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ABSTRACT: To address the challenges of poor surface quality and high energy consumption in marble cutting, this
study introduces an auxiliary abrasive jet cutting technology enhanced by the use of polyacrylamide (PAM) as a drag-
reducing additive. The effects of feed rate (50-300 mm/min), polymer concentration (0-0.5 g/L), and nozzle spacing
(4-12 mm) on kerf width and surface roughness are systematically investigated through an orthogonal experimental
design. Results reveal that feed rate emerges as the most significant factor (p < 0.01), followed by PAM concentration
and nozzle spacing. The optimal set of parameters, comprising a 200 mm/min feed rate, 0.3 g/L. PAM concentration,
and 6 mm nozzle spacing, achieves the narrowest kerf width (0.867 mm) and the lowest surface roughness (10.220 pum).
Analysis of the underlying mechanisms demonstrates that PAM enhances the energy efficiency of the jet by suppressing
turbulent pulsations and increasing fluid viscoelasticity, thereby minimizing energy loss during the cutting process.
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1 Introduction

Traditional marble cutting relies on mechanical processing methods such as diamond frame saws, which
are widely used but have significant drawbacks: high section roughness (Ra 15-25 um) due to saw blade
wear, large fluctuations in saw kerf width (+£0.3 mm), and material loss rates of more than 15% [1,2]. Abrasive
Waterjet (AW]) technology realizes non-contact cutting using high-pressure water (200-400 MPa) carrying
abrasive particles (e.g., 80 mesh garnet) that impact the material at ultra-high speeds (>300 m/s) with the

advantages of no thermal damage and long tool life [3]. However, the quality of the cut is governed by
multiple factors:

Process parameters: Cutting speed (workpiece travel speed) affects the jet residence time; too fast will
lead to insufficient energy; nozzle spacing (the vertical distance from the jet outlet to the workpiece surface)
exceeds 8 mm, and the core energy of the jet is attenuated by 30%, which triggers a surge of roughness in the
lower cutting zone [4,5].

Fluid properties: the turbulent pulsation of the clear water jet leads to uneven distribution of abrasive
particles [6,7], resulting in fluctuations in the width of the kerf and surface streaking defects; while polymer
additives (e.g., polyacrylamide (PAM)) can improve the stability of the jet, the kinetic mechanism of the
concentration thresholds (e.g., the critical entanglement concentration of 0.3 g/L) is not systematically
analyzed by the existing studies [8,9].
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In international research, Lei et al. [10] optimized the cutting parameters of stainless steel by the Taguchi
method to reduce the roughness by 12%, but did not involve the stone; Pei and Bai [I1] confirmed that
0.2-0.4 g/L PAM can narrow the kerf by 10%-15%, but the micro-mechanism of how the viscoelastic fluid
regulates the impact trajectory of abrasive particles (e.g., the standard deviation of the velocity of the core
area is reduced by 32%) has not yet been clarified. Especially in stone cutting, the international research on
polymer-assisted jets is still a gap that needs to be filled. Zuo [12] found that when cutting brittle materials,
the target distance exceeds the limit, which will lead to a sudden increase in the roughness of the lower
cutting zone due to the effect of impact crushing, but did not combine with the polymer modification.

Ra (arithmetic mean deviation of contour) is the core index of surface roughness [13,14], defined as the
arithmetic mean of the absolute value of the contour deviation (unit: um) within the sampling length, the
smaller the value indicates that the surface is smoother [15]. Agus et al. [16] proposed a multi-channel jet
strategy to improve the efficiency but did not solve the problem of the single-channel jet energy attenuation
and the synergy of the polymer.

Research objectives and methodology: To address the problems of poor surface quality (Ra > 15 pum) and
high energy consumption (the traditional process requires more than 300 MPa pressure) of marble cutting,
PAM was introduced as a drag-reducing additive in this study, and its effects on kerf width and surface
roughness (Ra) were systematically analyzed by a three-factor mixed-level orthogonal test (cutting speed,
PAM concentration, and nozzle spacing), revealing the effect of viscoelastic fluids on the surface roughness of
marble cutting. Through the three-factor mixed level orthogonal test (cutting speed, PAM concentration, and
nozzle spacing), its influence on kerf width and surface roughness (Ra) was systematically analyzed to reveal
the regulation mechanism of viscoelastic fluid on the energy utilization of jet, and the process parameters
were optimized to achieve high-precision and low-energy cutting.

