enabling the prediction of the optimal combination.
With the S/N and ANOVA analyses, the optimal combination of the
process parameters can be predicted.

Ti6Al4V is one of the most common titanium-based implant bio-
materials because of its lightness and good mechano-chemical proper-
ties [44-46]. The attractive mechanical (i.e., lower Youngs modulus
than cobalt alloys and stainless steels) and physical (i.e., low weight)
properties of Ti6Al4V alloy, as well as its advantageous tribological (i.e.,
high corrosion resistance) and biological (i.e., excellent soft and hard
tissue biocompatibility) performance, make Ti6Al4V alloy very
appealing for biomedical products such as orthopedic and dental im-
plants [44-51]. Therefore, the effect of pure waterjet on Ti6Al4V is

Table 1
Roughness parameters concerning the waterjet peened surface.
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investigated, looking for an optimal processing parameter for generating
and controlling desired surface roughness. Special emphasis is devoted
to the areal characterization of the surface profile, the microstructure of
the treated surface and the subsurface hardening. Information on these
aspects is lacking despite its relevance to the performance of Ti6Al4V as
an implant material. A discussion of waterjet treated surface in the
osseointegration is made in the last section.

2. Materials and methods
2.1. Materials and sample preparation

The material subjected to waterjet in this study was a commercial
Ti6Al4V (Botai Metal Material Co., LTD, Baoji, China) with a chemical
composition of 5.97 wt % Al, and 4.03 wt % V and Ti (balance). The
XUCHANG AC 5-axis waterjet system with a CUX-400H ultra-high
pressure intensifier pump was used to conduct the waterjet experiment
(Fig.1). The intensifier pump can develop a jet pressure of up to 400
MPa. A nozzle assembly with a sapphire orifice of 0.2 mm in diameter
(D) was utilized. The jet traverse speed (v) was set as 800 mm min L.

The operating pressure (P,), the standoff distance (SOD) and the
number of jet passes (zoom in on Fig.1(a)) are the primary processing
parameters that affect the final surface topography [19,26,52]. Herein
one pass is defined as the nozzle moving back and forth once, thus it is
proportional to the exposure time. In order to investigate how these
parameters influence the surface roughness, the Taguchi method was
adopted [43]. Initial single pass trials (not presented here) were carried
out with a wide range of parameters: operating pressure between 100
MPa and 300 MPa; standoff distance between 50 mm and 150 mm; the
number of jet passes between 2 and 8.

Based on these initial trials, Taguchi’s L9 orthogonal array was
designed, and a total of 9 different parametric conditions were selected
in the present study as listed in Table 2. Factor 1 (F1) stands for the P,
which has three levels (100,200,300 MPa); factor 2 (F2) is the SOD, and
its three levels are 50, 100 and 150 mm, respectively; and the number of
parth is the third factor (F3), and 2, 5 and 8 are the three levels selected
for this study.

Usually, for a 3-factor 3-level test, 27 (33) trials should be carried out
with a standard orthogonal array. But with Taguchi’s design, it can be
reduced to 9 cases which can effectively save time and cost. In this work,
each trial conducted three tests in order to avoid bias. A more detailed
description of the Taguchi method can be found in Appendix A.

Reference Target material Pressure (MPa) Standoff distance (mm) Path number Ra (um) Other parameters
Ref [7] Ti6Al4V 360 2 1 11/12 + 2 R,

Ref [11] Ti6Al4V 240/360 2 1 1.3-23.3 W,

Ref [19] Ti6Al4V 140/210/280 150 1.0/2.2/2.4 Ry Ry Rpis Ryk
Ref [20] Ti6Al4V 138/207 13-152 4/8 0.1-1

Ref [21] Ti6Al4V 600 12.7/25.4/38.1/50.8/63.5 1 3.8/4/3.4/2/1 R,

Ref [22] Ti6Al4V 275/414/600 12.7-139.7 1 0-15 R,

Ref [23] Ti6Al4V 138/207/345 5/20/50 4 3.2-17.4 Ris Ryk, Ruk
Ref [24] Stainless steel 304 100/200/300 30 2/4/6 0.5-9.0

Ref [25] Stainless steel 304 100/200/300 30 3/6/9 8-11 Rz Rpi, Rk
Ref [26] Stainless steel 304 200 30 2/4/6 0.78-4.86

Ref [27] Al6061-T6 276 12.7/25.4/38.1 1 4/3/3 Ry R,

Ref [28] Al7475 0.04/0.05 10/25 1-4 5-7

Ref [29] Al5005 50/100/150 20/40/60 1/2/3 0.53-16.41

Ref [30] Al5052 15/20/25/30 10-60 1 1-22 R,

Ref [31,32] Al-MMC 345 25.4 1 5-35 Ry, R,

Ref [33] 18CrNiMo7-6 steel 300 10 1 0.08-0.25

® Ra is referred to as the arithmetic mean roughness, while Wa is referred to as the arithmetic mean waviness for the waviness profile.

e Rq is referred to as the root-mean-square roughness.

© Rz is the maximum height of a profile; Rp and Ry are the maximum peak height and valley depth, respectively.
® Rk is the core roughness depth; Rpk and Rvk are the reduced peak height and valley depth, respectively.
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Fig. 1. (a) Schematic diagram of waterjet system and (b) Optical image of waterjet in the air (without final region).

L9 orthogonal array and experiments design.

arithmetical mean height (Sa), root mean square height (Sq), skewness
(Ssk), kurtosis (Sku), maximum peak height (Sp), maximum pit height
(Sv) and maximum height (Sz). The spacing between features was

Case No. Control factors and levels Experiment conditions evaluated by the auto-correlation function (Sal).

