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ABSTRACT

Injection molds can fail after a certain period of use, which may compromise the final part’s integrity and quality, but that
can be solved using welding repair processes. This work aimed to investigate the influence of AISI P20 molds repaired by
Gas Tungsten Arc Welding (GTAW) and Nd-YAG laser-welding processes on the properties of injection-molded parts with
semi-crystalline (polypropylene) and amorphous (polycarbonate and acrylonitrile butadiene and styrene terpolymer) ther-
moplastics. Welds were prepared by machining 0.8 mm-deep 40 mm x 5 mm grooves to be filled by GTAW and Nd-YAG
laser-welding deposits, in order to simulate the repair of AISI P20 molds. All polymers were injected into weld-repaired
and unrepaired molds, and then evaluated in terms of microstructure, crystallinity degree, mechanical properties and gloss.
The results suggest that the repaired region for both studied welding processes, despite the difference in hardness of the
weld region, does not significantly affect the properties of semi-crystalline and amorphous injected polymers.
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1. INTRODUCTION

Injection molding is one of the most prominent polymer processing techniques due to its versatility and high productivity,
enabling large numbers of parts with varying geometry and excellent dimensional tolerance to be produced at low cost
[1,2, 3, 4]. During injection, the polymeric material goes through several changes due to variations in the thermomecha-
nical environment by which it is restricted. The environment, characterized by heating and cooling rates and different
stress fields, causes an intrinsic heterogeneous microstructure in the molded parts, characterized by a gradual variation in
morphology, crystallinity, molecular orientation and, consequently, final properties. Such variations are associated with
processing conditions, mold geometry and polymer properties [5, 6].

According to MATEO et al. [7], KOVACS and SIKLO [8], the mold surface finish quality is an essential require-
ment due to its direct effects on the appearance or frictional characteristics on the sliding surfaces of the final plastic pro-
duct. Another important aspect during injection molding is heat transfer between polymer and cavity wall, because it signi-
ficantly affects temperature distribution to the parts and alters temperature distribution in the mold, consequently affecting
mechanical behavior, microstructure and dimensional precision of the injected parts, as well as production efficiency [4].
A non-uniform cooling rate can cause a differential shrinkage, resulting in warpage and distortion in the injected parts [8].

A mold that has not been correctly designed in terms of geometry, manufacture material and injected polymer, as
well as a mold with defects and flaws caused by usage wear, may compromise the final part’s integrity and quality [4, 9]. In
the production of automotive components, 80% of all molds undergo a repair/remanufacture process at some point. Indus-
trial companies normally prefer to machine the damaged layer of stamping and hot forging dies to regain the dimensional
tolerance of die cavities. However, the disadvantage of such method is that the mass and structure of dies are constantly
reduced after each repair and the potential consequences are yet to be revealed [9].

Those issues can also be solved with cold spray, but it is usually accomplished using welding processes, such as:
Plasma Transferred Arc Welding (PTAW); Micro-GTAW and Micro-Plasma; Electron Beam Welding (EBW) and Electro-
-Spark Welding; and Plasma Arc Welding (PAW). However, traditionally, the main repair process has been Gas Tungsten
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Arc Welding (GTAW), and a new, non-traditional process is emerging, called Laser Based Material Deposition [10, 11,
12, 13]. An experimental methodology design to study the relationship between the Nd:YAG laser process parameters and
welding profiles using sequential experimental design and artificial neural networks was proposed by [14].

The AISI P20 steel is the most widely used material in the injection molding industry, although with severe problems
when recovered by welding. High-strength tool steels are very susceptible to hydrogen cracking due to the presence of mar-
tensitic structures after welding. To avoid such cracks, a preheating is usually performed to slow the cooling rate and avoid
martensitic structures and/or eliminate the retained hydrogen. In multipass welding, during which several thermal cycles
occur, the martensitic regions can be tempered, preventing cracking by hydrogen, but the hardness in the weld regions will
be different from that of the base material [15]. The difference in hardness levels between the weld regions, however, may
influence the behavior of the finishing processes for the injection mold cavity [16]. The polishing and mirroring processes
depend on the hardness of the material and the surface texture uniformity depends on the region’s chemical composition
and microstructure [17]. Thus, the influence of welding parameters is very important for the metallurgical behavior of AISI
P20.