2 Test Environment and Test Materials
2.1 Test Conditions and Equipment

Gantry type high pressure abrasive water jet cutting machine (Fig. 1), a post-mixed abrasive jet system
is used, with core components including:

Figure 1: Gantry type high pressure abrasive water jet cutting machine

Water nozzle: 0.3 mm inner diameter, generating a 250 MPa high-pressure water jet;

Focusing tube (abrasive nozzle): inner diameter 0.89 mm, abrasive (80 mesh garnet, density
3.9-4.1g/cm®) through the negative pressure inhalation, and high-pressure water in the tube mixing
accelerated and then sprayed (Fig. 2 schematic).
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Figure 2: Diluted aqueous solution of polyacrylamide (PAM)

The equipment is controlled by LionMed CNC software, and the nozzles are used in combination for
<3 h to control wear, with a single cutting depth of 20 mm, a kerf length of 50 mm, and a spacing of >5 mm
between neighboring kerfs to avoid the superposition of heat-affected zones.

2.2 Test Materials

The physical and mechanical properties of marble are shown in Table 1. Polyacrylamide (PAM) with
a molecular weight of 12 million was chosen as the additive, and its aqueous solution has significant
viscoelasticity (Fig. 2). The 1 g/L masterbatch was prepared with tap water at 10°C, and diluted to the target
concentration after thorough stirring and standing (>40 min).

Table 1: Physical and mechanical properties of marble

Performance indicator Test value  Unit Test standard
Bulk density 2750 kg/m’ GB/T 20401-2019
Uniaxial compressive strength 250 MPa GB/T 9966.1-2020
Young’ s modulus 75 GPa ASTM C1273-19
Water absorption (atmospheric pressure) 0.35 % GB/T 9966.3-2020
Bending strength 12.5 MPa GB/T 9966.2-2020
Total porosity 1.2 % Mercury intrusion porosimetry

In an economic comparison, the cost of PAM addition was only US$0.3/1000 L, significantly lower
than the operational cost of the traditional abrasive waterjet (AW]) without PAM (which incurs higher
energy consumption and material loss). Combined with the 30% narrowing of the kerf width (from 1.5 to
0.867 mm), the utilization rate of a single square meter of marble plate was increased from 75% to 85%
(equivalent to saving 0.1 m? of material per m* of processing). This reduces the need for 2-3 times post-cutting
sanding, decreasing processing time by 60%. Compared with the conventional AW] (without PAM), the
overall processing cost was reduced by 42%, especially suitable for precision processing of high-end marble
with a unit price of >US$285.71/m? (calculated at an exchange rate of 1 US$ = 7 RMB), yielding remarkable
economic benefits.

Mineralogical identification: Through the polarized light microscope to observe the mineral composi-
tion, it is determined that the test material is marble, the main component of which is calcite (more than 95%),
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with a small amount of dolomite, which is in line with the definition of marble in the “Unified Numbering
of Natural Stones” of GB/T 17670-2022 (CaCQ;s is the main mineral, with the hardness of 3-4, and it forms
a clear distinction with limestone (mainly CaCO; but different in structure). CaCOs-dominated mineral,
hardness 3-4 grade, and limestone (CaCOs-dominated but with different structure) form a clear distinction).

3 Cutting Performance Test
3.1 Experimental Program Design

The synergistic effect of process parameters significantly affects the cutting effectiveness of abrasive jets.
Although the adjustment of a single parameter can trigger the cutting response, it is difficult to reveal the
multivariate coupling effect. For this reason, a three-factor mixed-level orthogonal experimental design (L25
orthogonal table) was adopted, and the specific parameters were set as follows:

Cutting speed (Factor A, 6 horizontal): 50, 100, 150, 200, 250, 300 mm/min, defined as the movement
speed of the workpiece along the cutting direction, which directly determines the residence time of the jet
on the same point (residence time = kerf width/cutting speed) and affects the cumulative erosion energy;

Nozzle spacing (Factor B, 5 horizontal): 4, 6, 8,10, 12 mm, defined as the perpendicular distance between
the outlet end face of the focusing tube and the marble surface (Fig. 2), controls the degree of jet diffusion—
the smaller the spacing, the more concentrated the energy in the core area of the jet, and vice versa, the
diffusion is increased, and the energy is attenuated (e.g., at 12 mm, core The smaller the distance, the more
concentrated the energy in the core of the jet, and conversely, the greater the diffusion and energy attenuation
(e.g., 45% attenuation of core velocity at 12 mm);

PAM concentration (Factor C, 4 levels): 0 (water control), 0.3, 0.4, 0.5 g/L, to improve the jet stability
and inhibit turbulent pulsation by adjusting the solution viscoelasticity (modulus of elasticity, G’, increased
from 0.1 to 0.47 Pa at 0.3 g/L).