F1 F2 F3 Pw (MPa) SOD (mm) n The most relevant roughness parameter to the area of a real surface is
1# 1 1 1 100 50 5 the developed surface area ratio (Sdr). The sloped triangles contribute to
o# 1 2 2 100 100 5 Sdr being more accurate than the sloped quadrilaterals, indicating that
3# 1 3 3 100 150 8 Sdr is tightly connected to the RMS gradient and, thus, Sdq is measured
4# 2 1 2 200 50 5 as well.
EZ Z § i’ ;gg 123 2 Functional parameters are commonly applied for the evaluation of
74 3 1 3 300 50 8 honed surfaces and thus provide a tool for the evaluation of properties
8# 3 2 1 300 100 2 that are associated with the material ratio curve [54]. Thus, Spk may
9# 3 3 2 300 150 5

represent the nominal height of the material that may be removed

2.2. Areal roughness parameters

There are five categories of roughness parameters: height, spatial,
hybrid, functional and feature parameters [53]. Seven height parame-
ters were used to characterize the height of the surface profile:

during a running-in operation. Sk represents the core roughness of the
surface over which a load may be distributed after the surface has been
run in. Svk is a measure of the valley depths below the core roughness
and may be related to lubricant retention and debris entrapment.
Arithmetic mean peak curvature (Spc) is one of the feature param-
eters which has a proportional relationship to the shear stress between

Table 3
Area roughness parameters (ISO 25178-2).
No. Category Symbol Parameters Definition
1 Height Sa (pm) Arithmetical mean height Sa :% / / [2(x,y)|dxdy
A
2 Sq Root mean square height 1
= 15 [Py
A
A
3 Ssk Skewness _ 11 3
Ssk = @A // 2°(x,y)dxdy
A
4 Sku Kurtosis 11 4
Sku “5¢a. /z (x,y)dxdy
A
5 Sp (pm) Maximum peak height Sp = mgxz(x y)
6 Sy (pm) Maximum valley height Sy = \rrhinz(x y)|
7 Sz (pm) Maximum height Sz =Sp+ Sv
8 Spatial Sal (pm) Auto-correlation length I [ 2(x,y)2(x — 7,y — 7y)dxdy
A
ACH(ry,7y) = >
I J 2(x,y)*dxdy
Sal = miny /2 + 7
9 Hybrid Sdr (%) Developed interfacial area ratio 2
il /] s (FEY () oy
g
10 Sdq Root mean square gradient 2
sia= [ [(557) (557 Jows
ay
11 Functional Sk (pm) Core height The difference of heights at the areal material ratio values 0 % and 100 % on the equivalent line
12 Spk (pm) Reduced peak height The mean height of peaks above the core surface
13 Svk (pm) Reduced valley depth The arithmetical mean of the reduced valley depth of the areal material ratio curve
14 Feature Spc (um™1) Arithmetic mean peak curvature *z(x,y) 32 2(x,y)
Spe = - Zk 1( 2 2 )
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two contact surfaces (e.g. implant and bone) [55], thus it can be used to
characterize the effective surface area of a rough surface.

Surface morphologies and the related 14 parameters were therefore
measured and calculated using a noncontact optical profilometer (Rtec
UP-Lambda, Rtec Universal Profilometer, California, USA) within a 300
x 300 pm definition area. Table 3 summarizes descriptions of all the
parameters used. Three topographical measurements were performed
for each analyzed surface.

2.3. Signal-to-noise ratio

The signal-to-noise (S/N) ratio was calculated to obtain the best set
of the processing conditions arrangement for obtaining the desired
surface roughness. The term “signal” and “noise” represents the desir-
able and undesirable value for the output characteristics, respectively.
There are 3 types of S/N ratios depending on the desired performance
response: the larger the better; the smaller the better; the nominal the
best. Nominal the best was used in this study, because the surface pa-
rameters are desired to be suitable (nominal target) for good bone
osseointegration, neither larger nor smaller. The signal-to-noise ratio is
calculated as follows:

)
(%) = 10log (?2) o))

where 7 = 1% v and 0 = /%, 99 k is th ber of mea-
¥y=+>iand o = 15— k is the number of mea

surements in an orthogonal array trail and y; is the measured roughness
value in a trail.

Unfortunately, which surface roughness is ideal for osseointegration
is still unknown despite the advancement of biomaterials [56]. Thus, it is
impossible to calculate the S/N ratios for all the measured 14 roughness
parameters. Here in this study, only two parameters Sa and Sdr were
chosen to calculate the S/N ratios, because the original Brdnemark
(commercially pure titanium grade 1) machined implant with a Sa of
0.9 ym and an Sdr of 34 % has now been documented with good clinical
results for up to 20 years [2]. Therefore in this study, the desired values
of parameters Ys,= 0.9 um and Yss= 34 % were chosen to be the
nominal target.

Subsequently, the ANOVA method was applied to identify the most
significant processing factor affecting the surface roughness, the per-
centage contribution (CP,%) from ANOVA indicating the degree of
correlation of a factor. A higher value of CP means the relevant factor is
more important for controlling the surface roughness. The analysis
procedures and more complete results are detailed in Appendix B.

2.4. Characterization of Ti6Al4V

In order to characterize the microstructure of the Ti6Al4V and obtain
a deeper understanding of the formation mechanism of surface
morphology, scanning electron microscopy (SEM, FlexSEM1000, with
an accelerating voltage of 10/15 kV, employed primarily in secondary
electron detection mode) was used to investigate the morphology of the
peened surfaces.

