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Abstract: This paper presents the erosion results of the AISI H13 steel impinged by resin-bonded silica 
sand, using a testing rig that closely simulates the real blowing conditions during industrial core-making. Steel 
specimens were heat treated to obtain hardness of 294, 445 and 595 HV200 (29, 45 and 55 HRC). Erosion tests 
were carried out at impingement angles from 20° to 90° and air drag pressures of 1.38, 2.07 and 2.76 bar (20, 
30 and 40 psi). The main results are summarized as follows: (i) The harder material, the lower erosion; (ii) the 
maximum erosion rate is at 30°; (iii) Little difference in erosion rate at impact angle of 60° and 90° for a constant 
pressure tested regardless of the hardness level; (iv) As the pressure increases, so does the erosion rate, being 
more sensitive for low impact angles. Finally, a differential form of the general erosion equation is applied on a 
practical core-making case to evaluate the erosion rate of the H13 steel at 30° and 90° impingement angles. 
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The cold box process using silica sand coated with 
resin binder is common in the casting industry for 

fabricating a broad range of sand cores[1-3]. The core, a 
mould part, is used to form internal holes and cavities 
in cast article[4], which is molded when the coated 
sand in the magazine is injected into the cavities of the 
core box through the nozzles by high-pressure flow of 
dry air (Fig. 1). After the sand fills into the cavities, a 
vaporized catalyzer amine [5, 6] is added to produce a 
solid sand core at room temperature. The AISI H13 tool 
steel is widely used to build up such core boxes. Particle 
erosion is the erosive wear caused by the impingement 
of solid particles[7]. Therefore, the coated sand impinging 
against the tool steel causes the erosion problem in many 
foundries.

The progressive loss of steel by erosion (Fig. 2) can 
result in dimensional variations which may overpass  

tolerances. Since the erosive wear cannot be avoided, 
it is significant to investigate the influence of many 
variables on the erosive wear to mitigate the erosive 
wear on the core boxes. Those different variables are 
classified by Finnie [8] and others [9, 10] as follows:

(1) Flow conditions: Impingement angle[11, 12],                                                                         
speed [13-16] and ro ta t ion [17 , 18] o f the pa r t i c l e , 
concentration of particles within the fluid, nature of the 
fluid and its temperature.

Fig. 1: Schematic representation of core making 
process
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Fig. 2: Erosion damage in AISI H13 steel core boxes

(2) Part icle propert ies [19, 20]: Size [21, 25], shape[26- 31], 
hardness[32], brittleness (resistance to fragmentation), and 
density.

(3) Surface properties: speed of deformation, temperature, 
toughness, hardness, stress level and residual stress, 
microstructure, topography, and ductility.

Some researchers[33-36] have studied the erosion of core-box 
materials. In their experimental procedures, the erosive media 
was not modified with the resins, and the erosion happens in the 
core-making process. The resins can modify the tribological 
system with obvious differences on the erosion resistance of 
the AISI H13 steel in comparison with the system where resins 
are not used.

The aim of this work was to study the erosive wear of the 
AISI H13 tool steel by resin coated silica sand, which is a 
serious problem in the foundry industry around the world. No 
results are reported using the pressure, impact angle and target 
hardness as the main variables in a system that simulates the 
cold box core making process at room temperature, such as 
resin coated silica sand with 0.8wt.% of resins, grain fineness 
number (AFS-GFN) of 47, dry air (-40 °C dew point),        
12.7 mm nozzles. Additionally, the general erosion equation is 
as follow: 

               Erosion = mmaterial /merodent                                       (1)

where mmaterial is the mass of eroded material, merodent is the 

Table 1: Chemical composition of AISI H13 steel (wt.%)

C Mn Si Cr Mo V Fe

0.396 0.48 1.02 5.31 1.23 0.94 Bal.

Table 2: Experimental variables

Angles Hardness (HV200) Pressure (bar)

20°, 30°, 60°, and 90°
(respect to the surface)

294, 445 and 595
(29, 45 and 55 HRC)

1.38, 2.07 and 2.76
(20, 30 and 40 psi)

rodent mass. The equation (1) is modified into a differential 
equation form to be applied to a practical case where the drag 
pressure and the erodent flow change with time.

1 Experimental
1.1 Materials
The chemical composition of the steel was determined by arc 
emission spectrometry and is given in Table 1. The surface 
roughness Rq of the AISI H13 tool steel was below 1 µm 
according to the ASTM G76 standard[37]. Each erosion test 
used an average of 34 kg of binder-coated silica sand with 
0.8wt.% of resin.