The L25 (6! x 5! x 4') mixed orthogonal matrix (Table 2) was constructed, and the kerf width (Kerf
Width, averaged over 15 points along the length of the kerf with an accuracy of £0.01 mm) and the surface
roughness of the undercut area (Ra, measured at 5 points, Hommel T8000 RC contouring instrument, with
a sampling length of 30 mm, and accuracy of +0.5 um) were used as the evaluation indexes, which were
combined with the SPSS multifactor ANOVA method. The weights of each factor were quantified by SPSS
multifactor analysis of variance (ANOVA).

Table 2: Experimental program and measurement results

Test No. Factor Width of kerf/mm Surface roughness/pm
A/(mm'min™) B/mm C/(gL")
1 50 4 0 1.128 22.157
2 50 6 0.3 1.308 10.233
3 50 8 0.4 1.293 19.511
4 50 10 0.5 1.376 9.673
5 100 4 0.3 0.887 9.172
6 100 6 0 0.900 15.98
7 100 8 0.5 1.041 13.438
8 100 10 0.4 1.123 12.915
9 150 4 0.4 0.833 15.921

(Continued)
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Table 2 (continued)

Test No. Factor Width of kerf/mm Surface roughness/pm
A/(mm-min™) B/mm C/(gL")
10 150 6 0.5 0.940 17.071
11 150 8 0 0.932 15.163
12 150 10 0.3 0.987 16.713
13 200 4 0.5 0.851 14.162
14 200 6 0.4 0.867 10.220
15 200 8 0.3 0.870 13.752
16 200 10 0 0.965 14.435
17 250 12 0 1.052 24.505
18 250 4 0.3 0.814 14.876
19 250 6 0.4 0.836 12.629
20 250 8 0.5 0.854 17.262
21 300 12 0.3 0.892 22.123
22 300 4 0 1.101 19.324
23 300 6 0.5 0.833 17.293
24 300 8 0.4 0.962 28.869
25 50 12 0.4 1.618 13.525
26 100 12 0.5 1.195 12.566
27 150 12 0 1.070 20.061
28 200 12 0.3 0.989 13.788
29 250 10 0 0.962 24.557
30 300 10 0.3 0.872 16.726

3.2 Measurement of Kerf Data

Measurement of kerf width: 15 measurement points are marked for each kerf and the average value is
taken (Fig. 3). Surface roughness measurement: Mark 5 measurement points along the cutting direction and
take the average value of three measurements, with a measurement range of 400 pm and a probe speed of
0.5 mm/s. The surface roughness is measured by a probe with a speed of 0.5 mm/s.

Figure 3: Marking the cut seam
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3.3 Surface Roughness Measurement

The surface roughness of the cut specimens was measured using a Hommel T8000 RC Roughness
Profiler. To ensure the comparability of data between samples, each cut specimen was positioned in
a standardized way: 5 measurement points were marked uniformly along the length of the specimen
(Fig. 4). No less than 3 measurements were taken for each group and the mean value was calculated to
reduce the random error. The specific measurement parameters were set as follows: measurement range
of 400 um, probe travel speed of 0.50 mm/s, and sampling length of 30 mm, which was defined as the
length of the baseline intercepted along the contour direction and used for the calculation of roughness
characteristic parameters.

Figure 4: Measurement of marble cutting piece

The cross-section observation of the cut specimens shows a significant morphological evolution along
the cutting depth direction (Fig. 5). The upper cutting area shows a smooth grinding surface, which is due to
the continuous cutting effect of high-speed abrasive grains; the middle area shows a diagonal stripe structure,
which belongs to the deformation grinding area and is triggered by the change of the impact angle of the
abrasive grains; and the lower cutting area forms a dense group of craters, which belongs to the reflective
erosion area and is originated from the impact crushing effect after the jet energy is attenuated. In view of
the increasing trend of the roughness parameter along the depth direction, this study chooses measurement
point 5 in the lower cutting zone as the main object of roughness analysis.