Hardness is an important characteristic of biomaterials as it is part of
the properties that determine tribological behaviors such as wear
resistance or fatigue life. Hardness is affected by the surface topography
of the material, thus it would be worthy of understanding how the
waterjet influences the hardness distribution along the depth direction,
through the generation of plastic deformation and related strain hard-
ening. The Vickers hardness was measured on a microhardness tester
(SCTMC HV-1000Z, China). The specimens were cut and embedded, and
then, the cross-section of the erosion crater was polished using a
metallographic polishing machine for hardness testing. The test force
was set at 2.94 N, automatically applied and released with a holding
time of 10 s. The hardness value was determined based on the
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indentation size by the hardness measuring system. The centerline po-
sition of each groove along the movement of the nozzle was measured,
and each measuring point was spaced 50 pm apart, and the hardness was
measured 3-4 times within the same depth. Finally, the average value
and standard deviation were calculated.

3. Results
3.1. Surface profile

The 3D topography of the waterjet treated surfaces is shown in Fig. 2.
Comparing with the original surface (Fig. 2a), specimens 1, 2, 3 and 6
basically retain the surface texture (Fig. 2(b, c, d, g)); however, the rest
of the specimens exhibit the stochastic texture.

Analyzing the evolution of surface height distribution reveals that,
for specimens 1 and 2, peak clipping emerges as the primary deforma-
tion mechanism, leading to a smoother surface. In contrast, specimens 3
and 6 exhibit substantial plastic deformation due to the sustained impact
of the waterjet, resulting in heightened asperities and deeper valleys.
With an increase in both kinetic energy and exposure time, material
erosion becomes apparent in the remaining specimens, where the
emerging surface undergoes a combined effect of peak clipping, valley
deepening, and valley filling.

These 3D profiles demonstrate the waviness feature of the treated
surface is influenced significantly by the fluid characteristics and
reciprocating motion of the waterjet. Therefore, a comprehensive areal
surface evaluation including the vertical and horizontal direction is
particularly necessary.

3.2. Areal roughness parameters

Table 4 lists the average of three measurements and their standard
deviations of 14 surface roughness parameters selected specifically for
characterizing the waterjet treated surface. The change rate of each
parameter with respect to the untreated specimen is also listed in the
table (in brackets). The maximum increase rate is marked in red, on the
contrary, all the negative change rates (decrease rate) are colored in
green.

The height roughness parameters, Sa and Sq are proportional to the
operation pressure. A lower pressure of waterjet would smooth the
original surface, taking specimen 1 as an example, the Sa declines almost
half. On the contrary, a higher pressure of waterjet would roughen the
surface significantly, like specimen 8, the Sa increases more than 3
times. Similarly, the Sp, Sv and Sz values of specimen 1 decrease the
most, whereas specimen 8 has the maximum change rates of Sp, Sv and
Sz.

Specimen 9 has the highest value of Ssk (pits-dominated), and
specimen 1 has the lowest value of Ssk (peaks-dominated). All the Sku
values of specimens are lower than 3 except specimens 1 and 3, indi-
cating the height distributions of specimens 1 and 3 are narrower than
the Gaussian height distribution.

Sal value has a similar tendency to the Sa. Specimens 1 and 2 have
smaller values of Sal than the original specimen indicating that the
surfaces are dominated by higher-frequency texture components, while
much larger values of Sal of the rest specimens indicate the dominant
components have longer wavelengths than the original surface.

All the cases of waterjet treatments are beneficial to increase the Sdr
except specimen 1. Specimen 9 has the highest value of Sdr, it increases
roughly 2.4 times compared to the original specimen. The only excep-
tion is specimen 1 reduced one-third of Sdr. Sdq is a general measure-
ment of the surface slopes and is affected both by height and spacing.
The Sdq of a perfectly flat surface is 0, and if the surface is inclined the
Sdq will be larger. Specimen 1 was the only one smoothened by the
impingement of the waterjet, and the average slopes of the rest speci-
mens all increase, where specimen 9 has the highest slope of the waterjet
peened surface.
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Fig. 2. 3D profiles of (a) untreated surface of Ti6Al4V and (b-j) waterjet treated surfaces under 9 processing conditions (Case 1# - 9#).

Among all the 14 roughness parameters, Spk is the most sensitive
parameter to the variation of processing conditions. A large Spk implies
a surface composed of high peaks providing a small initial contact area
and thus high areas of contact stress when the surface is contacted, for

example, specimen 9. Sk is analogous to Sz, which has a similar but
higher change rate than Sz. Svk shows a weak link to the variation of
processing conditions that do not have the same trend as any other 13
parameters considered in the study, indicating the waterjet mainly
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Table 4
The areal roughness parameters of the untreated and waterjet treated surfaces.

No.  Sa (um) Sq Ssk Sku Sp (um) Sy (um) Sz (um)

0 1.78 £ 1.17 (0 %) 2.15 + 1.41 (0 %) —0.24 £+ 0.49 (0 %) 2.31 £ 0.19 (0 %) 5.71 + 2.78 (0 %) 7.32 £ 5.79 (0 %) 13.03 £ 8.54 (0 %)

1 0.90 + 0.21 1.16 £ 0.24 —1.01 + 0.70 (321.79 3.99 + 1.73 (72.86 2.92 + 0.81 (—48.88 4.04 + 1.10 (—44.87 6.96 + 1.78 (—46.62
(—49.54 %) (—46.03 %) %) %) %) %) %)

2 1.50 + 0.36 1.83 £ 0.36 —0.28 + 0.62 (17.29 2.69 £+ 0.72 (16.29 7.23 + 2.51 (26.52 6.37 £ 2.79 (—12.94 13.60 + 4.93 (4.36 %)
(—15.68 %) (—14.88 %) %) %) %) %)