1.2 Experimental variables
Table 2 shows the experimental variables considered in this 
work. Several impingement angles (20°, 30°, 60° and 90°) 
were selected considering the variety of impact angles that 
can be found in a core box. Besides, a ductile material shows 
its maximum erosion rate at low-angle impact, whereas a 
brittle one does it at high-angle impact, so it is important to 
know the ductile or brittle behavior of the H13 steel. Because 
excellent harden ability of the H13 tool steel can be obtained 
by quenching and tempering, hardness values of soft (294 
HV), medium (445 HV) and hard (595 HV) were taken 
into account to study the heat treatment for the steel. Air 
drag pressures used in the present work are those measured 
typically at the core boxes during blowing in industrial core-
making processes. There are pressure differences between the 
line accumulator and the core (around 65-70 psi)[2, 39], whereas 
pressure differences from 0.0 to 40 psi between the magazine 
and the core are reported for intervals from 0.0 to 0.8 s[39] of 
the filling step on the core-making process.  

1.3 Testing conditions
Figure 3 shows the testing rig used in this work. The magazine 
(sand chamber) of the rig was loaded with the binder-coated 
silica sand AFS-GFN 47. The sand flow derived by the blowing 
pressure through the exit nozzle impinges the sample at a 
desired angle inside the chamber. The impingement time was 
recorded and the silica sand was collected to obtain the sand 
flow at the different blowing pressures. The diameter of the 



206

CHINA  FOUNDRY Vo l . 1 6  N o . 3  M a y 2 0 1 9
Research & Development

exit nozzle was 12.7 mm. The air drag was dry air with a dew 
point of -45 °C. Samples were ultrasonically cleaned in an 
acetone bath for 5 minutes before and after each erosion test. 
The weight loss was measured by an analytical balance with a 
resolution of 0.1 mg. Erosion rate was calculated dividing the 
total weight loss from the sample (mg) by the total amount of 
blown sand (kg). Thus, the erosion per mass unit of erodent 

Fig. 3: Components of erosive rig employed

was taken (mg·kg-1). SEM observations were performed to 
obtain the morphology deformation of the erosion scars.

2 Results and discussion

2.1 Erosion plots

2.1.1 Effect of hardness

Figure 4 shows the average erosion rate at different impact 
angles (20°, 30°, 60° and 90°) with different H13 steel hardness 
values of 294 HV (soft, 30 HRC), 445 HV (medium, 44 HRC) 
and 595 HV (hard, 55 HRC). For a fixed blow pressure and 
impact angle, the hardest material (595 HV) presents a lower 
erosion rate compared with the softer material (294 HV) does. 
This effect is more sensitive for low-angle erosion (Fig. 4 a 
and b) where the difference in erosion between the hardest and 
the softest steel is greater and increases with increasing the 
blow pressure. In the case of high-angle impact (Fig. 4 c and d) 
the difference in erosion between the soft and hardened steels 
is less; even at the high pressure, the differences in the erosion 
rates are almost negligible.

2.1.2 Effect of impact angle
The maximum erosion rate was observed at low-angle impact, 
indicating the ductile behavior[8, 36, 38] of the H13 steel, even 
in the hardened condition of 595 HV. It is even clear that the 
excellent erosion resistance performance was displayed by the 

Fig. 4: Erosion rates (mg·kg-1) at pressures of 1.38, 2.07 and 2.67 bar: (a) 20° impact, (b) 30° impact, (c) 60° impact, and (d) 
90° impact.
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component and a perpendicular component of the impact force. 
The perpendicular component can penetrate deeper in the soft 
material, the tangentials component can take away the material 
from the surface and/or leave an amount of plastic deformation 
in front of and on both sides of the impact mark. This plastic 
deformation is susceptible to be detached by successive impacts. 
As a result, deeper grooves and more plastic deformation are 
created on the softer material than on the harder one, as can be 
observed by comparing Figs. 5(a) and 5(b), resulting in a greater 
mass loss of the H13 steel.

In the case of 90° impact angle, only the normal component 
exists and the crater is the main erosion mechanism. In Fig. 6,       
it can be observed that the crater is formed due to multiple 
impact particles on the material surface. For the soft steel, 
these craters are larger in size with a great amount of plastic 

deformation around the impact point (Fig. 6a) compared with 
that on the hardest steel eroded surface (Fig. 6b). Due to the 
better ductility of the softer steel, these craters and plastic 
deformation do not necessarily imply the detachment of the 
materials. So, it makes sense that for both materials, the mass 
loss happened at the same rate despite the great difference in 
surface appearance. For both images, it can be observed that 
the grooves, characteristic of the low angle impact, are total 
absence, because the low angle impact leads to the greater 
material detachment, with a greater influence on the softer 
steel.