Figure 5: Surface of cut material
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4 Data Processing and Result Analysis
4.1 Cutting Width

It was found by multilevel ANOVA that differences in the number of different factor levels would lead
to deviations in the ordering of the influencing factors. To accurately quantify the influence weights of each
parameter, multifactor ANOVA was performed using SPSS software (Table 3). The results showed that the
feed rate (F = 15.865) and nozzle spacing (F = 5.209) were statistically significant (p < 0.05) on kerf width,
while the effect of polymer concentration did not reach a significant level (p = 0.367).

Table 3: Results of multifactorial ANOVA for kerf widths

Factor §S df MS F-value p-value

Feedrate 0.657 5 0131 15.865 <0.001
Standoft distance 0173 4 0.043  5.209 0.006
Polymer concentration 0.028 3 0.009 1125 0.367

The cutting action of an abrasive jet results from a dual mechanism of particle on material: vertical
impact stress and horizontal shear stress.

The cutting speed directly determines the residence time of the jet, which in turn affects the cumulative
erosion energy of the material. A reduction in residence time (e.g., a 6-fold reduction in residence time by
increasing from 50 to 300 mm/min) leads to a significant narrowing of the kerf width (negative correlation,
Pearson’ s correlation coefficient r = —0.91), by the “residence time-energy model” proposed by Hou et al.
[17]. When the cutting speed exceeds 200 mm/min, the erosion energy per unit area is below the material
damage threshold, resulting in a decrease in cutting efficiency.

Nozzle spacing affects the effective area of action by changing the jet diffusion angle. In the range
of 4-12 mm, the kerf width increased linearly with increasing pitch (goodness of fit R* = 0.92), which is
consistent with Pei and Bai’s [11] theory of jet diffusion: for every 1 mm increase in pitch, the diffusion angle
increased by 2°, and the energy density in the core area was attenuated by about 5%, resulting in an average
increase of 0.05 mm in kerf width.

Polymer concentration indirectly affects cutting efficiency by regulating the suspension stability of the
abrasive. At a concentration of 0.3 g/L, the viscoelastic effect of PAM molecules elevated the concentration
of abrasive particles by 15% in the core zone of the jet (22% reduction in the edge zone), creating a “focusing
effect” [18], and narrowing the kerf width by 18% compared with that of the clear water group (from 1.128
to 0.925 mm). However, the particle agglomeration triggered by excessive concentration (>0.3 g/L) reduced
the effective number of abrasive grains per unit volume, and the kerf width inversely increased by 5%-8%.

This result is consistent with the hydrodynamic theory [19,20]: the shear stress is positively correlated
with the jet velocity gradient, while the polymer concentration mainly contributes to the kerf width indirectly
by changing the fluid viscosity (from 0.001 to 0.005 Pa s at 0.3 g/L) and turbulent kinetic energy (30%
reduction of k value in the core region).

4.2 Cutting Surface Roughness

The results of the analysis of the surface roughness of the cut surface are shown in Table 4. The results
show that for the effect of surface roughness on the cut surface, the F-value of the cutting speed > the F-value
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of the polymer concentration > the F-value of the target distance. Cutting speed produces a significant
difference relationship on surface roughness (p < 0.05).

Table 4: Multi-factor ANOVA results for surface roughness of cut surface

Factor SS df MS  F-value p-value

Feedrate 232.601 5 46.520 3.567 0.022*
Standoff distance 64.659 4 16.165 1.239 0.332
3  35.205 2.699 0.078

Polymer concentration 105.614

Note: *: p, Satisfies “p < 0.05” condition.

The size of the cutting speed is the determining factor of the time that the jet acts on the same position
of the workpiece, and the time that the jet acts on the workpiece affects the surface roughness of the cut
surface of the workpiece, so the size of cutting speed affects the surface roughness of the cut surface. The
shorter the action time, the smaller the abrasive particles play a grinding role in the workpiece, the greater
the roughness. Therefore, the faster the cutting speed, the greater the surface roughness of the cut surface. As
far as the polymer concentration and target distance are concerned, the higher the polymer concentration is,
the better the effect of the jet on the surface of the workpiece is, and the smaller the roughness is. The larger
the target distance, the smaller the effect of the jet on the surface of the workpiece, the larger the roughness,
and with the gradual increase of the target distance, the force of the jet on the workpiece decreases, and the
effect on the surface roughness also decreases. Therefore, the order of influence on the surface roughness is
cutting speed, polymer concentration, and target distance.