3 2.09 £+ 0.25 (17.02 2.64 + 0.35 (22.80 —0.97 + 0.30 (305.81 3.84 £ 0.94 (66.26 5.46 + 1.31 (—4.44 10.64 + 4.07 (45.29 16.10 + 4.97 (23.51
%) %) %) %) %) %) %)

4 5.60 + 0.39 (214.18 6.98 + 0.49 (224.74 —0.11 £ 0.15 2.78 £ 0.13 (20.51 22.92 +£4.25 21.35+0.93 44.27 + 4.68 (239.66
%) %) (—55.43 %) %) (301.30 %) (191.58 %) %)

5 6.37 + 3.04 (256.94 7.56 + 3.31 (251.57 —0.11 +£ 0.15 2.46 + 0.60 (6.45 21.47 +£5.88 20.34 +£5.85 41.81 +£11.21
%) %) (—55.91 %) %) (275.85 %) (177.88 %) (220.83 %)

6 2.26 + 0.20 (26.63 2.70 + 0.31 (25.34 0.13 £+ 0.37 (—152.43 2.18 £ 0.26 7.59 + 1.77 (32.81 6.89 £+ 0.77 (—5.95 14.47 + 2.48 (11.05
%) %) %) (—5.58 %) %) %) %)

7 5.31 + 0.48 (197.87 6.54 + 0.76 (204.03 0.09 + 0.21 (—138.49 2.54 +0.29 (9.74 20.68 + 3.44 17.37 £ 1.73 38.04 + 4.81 (191.91
%) %) %) %) (262.03 %) (137.22 %) %)

8 7.20 £+ 1.09 (303.44 8.80 + 1.32 (309.00 —0.34 + 0.24 (44.33 2.59 £+ 0.06 (12.16 22.98 + 5.53 25.91 + 4.05 48.88 + 9.50 (275.03
%) %) %) %) (302.23 %) (253.87 %) %)

9 6.20 + 3.39 (247.86 7.26 + 3.37 (237.41 0.20 + 0.27 (—184.46 2.44 £+ 0.90 (5.80 20.78 + 6.37 16.60 + 3.86 37.38 £ 9.77 (186.82
%) %) %) %) (263.77 %) (126.74 %) %)

No.  Sal (um) Sdr (%) Sdq Sk (um) Spk (um) Svk (um) Spc

0 27.84 + 21.23 (0 %) 18.19 £ 3.22 (0 %) 0.69 £ 0.07 (0 %) 4.20 £ 0.53 (0 %) 0.93 £ 0.08 (0 %) 3.73 £ 4.95 (0 %) 2.22 +£0.17 (0 %)

1 19.35 £ 9.35 11.70 £+ 2.58 0.54 £ 0.06 2.57 + 0.95 (—38.82 0.33 £ 0.10 2.01 £1.28 1.79 £ 0.21
(—30.48 %) (—35.66 %) (—22.44 %) %) (—64.15 %) (—46.08 %) (—19.39 %)

2 21.16 + 4.44 20.42 + 2.64 (12.26 0.74 £+ 0.05 (6.91 4.28 + 1.59 (1.91 %) 1.06 + 0.57 (14.36 210 £1.18 2.52 + 0.20 (13.56
(—24.00 %) %) %) %) (—43.62 %) %)

3 37.39 £ 15.59 21.30 + 4.37 (17.10 0.78 £ 0.11 (12.80 5.77 +£1.73 (37.22 %) 0.58 £ 0.28 4.24 £+ 0.51 (13.77 2.67 + 0.05 (20.35
(34.31 %) %) %) (—38.09 %) %) %)

4 48.24 + 5.00 (73.31 53.50 + 1.85 1.30 + 0.33 (87.60 17.82 4+ 1.34 (324.23 5.57 + 1.09 (498.63 6.98 £+ 0.67 (87.13 2.95+0.11 (32.88
%) (194.17 %) %) %) %) %) %)

5 41.70 + 7.31 (49.80 58.93 + 4.16 1.36 + 0.07 (97.34 21.44 +£12.14 4.52 £+ 0.71 (386.06 5.05 £+ 0.77 (35.33 3.01 +£0.16 (35.70
%) (224.05 %) %) (410.31 %) %) %) %)

6 32.19 £ 21.19 27.64 + 5.19 (51.98 0.88 + 0.10 (26.99 6.02 + 1.68 (43.36 %) 2.54 +1.91 (173.35 1.89 +1.34 2.85 + 0.16 (28.46
(15.63 %) %) %) %) (—49.29 %) %)

7 50.84 + 4.76 (82.64 56.76 + 1.48 1.41 + 0.00 (104.52 17.37 + 0.25 (313.44 5.46 + 2.52 (486.41 4.48 £+ 1.66 (20.19 3.99 + 0.33 (80.07
%) (212.08 %) %) %) %) %) %)

8 61.12 + 4.13 57.40 + 2.32 1.35 + 0.04 (94.78 21.72 + 4.39 (416.90 4.78 £+ 1.03 (413.69 9.91 + 2.27 (165.67 2.80 + 0.11 (26.05
(119.58 %) (215.63 %) %) %) %) %) %)

9 44.81 + 14.78 61.38 + 8.80 1.46 +£0.11 (111.75 17.67 + 7.72 (320.50 6.73 £+ 2.30 (623.85 3.12 £ 0.83 4.32 £+ 0.46 (94.66
(60.96 %) (237.52 %) %) %) %) (—16.25 %) %)

The red color represents the maximum increase rate, while the green color stands for the negative change rates.

affects the top and middle parts of the surface profile and has little effect
on the surface pits.