2.3 Comparison with no resin-coated sand 
system

The main differences in the erosion trends between the no 
resin-coated sand system[36] and resin-coated sand system can 
be pointed out as follows:

(1) In the system with no resin-coated sand, 1 kg of erosive 
material was enough to accurately measure the weight loss 
using the analytical balance, whereas the system using resin-
coated silica, around 34 kg and higher blowing pressures were 
needed to achieve trustable measurements.

Fig. 5: Erosion surface of H13 steel at 30° impact angle: (a) 294 HV (30 HRC); (b) 595 HV (55 HRC)

Fig. 6: Erosion surface of H13 steel at 90° impact angle: (a) 294 HV (30 HRC); (b) 595 HV (55 HRC)

hardest steel in low-angle impact (Fig. 4 a and b). The lowest 
erosion rate is shown at the impact angle of 90° (Fig. 4 d), and 
erosion values tend to converge at high-angle impingement.

2.1.3 Effect of pressure

Erosion rate increases with the pressure increasing. However, 
in the case of 90° impact angle, the erosion rate is less 
sensitive to the increase of the pressure (Fig. 4 d). In contrast, 
for low-angle impact (Fig. 4 a and b), the increase of pressure 
results in a great increase of mass loss. 

2.2  Morphologies of eroded surfaces

Figure 5 shows erosion surface of H13 steel at 30° impact 
angle. Many grooves are formed due to the cutting effect of the 
multiple impacts. For the low impact angle, there is a tangential 
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(2) In the system with no resin-coated sand, the concurrent 
point for similar erosion rates was observed at an impingement 
angle of 30°; while in the system using resin-coated resins, 
such concurrent point occured at high-angle impingement. For 
these conditions, the hardness level of the steel is not critical.

(3) In the system with no resin-coated sand, the steel with a 
hardness of 595 HV presented a maximum erosion rate at 60°, 
showing a brittle behavior (maximum erosion rate at high-angle 
impact), while in the present work, the behavior was always 
ductile with the maximum erosion rate at 30° impact angle.

These differences are mainly due to two conditions: Firstly, 
the binder-coated silica seems to decrease the direct impact 
of the particles on the sample surface. The silica particles 
agglomerates due to the nature of resin. The impact speed 
decreases and energy dissipates during the agglomerate 
fragmentation due to the impact with the steel surface. In 
addition, the resin acts as a lubricant contributing to the slip 
of the particles affecting the cutting effect and also reducing 
the normal force component of the impact. This explains why 
an oblique impact over a highly hardened material shows less 
erosion. 

Secondly, in the system with no resins, an average impact 
speed of 76 and 99 m•s-1 were reported for pressures of 0.69 
and 1.38 bar respectively,[36] while in the system using resins, a 
much lower impact speed of 9.5 m•s-1 was measured. Laura P. 
McCabe[11] showed that the AISI 1050 carbon steel presented 
a higher erosion rate for a martensitic microstructure (water 
quenched) than a normalized pearlitic microstructure at a speed 
of 68 m•s-1 using Al2O3 (240 mesh) impingement particles. 
However, at a lower impact speed such as 28 m•s-1, an opposite 
trend was observed. That is to say, erosion resistance depends 
on the impact speed of the tribological system.

2.4 Predictive equation to calculate mass loss 
of core box

2.4.1 Differential form of erosion equation

In the process of making a sand core, a difference in pressure 
between the magazine and the mould cavity drives the sand to 
flow from the magazine through the nozzles to fill the mould 
cavity (Fig.1). Such difference in pressure changes with time. 
Figure 7 shows experimental values for a specific core box[39]. 
This variation in turn generates a variable sand flow, thus, both 
pressure changing and sand flow changing directly influence 
the material erosion rate. Due to the above mentioned factors, 
the traditional equation to calculate the erosion rate, equation (1), 
should be changed to the differential equation (2).

where dmmaterial is the differential of the eroded material mass, 
dmerodent is the differential of the erodent mass.