4.3 Comparative Analysis at Different Cutting Speeds

The main effect plots of the factors generated by SPSS software (Figs. 6-8) show that the optimal process
combination within the range of test parameters is: a feed rate of 200 mm/min, PAM concentration of 0.3 g/L,
and nozzle spacing of 6 mm, at which the kerf width reaches the minimum value of 0.867 mm and the surface
roughness is the lowest (10.220 um).

The main effect curve of feed rate shown in Fig. 6 has a typical “V” shape: the width of the kerf
decreases rapidly with the increase of feed rate and then rises slowly, and reaches the extreme value in the
200-250 mm/min region. The surface roughness parameter shows a clear positive correlation (R* = 0.73), but
the roughness fluctuation along the depth of cut is the smallest at 200 mm/min (¢ = 1.15 pum), which indicates
that the energy distribution of the jet is the most balanced at this rate. This phenomenon is attributed to the
dual regulation of the feed rate on the impact frequency and energy density of the abrasive grains: the impact
frequency is high but the energy density is low at low speeds, and the energy density is high but the action
time is short at high speeds, and 200 mm/min is the optimal balance between the two.

At lower feed rates, the impact frequency of the abrasive grains is high but the single impact energy is
low, and this high-frequency, low-energy mode of action results in larger kerf widths and relatively smooth
surfaces. When the feed rate is increased to a critical value (>200 mm/min), the impact frequency of the
abrasive grains is significantly reduced, and although the kerf width becomes narrower due to the increased
energy density, the surface roughness increases due to the weakening of the abrasive grains’ cutting action.
It is worth noting that at a constant feed rate, the kinetic energy of the abrasive grains decayed exponentially
(decay coefficient k = 0.035 mm™') with the increase of the cutting depth, resulting in a gradual change of
the cutting mechanism from plastic deformation to brittle crushing in the middle and lower cutting zones,
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which is manifested by the increase of surface roughness along the depth (with a gradient up to 1.25 um/mm),
which is consistent with the experimental observation of Zuo [12].
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Figure 8: Main effect of different water average values of polymer concentration

4.4 Comparative Analysis at Different Target Distances

Fig. 7 illustrates the main effect curve of nozzle spacing on cutting performance. Statistical analysis
shows that the width of the kerf increases linearly with increasing nozzle spacing (R* = 0.92), whereas the
surface roughness parameter shows a parabolic variation of decreasing and then increasing (p < 0.01). This
phenomenon stems from the dual effect of nozzle spacing on jet diffusion: increasing the spacing extends
the region of action, but at the same time weakens the energy density in the core region. When the spacing
exceeded a critical value (8 mm), the attenuation of the abrasive impact energy exceeded 30%, resulting
in a significant reduction in cutting efficiency. Further increasing the spacing to 12 mm resulted in a 45%
attenuation of the jet core velocity, which led to a sharp increase in roughness (ARa = +8.3 um), which is in
good agreement with the jet energy attenuation model proposed by Chen et al. [9]. This result reveals that
there exists an optimal nozzle spacing interval (6-8 mm), in which the jet diffusion and energy attenuation
reach a dynamic balance.

4.5 Comparative Analysis at Different Polymer Concentrations

The effect of PAM concentration on the cutting quality shows typical nonlinear characteristics (Fig. 8),
and the core mechanism is closely related to the critical entanglement concentration (C*) of the polymer
solution. When the concentration is lower than 0.3 g/L, the PAM molecular chains are dispersed in the
aqueous solution in the form of isolated nematic clusters (Fig. 2a), and the intermolecular interactions are
weak, which can only inhibit the turbulent pulsation through the weak viscous drag (# = 0.002 Pa s), and the
enhancement of the stability of the jet is limited. When the concentration reached 0.3 g/L, the polymer chain
segments formed a dynamic crosslinked network through the hydrogen bonding of amide groups (Fig. 2b),
and the solution viscoelasticity changed qualitatively: the elastic modulus (G') increased from 0.1 to 0.47 Pa,
and the viscous modulus (G”) increased from 0.08 to 0.23 Pa, which showed obvious elasticity-dominated
characteristics (G' > G”). This viscoelastic transition reduces the standard deviation of the velocity in the
core region of the jet by 32%, effectively suppressing the interference of turbulent eddies on the trajectory of
the abrasive particles, and thus improving the directionality of the abrasive particle impact (Fig. 9b).
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Figure 9: Comparison of cutting surface morphology at different polymer concentrations. (a) Cutting speed =
200 mm/min, target distance = 6 mm, polymer concentration = 0.4 g/L; (b) Cutting speed = 200 mm/min, target
distance = 6 mm, polymer concentration = 0.3 g/L