Spc has a similar tendency to the two hybrid parameters Sdr and Sdgq,
in which specimen 1 and 9 has the minimum and maximum value,
respectively. A smaller value indicates that the points of contact with
other objects have rounded shapes (specimen 1); a larger value indicates
that the points of contact with other objects have pointed shapes
(specimen 9).

Looking at the selected 5 sets of 14 parameters, the height parame-
ters provide essentially the same information except the Ssk exhibits a
distinctive trend. Sal, as a spatial parameter, has a similar tendency to
the Sa. Sdr corresponding to the available contact area of implant sur-
face increases in all the cases of waterjet treatments except case 1
(surface smoothening). The three functional parameters (Spk Sk Svk)
exhibit a more obvious change compared to the Sp, Sv, and Sz. Spc and
Sdr have similarities.

3.3. S/N ratio and ANOVA analysis

The detailed calculation process of S/N ratios can be found in
Appendix A. Based on the results, the most significant factor that affects
Sa is operation pressure, followed by the number of paths and standoff
distance. Regarding Sdr, operation pressure is also the most significant
factor, but standoff distance has a larger influence than the number of
paths. Table 5 summarizes the best combination of processing parame-
ters (factor level) for obtaining the desired value of Sa = 0.9 um and an
Sdr = 34 %. The best waterjet condition is different, which yields a

Table 5

The best combination of factor levels for obtaining the desired roughness values.
Factor Sa Sdr
Pw (MPa) 100 (level 1) 200 (level 2)
SOD (mm) 50 (level 1) 150 (level 3)
n 2 (level 1) 2 (level 1)

tradeoff problem when using waterjet to obtain a desired surface.

The percentage of contributions for all factors is shown in Table 6,
and the corresponding ANOVA analysis results (degree of freedom, sum
of squares, values of variance, F-ratio, p-value) are listed in Appendix B.
These results show that the operation pressure Pw is the most influential
parameter to the 14 roughness parameters, especially contributing to
the change of Spk the most by 85.07 %. The p-value of Spk is 0.028,
which is less than 0.05.

For the most height parameters (Sa Sq Sku Sv Sz) and Sk, the oper-
ating pressure was the most significant factor in controlling the surface
profile, followed by the standoff distance and the number of jet passes.
However, the number of waterjet path plays a more important role in
controlling the spatial (Sal), hybrid (Sdr and Sdq), functional (Spk) and
feature (Spc) parameters compared to the standoff distance.

There is only one exception, namely Svk. All three factors have small
effects on Svk, and the number of waterjet path contributes less than 1
%. This can be explained by the fact that the majority of the kinetic
energy of the waterjet transfers to the change of surface peak and core
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Table 6

The percentage of contributions to the 14 parameters for all factors.
Parameters Pw (%) SOD (%) n (%) Parameters Pw (%) SOD (%) n (%)
Sa 74.53 7.67 4.82 Sal 69.20 1.03 4.04
Sq 73.75 7.82 4.69 Sdr 80.73 3.59 10.60
Ssk 66.45 1.73 12.15 Sdq 82.21 1.86 12.85
Sku 62.86 12.71 5.46 Sk 70.41 10.87 7.08
Sp 73.34 9.61 9.77 Spk 85.07 0.84 11.64
Sv 56.33 12.09 4.82 Svk 25.18 18.06 1.00
Sz 66.98 10.87 6.95 Spc 62.20 8.89 25.44

Spk + Sk + Svk 70.62 9.87 4.66

height and leaves no more sufficient energy to cause a notable change in
the valley part. Alternatively, the functional surface height (Spk + Sk +
Svk) as a single parameter is considered and the contribution percentage
of each parameter is calculated. It is found that operation pressure
contributes the most by 70.62 %, and this is followed by standoff dis-
tance at 9.87 % and the number of waterjet path at 4.66 %.

3.4. SEM analysis

The surface morphology of the original and treated specimens is
shown in Fig. 3. In general, the impact of waterjet makes the surface
rougher, and higher pressure of waterjet causes the material removal
(Fig. 3(e, f, h, i, j)), and a longer standoff distance widen the groove
generated by the waterjet impingement (Fig.3e vs. 3f, Fig. 3i vs. 3j), but
the influence of multiple passes is less significant compared to the
pressure and the standoff distance.

The process of waterjet impacts is highly stochastic in nature. This
can be seen from Fig. 3(e, f) of cases 4 and 5 where the impacting
waterjet has not fully covered the surface by leaving some areas of the
original surface. However, with higher operation pressure although at a
longer standoff distance, the whole surface was covered by the
impacting waterjet with indents as shown in Fig. 3(h, i, j). This indicates
that the surface has been repeatedly impacted by the water droplets with
higher kinetic energy during multiple jet passes thus leaving no more of
the original surface.

Based on the height distribution evolution, it can be seen that by
tuning the waterjet processing parameters, mainly the factor operation
pressure, the waterjet can either smooth (cases 1# and 2#) or roughen
(cases 3# and 6+#) or erode (cases 4#, 5#, 7#, 8# and 9#) the surface.
When the kinetic energy of the waterjet is not sufficient, the specimens
remain as a striated surface, with only a slight change in the amplitude
and waviness (case 1#, 2#, 3# and 6#). However, when the energy is
increased and the surface material is completely eroded, the randomness
of the waterjet-peened specimen can be observed. With probability
distribution of droplet size and velocity, the waterjet creates a random
surface that is different from the initial engineering surface.