Several papers have also been published on fundamental issues about welding procedures for repairing plastic-in-
jection molds. However, those papers, published for sheet welding (single-pass welds) of tool steels, do not contemplate
mold-specific requirements. Furthermore, after a thorough literature search, it appears that a deep knowledge about the
influence of mold repair on the properties of injection-molded parts is not fully achieved. A contribution against such lack
of literature data is given by the present paper.

In this context, the main goal of this paper is to investigate the influence of AISI P20 mold properties repaired by
GTAW and Nd-YAG laser-welding on the properties of injection-molded parts with semi-crystalline (polypropylene) and
amorphous (polycarbonate and acrylonitrile butadiene and styrene terpolymer) thermoplastics.

2. EXPERIMENTAL PROCEDURE

2.1 Mold Manufacture and Weld Repair

In order to achieve the proposed objectives, welds were prepared by machining 0.8 mm-deep 40 mm x 5 mm grooves to be
filled by GTAW and Nd-YAG laser-welding deposits, in order to simulate the repair of damaged tool surfaces. Welds were
made in grooves on the lower part of a test specimens mold for tensile strength test in accordance to ISO 527-2, Figure 1.
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Figure 1: The lower mold with groove in order to simulate the repair of damaged tool surface (detail A).
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The following factors were kept constant in the welding tests (Table 1).

Table 1: Process conditions used for GTAW and Nd-YAG laser process.

GTAW* ND-YAG LASER
Shielding gas Argonium 12 1/min Argonium 12 1/min
Filler wire AWS 5.18 ER 70 S3 AWS 5.18 ER 70 S6
Wire diameter 1,6 mm 0,6 mm
Nozzle diameter 10 mm -
W+2% ThO, -
Electrode Diameter 2,4 mm -
60 ° tip angle -
Current 85 A -
Pulse frequency - 8,5 Hz
Pulse duration - 4.5 ms
Spot Diameter - 1,0 mm
Preheating temperature 225 °C (+ 25 °C) -

*All the welds were done with constant value DC current.** Following usual industrial practice.

The used base materials were AISI P20 steels, which are Cr-Ni-Mo steels, known as low-alloy tool steels. The AISI
P20 is a hardenable steel frequently used in the manufacturing of polymer injection molds. It is provided in the quenched
and tempered state, with hardness between 30 and 34 HRC. By analyzing the chemical composition of the AISI P20 steel
(CEiiw = 1.13% > 0.4%), a preheating is recommended to minimize the martensite formation and reduce the risk of crac-
king during welding, using a filler metal with lower C and CEiiw than of the base metal is also suggested [15]. The base
and filler materials’ chemical compositions are shown in Table 2. The mechanical properties of both filler metals are similar
according to AWS 5.18 ER 70 S3 and AWS 5.18 ER 70 S6 standards.

Table 2: Chemical composition of the base and filler metals (wt.%), and their respective calculated CEiiw.