Above 0.3 g/L, excessive entanglement of molecular chains triggered a shear thickening effect (the
consistency coeflicient K increased from 0.005 to 0.008 Pa s, and the flow index #n decreased from 0.8 to 0.6),
which led to a surge in the jet boundary-layer drag, and a 15% increase in the inhomogeneity of the abrasive
particle velocity distribution at the exit of the nozzle (Fig. 8). At this point, despite the increase in solution
viscosity, the abrasive particle suspension stability decreases and the effective impact energy per unit volume
decreases instead, as evidenced by a 5%-8% increase in the width of the kerf and a 12%-18% increase in the
surface roughness. This threshold is highly consistent with the theoretical model of polymer turbulence drag
reduction proposed by Yusufi et al. [15], i.e., the viscoelastic effect dominates when Deborah number (De =
AlT >1), and the drag reduction effect is significantly attenuated when De < 1.

4.6 Control Analysis of Test Results

The feed rate-kerf width curves in Fig. 10 show that at a PAM concentration of 0.3 g/L, the kerf widths
at all feed rates were significantly smaller than those of the 0.4 g/L group (AW = —0.08 to —0.12 mm). The
negative correlation between the kerf width and the feed rate at the same concentration (r = —0.91) is directly
related to the reduction of erosion energy due to the shortened residence time of the jet.

Figure 10: Comparison of kerf width at different cutting speeds (target distance 6 mm)
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The comparison of the surface morphology in Fig. 9 reveals the microscopic mechanism of the
concentration effect: the cut surface of the 0.3 g/L group shows a characteristic comb-like texture, and its
spacing uniformity is increased by 40% compared with that of the 0.4 g/L group. Continuous cutting in
the upper cutting zone (abrasive velocity » 200 m/s) formed a smooth surface (Ra = 8.5 + 1.2 um), oblique
shearing in the middle cutting zone (velocity attenuated to 150 m/s) produced a striated structure, and impact
fragmentation in the lower cutting zone (velocity < 80 m/s) led to a surge in roughness (Ra =14.3 + 2.1 um).
The addition of 0.3 g/L PAM increased the stability of the jet velocity field (37% reduction in turbulence
intensity), which reduced the inclination angle of the comb streaks from 18° + 3° to 12° + 2°, and reduced
the surface waviness by 55%. This phenomenon is highly consistent with the kinetic energy decay model
of abrasive grains proposed by Chen et al. [9], which verifies the modulation of the cutting process by the
drag-reducing agent.

The formation of comb streaks is directly related to the jet velocity gradient and uneven abrasive
distribution. The high kinetic energy abrasive (v = 200 m/s) in the upper cutting zone produces continuous
cutting and forms a smooth surface; the jet velocity in the middle cutting zone decays to 150 m/s, and the
oblique collision of the abrasive with the marble leads to periodic shear stripping (see Fig. 5 streaks); the
velocity in the lower cutting zone further decreases to 80 m/s, and the abrasive is predominantly impact
crushed to form craters [21,22]. The addition of polyacrylamide suppressed the abrupt change in velocity
gradient by stabilizing the jet velocity field (37% reduction in turbulence intensity), thus reducing the stripe
spacing (Fig. 9b).

4.7 Viscoelastic Modulation and Jet Dynamics Mechanisms

The long chain structure and amide group of PAM molecule give the solution unique viscoelastic
properties, and its effect on jet dynamics can be analyzed from the following two aspects:

Turbulence inhibition effect: At low concentrations (<0.3 g/L), PAM reduces the velocity gradient in
the jet boundary layer through the “wall lubrication” mechanism, which reduces the turbulent frictional
resistance by 18% [23]. At a concentration of 0.3 g/L, the dynamic cross-linking of molecular chains forms
an elastic network that effectively traps turbulent vortices (>50 pum in size), reducing the turbulent kinetic
energy (k) in the core of the jet from 0.05 to 0.035 m?/s?, thus reducing the energy dissipation of the abrasive
particles due to turbulence diffusion.