Fig. 4 shows the detailed waterjet eroded surface with random-
distributed pores. The impacting process in the waterjet treatment is
somehow similar to the shot peening using small solid balls [57], thus it
can remove the material with sufficiently high pressure of waterjet. The
presence of pores on the surface is not necessarily negative, as it may
enhance osteointegration by increasing the contact area between the
implant and the surrounding bone tissue [58].

As Fig. 5 displays, when the pressure is up to 300 MPa, waterjet
forms grooves of different depths on the surface at a different standoff
distance. Because a shorter standoff distance brings more kinetic energy
to the waterjet, the groove is deeper compared to the other two cases.

It should be admitted that the original surface of the specimen was
not polished to a finer texture but tried to keep the machined coarse
surface as Figs. 2(a) and 3(a) show, as occurs in commercial machined
implants. During future experiments, the Ti6Al4V surface should be first
ground with SiC papers and polished with diamond abrasive cloth plus
some finer polishing methods and then perform waterjet processing.

3.5. Surface hardness

According to Fig.2, the top surface layers of specimens 4,5,7,8 and 9
have been removed and revealed the stochastic nature of the waterjet
treated surface, so we tested the surface hardness along the depth di-
rection of these five specimens. The Vickers hardness result is shown in
Fig. 6. The obtained profile was characterized by a hardened layer of
thickness 300 ~ 400 pm. Specimen 7 exhibits the highest value of
hardness, which increases by roughly 21.11 % compared to the value of
the unhardened layer. Specimen 5, on the contrary, possesses the lowest
value of hardness, which only increases by 6.76 %. Note that the peak
value of hardness did not appear at the top layer but at a certain distance
beneath the top surface. For example, the peak hardness of specimen 7 is
located at a depth of around 70 pm.

The main reason that the peak hardness was observed below the
surface is the influence of residual stresses. The impingements of the
waterjet generate compressive residual stresses in the material due to
the peening effect. It was found that the hardness increases with
compressive residual stress, whilst it decreases with tensile residual
stress [58,59]. A secondary reason could be the material erosion on the
top surface that weaken the hardness at the top surface [29]. The last but
not least explanation could be the Hertz theory. What is good for elastic
contact can be extended beyond yield regarding the depth at which
hardness is peaking [60]. As a result of these factors, the peak hardness
value was found below the surface layer.

4. Discussion

When evaluating biomaterial surface topography, Sa stands out for
its simplicity, making it a preferred choice. Notably, Ssk in the height
category exhibits a distinct trend, emphasizing its relevance. Addition-
ally, Sal, as a spatial parameter, is recommended for inclusion in the
analysis, and Sdr, with clear biological significance, is strongly advised
for assessment. The three functional parameters Sk, Spk and Svk, directly
impacting bearing capacity, are invaluable additions to the analysis. In
summary, prioritizing Sa, Ssk, Sal, and Sdr is advisable, with Sk, Spk, and
Svk serving as supplementary parameters.

Based on the S/N ratio and ANOVA analysis, it becomes evident that
the pivotal factor in governing surface characteristics is the operating
pressure. Furthermore, fine-tuning surface height can be achieved by
adjusting the standoff distance, while refining surface waviness can be
accomplished through the manipulation of the number of cutting paths.
Moreover, an additional challenge lies in the creation of a hierarchical
surface structure using the waterjet method. This may necessitate the
integration of waterjet technology with other approaches, such as laser
shock peening, to simultaneously generate hierarchical surfaces.

Waterjet treatment at room temperature prevents thermal oxidation,
ensuring the hardened layer matches the original specimen. Any po-
tential oxidation is minimal, as seen in laser shock peening on Ti6Al4V,
producing a mere 5 pm layer [61]. Plastic deformation alone can yield a
thicker hardened layer, extending to a few hundred microns [29,62].
EBSD results for specimen 4 (Fig. C.1 in Appendix C) show small crystal
size, with black areas indicating substantial residual stresses. Waterjet
impingements induce compressive residual stresses, the main driver of
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Fig. 3. SEM images of untreated and treated surfaces of Ti6Al4V.

the hardened layer, as hardness correlates with these stresses [58,59]. nanoscale roughness affects the fast regeneration of the fibrous soft
The current study focuses on surface roughness at the micron scale, tissue after implantation [18,19]. To assess the waterjet-treated surface
with minimal consideration of nanoscale parameters. Generating a at the nanoscale, atomic force microscopy (AFM) was employed.

surface with a nanopattern has become popular [3,17] because the Regrettably, the results (Fig. D.1 in Appendix D) did not align with
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Fig. 5. Cross-section views of specimens treated at different processing conditions (Case 7# - 9#).

490

470 +
450 Al

N
-
S

Hardness

390

370

350
0 50 100 150 200

--o--44
-—e--5¢4
-o--T#

250 300 350 400 450 500

Depth (pm)

Fig. 6. The Vickers hardness results along the depth of different specimens.

expectations, as significant nanopatterns were not observed, and a ma-
jority of the specimens were not suitable for AFM examination. This
outcome may be attributed to limitations in waterjet atomization at the
nanoscale, influenced by surface tension. Even if nanoscale droplets
were present, their kinetic energy decreased significantly due to multi-
ple fragmentations [63], rendering it insufficient to modify surface
morphology. Achieving precise control over surface morphology is
intrinsically linked to the waterjet atomization process, warranting
further theoretical and experimental investigations to enhance control
accuracy.