The eroded mass material [equation (3)] can be calculated 
from equation(2)

Taking into account that: Fig. 8: Erosion rate values versus pressure at 30° 
impact angle (values taken from Fig. 4)

Fig. 7: Pressure difference between magazine and 
cavity versus time

 (2)material

erodent

 (3)material erodent

where dt is a differential of time, equation(5) can be obtained 
from equation(3):

To solve equation (5), it is necessary to have the Erosion and 
the Flowerodent as a function of time (t). Considering the erosion 
case of 30° impact on a 30 HRC H13 steel, Figs. 7 and 8 can 
be used since they correlate Erosion as a function of pressure 
(P), and P as a function of t, giving as a result Erosion as a 
function of t. In a similar way, to have Flowerodent as a function 
of t, Figs. 7 and 9 can be used because they correlate the 
Flowerodent as a function of P, and P as a function of t. The final 
graph and its polynomial equation are shown in Fig. 10.

Substituting the equations showed in Figs. (8) and (10) into 
equation (5), mmaterial can be obtained:

     mmaterial = 10-6 ∫(0.156 P2+1.215 P+0.006)(- 35.43t2+
                    39.82 t+ 0.1197)dt                                           (6)

(The factor 10-6 is due to the erosion units: mg·kg-1)
Considering a sand-metal impingement interval time from 

0 to 0.25 s, the pressure-time polynomial equation can be 
obtained from Fig. 7:

          P = -11387 t5  + 5328 t4– 600 t3  + 11.39 t2  +
                0.61 t – 0.004                                                       (7)

The pressure in equation (6) is substituted by equation (7), 
and the mass loss for a single blow that fills one cavity can be 
obtained as follows:

                 mmaterial = 6.4498 × 10-7 g•(blow•mm2 )-1

In a similar way for the 595 HV hardened steel, at 30° 
impact angle, the mass loss for a single blow that fills one 

 (5)material erodentErosion Flow

 (4)erodent
erodentFlow
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Fig. 9: Measured erodent flow shown in Fig. 3, as 
function of pressure

Fig. 10: Erodent flow as function of time. Polynomial  
equation of Flowerodent is included

cavity can be obtained as follows:

                 mmaterial = 5.9121×10-7 g•(blow•mm2 )-1

Similarly, mass loss was obtained for the sand-metal 
impingement interval time from 0 to 0.36 s. Table 3 shows the 
calculated results for different impact angles, hardness and 
sand-metal impact time. Table 3 also shows that the erosion 
resistence can be improved to 23 times using the hardest steel 
(595 HV), an impact angle of 90° and a relatively short sand-
metal impact time (0-0.25 s). This can be easily observed 
in the core box and nozzles pattern shown in Fig. 1. The left 
nozzle will generate less erosion than the right nozzle does 
because of the normal impact angle and the decreasing sand-
metal impact time. The sand-metal impact time is reduced 
because the initial sand-to-metal impact is substitued by a 
sand-to-sand impact due to the filling effect of the cavity that 
covers the initially exposed metal. 

3 Conclusions

This paper presents the erosion behavior of the AISI H13 tool 
steel as a function of the hardness, impact angle and pressure 
using resin-bonded silica sand on a system that closely 
simulates the core-making process in the foundry industry. The 
results from this work indicate that:

(1) The hardest H13 steel (595 HV) shows the best erosion 
resistance for a fixed blow pressure and impact angle. This 
advantage is more sensitive for low-angle impact erosion than 
for the high-angle impact case where at high drag pressure, the 
differences in erosion rate are almost negligible.

(2) The maximum erosion rate happens at low-angle impact 
(30°) in most cases (ductile behavior). Low-angle impact was 
clearly the advantage of the harder H13 steel. For high-impact 
angles, in most of the cases the erosion rate remains almost 
constant despite the different hardness values.

(3) As the drag pressure increases, the erosion rate increases; 
for the 90° impact angle, the erosion rate is less sensitive to 
the increase of the blow pressure. In contrast, at low angle, the 
increase of pressure results in a great increase of mass loss.

(4) For low-angle impact, there are grooves due to the 
cutting effect of multiple impacts, but for the softest steel,  the 
grooves are deeper, demostrating a greater plastic deformation 
and greater mass loss. For the 90° impact angle, on the softest 
steel there are larger craters and plastic deformation than those 
on the hardest steel, but with no greater detachment of the 
material, resulting in almost the same erosion rate despite the 
surface appearance.

(5) The experimental data and the differential equation for 
a variable erosion rate show that the most detrimental case 
concerning erosion of a core box is the use of the soft steel, 
low-angle impact, high drag pressure in a core box design that 
allows relatively long sand-steel impact time. The calculated 
improvements in erosion resistance were up to 23 times.
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