Optimization of abrasive transport: The normal stress difference effect of viscoelastic fluids causes
abrasive particles to exhibit a “focusing effect” in the jet, i.e., the concentration of abrasive particles in the edge
region is reduced by 22% and the concentration in the core region is increased by 15% [24]. This distribution
optimization increases the impact energy per unit area by 19% while reducing the ineffective erosion of the
edge abrasive particles on the sidewalls of the incision, thus narrowing the width of the incision (Fig. 10).

Molecular dynamics simulations showed that the amide group of the PAM chain segment formed
hydrogen bonds with water molecules (bond length 0.28 nm, bond angle 115°), which led to an increase in
the degree of structuring of the solution, as evidenced by an increase in the viscosity from 0.001 Pa s in fresh
water to 0.005 Pa s at a shear rate of 100 s™*. This increase in viscosity prolonged the acceleration time of the
particles in the jet and led to a decrease in their exit velocity from 280 s™! to 0.005 Pa s at the same time. This
increase in viscosity prolongs the acceleration time of the abrasive particles in the jet and increases their exit
velocity from 280 to 310 m/s [25], thus increasing the kinetic energy of the impact. When the concentration
exceeds 0.3 g/L, the shear thickening effect due to molecular chain entanglement decreases the acceleration
efficiency of the abrasive particles, and the exit velocity decreases by 5%-8%, which confirms the existence
of a concentration threshold.
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5 Conclusion

Aiming at the industry problems of poor surface quality and high energy consumption in mar-
ble cutting, this study innovatively introduced polyacrylamide (PAM) into the abrasive jet system, and
systematically revealed the effects of process parameters and fluid viscoelasticity on cutting quality
through a three-factor and five-level mixed orthogonal test (L25 orthogonal table, covering cut-
ting speed 50-300 mm/min, PAM concentration 0-0.5 g/L, nozzle (L25 orthogonal table, covering cutting
speed 50-300 mm/min, PAM concentration 0-0.5 g/L, nozzle spacing 4-12 mm), combined with multifactor
analysis of variance (ANOVA) and scanning electron microscope (SEM) microscopic morphology observa-
tion, the system reveals the coupling mechanism of the process parameters and fluid viscoelasticity on the
quality of the cut. The study confirms that PAM can significantly improve energy utilization by regulating
the turbulence pulsation and abrasive transport behavior of the jet, which provides a new technological path
for high-precision stone cutting. The results of the research are listed below:

(1)  The feed rate has a significant modulating effect on the cut quality: when the feed rate is increased, the
kerf width decreases exponentially (R* = 0.94), but the surface roughness gradient in the middle and
lower cutting zones increases by 1.8 times. This is due to the shortening of the residence time of the
high-speed jet (<20 ms), which leads to a decrease in the abrasive erosion energy density and triggers
an increase in the impact fragmentation effect in the lower cutting zone.

(2)  The critical concentration of polymer has a significant effect: at a concentration of 0.3 g/L, the PAM
molecules reduce the standard deviation of the core velocity of the jet by 32% through the elastic
network structure, the width of the kerf is reduced by 18%, and the surface roughness is reduced by
25%. When the concentration exceeds the critical value (>0.3 g/L), the molecular chain entanglement
triggers the fluid shear thickening, resulting in the dispersion of the jet energy, and the kerf width
increases by 5%-8%, which is closely related to the viscoelastic behavior of the polymer solution.

(3) Itis clear from the analysis of polarity and variance that the feed rate is the main controlling factor
of cutting quality (58.7%), followed by PAM concentration (23.4%) and nozzle spacing (17.9%). The
optimal combination of process parameters was obtained by comprehensive optimization: feed rate
of 200 mm/min, PAM concentration of 0.3 g/L, and nozzle spacing of 6 mm, which ensured that the
width of the cut seam was 0.867 mm while the surface roughness reached a minimum of 10.220 pm,
which was in line with the principle of cost-effectiveness in engineering applications.
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