The most fundamental starting point of biomaterial surface control is
to determine what kind of surface morphology (Sa and Sdr) is most
beneficial to improve the biocompatibility and long-term stability of the
implant (hardness distribution along the depth direction), then use the
most effective surface treatment method (waterjet) to generate the
desired surface. This study provides the tools needed to achieve them.

5. Conclusion

Using the Taguchi method, nine waterjet experimental cases were
designed and conducted. The influence of the operation pressure,
standoff distance, and the number of paths on the surface topography
and the areal roughness parameters as well as the hardness were
analyzed and discussed. The main conclusion is drawn as follows:

e Among the three process parameters of waterjet treatment, the most
critical one is the operation pressure. The standoff distance is bene-
ficial for finer control of the height parameters, whilst the number of
paths affects the waviness.

e By increasing the operation pressure from 100 to 300 MPa, the sur-
face of Ti6Al4V specimens can be smoothed, roughened, or
damaged; when the surface layer is eroded, the new-born surface
exhibits a clear stochastic nature accompanied by microvoids.
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e The hardening effect generated by the impingement of waterjet
spans over a few hundred microns width, with the peak microhard-
ness being found at a depth of 70 pm, which increases by over 20 %.

e After a comprehensive analysis of the 5 categories of 14 areal
roughness parameters, the parameters of Sa, Ssk, Sal, and Sdr as a set
are recommended to characterize the biomaterial’s surface.
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The experimental design by using the Taguchi method is to identify the best set of processing parameters among the effective factors with a reduced

number of experiments. The major steps are as follows:

(1) Factors selection;

(2) Selection of orthogonal array and factor levels;

(3) Conduct experiments described by trials in orthogonal arrays;
(4) Analyze and interpret the results of the experimental trials.

A.1. Factor selection

In this study, the factors taken into consideration are operation pressure (F1), standoff distance (F2) and the number of paths (F3).

A.2. Orthogonal array

Because three factors are selected with 3 different values (3 levels), a suitable L9 3% orthogonal array is designated as illustrated in Table 2.

A.3. Experiments

The pure waterjet tests were conducted according to the sets of control factors obtained from the L9 orthogonal array, and the measured values of

Sa and Sdr are listed in Table 4.

A.4. Results analysis

There are 3 types of S/N ratios depending on the desired performance response:

o The larger the better (for making the system response as large as possible):

S 1 <N 1
=) =—10log|- Y =
(N)L 0g<k;)’%>

e The smaller the better (for making the system response as small as possible):

S 1,
=) =—10log( >y
<N>S o8 k i=1 g

e Nominal the best (for reducing variability around a target):

S y°
= = 101 L
(8), = 10e()

-y 2 .
where ¥ = 1 3% 1y;, and 0 = /3K, %9 k is the number of mea-
surements in an orthogonal array row and y; is the measured value in a
row.

Nominal the best (S/N)r was used in this study. For row 1#, k = 3 and y; = 1.06, y2 = 0.98, y3 = 0.67, and therefore,
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0.9°
1.06 — 0.9 (0.98—0.9)° (0.67—0.9
( . )+( . )+( . )

= 10log

7)

=12.81

2
N 3 (v — 2
Sdr Z (}z ysdr)
i=1 3 — 1

342
(9.74 — 34)"  (14.62 —34)°  (10.74 — 34)°
2 + 2 * 2

= 10log

)

=1.86

Similarly, the S/N ratio for other rows is obtained and shown in Table A.1.

Table A.1
L9 orthogonal array and experiment design.

Case No. Sa (pm) S/N Ratio Sdr (%) S/N Ratio
1# 0.90 12.81 11.70 1.86

2# 1.50 0.78 20.42 6.10

3# 2.09 -4.29 21.30 6.46

4# 5.60 -16.15 53.50 3.04

5# 6.37 —18.24 58.93 0.85

6# 2.26 —-5.40 27.64 11.21

7# 5.31 —-15.61 56.76 1.71

8# 7.20 —18.74 57.40 1.45

9# 6.20 —18.22 61.38 -0.17

The S/N ratio of Sa for the level 1 of operation pressure (100 MPa) is obtained as follows:

(12.81 4 0.78 — 4.29)

levell =
eve 3

=3.10

Similarly, the average S/N ratio for each level of each factor is obtained and shown in Table A.2. From the S/N ratio response, the best combination
of parameters can be identified by selecting the highest value from each factor, as summarized in Table 5.

Table A.2
Response of S/N ratio for each level of each factor.

Level Sa Sdr

Pw SOD n Pw SOD n
1 3.10 —6.31 —3.78 4.81 2.21 4.84
2 -13.26 -12.07 -11.19 5.03 2.80 2.99
3 —17.52 -9.30 -12.71 1.00 5.83 3.01
Max. Difference 20.62 5.76 8.93 4.03 3.62 1.85

Appendix B. Analysis of Variance (ANOVA)
First of all calculate the degree of freedom for all factors. The total degree of freedom (DF) is

DFr=N-1=9-1=8

where N is the number of cases.
For factor A (operation pressure) DFy = ks — 1 =3 — 1 = 2, similarly DFs = DF¢ = 2. For error, DF, = DFr — (DF, + DFp + DF¢) = 2.
According to Table 4, the total sum of squares (SS) of Sa is

11
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(0.90 4 1.50 4 - + 6.20)°
9

= (0.90 + 1.50° + - +6.20*) —

=47.27

Factor A that has 3 levels

5, = {(%ﬂ)z (o) (qu _ ( y)

ka2 ka3 N

(0.90 + 1.50 + 2.09) b (09041504 -+ 6.20)*

3 9

=35.25

Similarly, SSp = 3.62,SSc = 2.29. For error SS, = SSr — (SSa + SSp + SS¢) = 6.12.
Then the value of variance (VV) for factor A

S8y
" DF,
Similarly, VV3 = 1.81, VV¢ = 1.14, and for error VV, = (SS. /DF,) = 3.06.
After this, the F-ratio for all factors are calculated as follows:

VW, 1762

T VY, 3.06 =576

Similarly, Fz = (VV5 /VV,) = 0.59 and F¢ = (VV;/VV,) = 0.37.

At the last, the percentage contribution (CP, %) for all factors is calculated as shown below:

VVy =17.62

Fa

A

CP, = i—; x 100% = 74.53%

Similarly, CPs = (SSp /SSt) x 100% = 7.67%, CPc = (SSc /SSr) x 100% = 4.82%.

The result of ANOVA analysis is presented in Table B.1, B.2 and B.3. Degree of freedom is the number of levels of a factor minus 1, and the sum of
squares indicates the total amount of dispersion within levels, values of variance express dispersion (or, how far the data are scattered from the mean),
and F-ratio represents the variation of a factor. The F-ratio is simply a ratio of factor to error variance. The p-value of the F statistic shows how likely it
is that the F-ratio calculated from the test would have occurred if the null hypothesis of no difference among group means were true.

Table B.1
The ANOVA analysis results for the factor of operation pressure.

Roughness DF SS \'AY F-ratio p-value
Sa 2 35.24 17.62 5.74 0.148
Sq 2 50.17 25.08 5.37 0.157
Ssk 2 1.07 0.53 3.38 0.228
Sku 2 2.04 1.02 3.31 0.232
Sp 2 429.16 214.58 10.08 0.090
Sy 2 265.93 132.96 2.10 0.323
Sz 2 1369.60 684.82 4.41 0.185
Sal 2 1041.90 520.93 2.69 0.271
Sdq 2 0.81 0.41 26.73 0.036
Sdr 2 2631.10 1315.50 15.90 0.059
Sk 2 349.65 174.82 6.04 0.142
Spk 2 39.72 19.86 34.81 0.028
Svk 2 14.20 7.10 0.45 0.690
Spc 2 2.86 1.43 17.95 0.053

A small p-value (<0.05) indicates that the difference between group means is statistically significant, in other words, the processing parameter has
a significant influence on the test results. As Table B.1 shows, Sdq and Spk are influenced by the change of operation pressure most. However, a large p-
value (>0.95) indicates that the null hypothesis is true, and there is no difference between group means. Based on Tables B.2 and B.3 results, Sal is not
affected by the standoff distance and the number of the path has no effects on the Svk.

12
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Table B.2

The ANOVA analysis results for the factor of standoff distance.
Roughness DF SS Vv F-ratio p-value
Sa 2 3.63 1.81 0.59 0.629
Sq 2 5.32 2.66 0.57 0.637
Ssk 2 0.03 0.01 0.09 0.917
Sku 2 0.41 0.21 0.67 0.599
Sp 2 56.25 28.13 1.32 0.431
Sy 2 57.06 28.53 0.45 0.690
Sz 2 222.30 111.15 0.72 0.581
Sal 2 15.45 7.73 0.04 0.962
Sdq 2 0.02 0.01 0.61 0.621
Sdr 2 116.98 58.49 0.71 0.585
Sk 2 53.99 26.99 0.93 0.518
Spk 2 0.39 0.20 0.34 0.746
Svk 2 10.19 5.09 0.32 0.758
Spe 2 0.41 0.20 2.57 0.280

Table B.3

The ANOVA analysis results for the factor of the number of path.
Roughness DF SS Vv F-ratio p-value
Sa 2 2.28 1.14 0.37 0.730
Sq 2 3.19 1.60 0.34 0.746
Ssk 2 0.19 0.10 0.62 0.617
Sku 2 0.18 0.09 0.29 0.775
Sp 2 57.17 28.59 1.34 0.427
Sv 2 22.74 11.37 0.18 0.847
Sz 2 142.21 71.11 0.46 0.685
Sal 2 60.86 30.43 0.16 0.862
Sdq 2 0.13 0.06 4.18 0.193
Sdr 2 345.53 172.77 2.09 0.324
Sk 2 35.14 17.57 0.61 0.621
Spk 2 5.43 2.72 4.76 0.174
Svk 2 0.56 0.28 0.02 0.980
Spc 2 117 0.58 7.34 0.120

Appendix C. Electron backscatter diffraction characterization

Electron backscatter diffraction (EBSD) measurements were carried out to analyze the microstructure of the waterjet treated sample’s cross-section
(specimen 4). The working distance, current, and voltage were set to be 15 mm, 10 nA, and 20 keV, respectively. The characterization was performed
on Zeiss Gemini 450 with an Oxford EBSD detector.

2 . ] : W 4]

Fig. C.1. (a) Inverse pole figure image and (b) the corresponding band contrast image of the cross-section area of waterjet treated specimen 4.

Appendix D. Atomic force microscope characterization

Atomic force microscopy (AFM, Bruker Dimension XR FastScan) analysis was used to observe the nanoscale feature of the waterjet treated surface,
The AFM scanning was performed in tapping mode with a scanning frequency of 0.498 Hz and a scan length of 50 pm. The results (Fig. C.1) indicate
that the surface modification at the nanoscale is quite limited. Moreover, the specimens from case 4 to case 9 failed in the AFM analysis because the
surface height difference was too large to be measured by the AFM.

13
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1#

Fig. D.1. AFM images of (a) original engineering surface of Ti6Al4V and (b-d) waterjet treated surfaces under 3 processing conditions (Case 1# - 3#).
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