GTAW ND-YAG LASER
ELEMENT AISI P20? (%) AWS 5.18 ER 70S3® (%) AWS 5.18 ER 70S6° (%)
Carbon 0.422 0.06 - 0.15 0.06 - 0.15
Silicon 0.455 0.45-0.75 0.8-1.15
Manganese 1.54 09-14 14-18
Phosphor 0.018 0.025 0.025
Sulphur 0.004 0.035 0.035
Chromium 1.86 0.15 0.15
Nickel 0.70 0.15 0.15
Molybdenum 0.198 0.15 0.15
Aluminum 0.03
Copper 0.121 0.5 0.5
Cobalt 0.019
Titanium 0.006
Vanadium 0.015 0.03 0.03
Tungsten 0.011
Tin 0.014
Arsenic 0.003
Ceiiw® 1.13 0.39 0.46

@ Compositions measured by optical spectrometry. ® Compositions provided by the manufacturer in products’ quality cer-
tificates. © IIW carbon equivalent, CEiiw=%C+%Mn/6+%(Cr+Mo+V)/5+%(Ni+Cu)/15.
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After the conclusion of the GTAW and Nd-YAG laser deposit welding operations, the mold surface was sanded (to
remove the weld reinforcement and to reduce the roughness) and polished, aiming at obtaining the original geometry.

Weld beads were also made on a 200 mm x 50 mm x 32 mm AISI P20 steel plate using the same process conditions
as those for the GTAW and laser processes, in order to evaluate the weld metal (WM), heat-affected zone (HAZ) and base
metal (BM). After welding, the plates were sectioned, and hardness profiles were generated in a transverse direction to the
welds using a Vickers microhardness tester in accordance to ASTM 384-08.

2.2 Injection Molding Using Weld-Repaired and Unrepaired Molds

The materials used for parts injection in the weld-repaired and unrepaired molds were polypropylene (PP) HP-550R (Quat-
tor), polycarbonate (PC) HFVR1900 (Durolon) and acrylonitrile butadiene and styrene terpolymer (ABS)Terluran-GP-
22-Natural (Basf). Polymers PC and ABS were dried in an oven at 80 °C for five hours. The injection machine was a San-
dreto Micro 65 with a clamping force of 65 ton. Table 3 shows the injection process parameters for the injection molding
for all polymers.

Table 3: Injection process parameters for polymers.

PARAMETER PP ABS PC
Injection Pressure (bar) 520 720 800
Holding Pressure (bar) 400 480 640
Holding time (s) 9 6 7
Cooling time (s) 23 27 25
Cycle time (s) 41.5 44.6 39.3
Flow rate (cm?/s) 68 70 75
Cooling water temperature ("C) 35 - -
Oil temperature ("C) - 80 80
Zone 1 =218 Zone 1 =220 Zone 1 =255
Cylinder temperature ("C) Zone 2 =200 Zone 2 =205 Zone 2 =245
Zone 3 =195 Zone 3 =195 Zone 3 =230
Nozzle = 228 Nozzle = 231 Nozzle = 273

2.3 Characterization of the Injection-Molded Parts

The influence of weld-repaired molds on the crystallinity degree of the injected PP parts was determined using a TA Instru-
ments Q20 differential scanning calorimeter. The experiments were carried out in a temperature ranging from 25 °C to 300
°C, with a heating rate of 10 °C.min-1. The calculation method considers the energy to melt all PP crystalline structures.
Once this energy is known or estimated, a simple equation gives the degree of crystallization of the semi-crystalline poly-
mer (Eq. 1).
%C:[AH—fa]_loo (M
AHF100%

Where %C is the crystallinity degree (in percentage); AHfa is the sample’s enthalpy of fusion; and AHf100% =209 kJ.
kg-1 is the enthalpy of fusion of fully crystalline PP [18]. The specimens were always obtained from the same place from
the sample as shown in Figure 2.
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Figure 2: Sample location for measurement of crystallinity degree and microstructural characterization.

The morphological characterization of the injected PP parts was accomplished by polarized-light microscopy (PLM).
The analyses were performed on thin specimens (10 um) that were microtomed with a Leitz 1401 microtome at room
temperature. The observation was made with a polarized light microscope Olympus BH-2. The specimens were obtained
as previously seen in Figure 2. Three specimens were obtained from each injected part in each condition (with cavities
repaired by GTAW, laser and without repair).

The mechanical characterization of the injected parts from different polymers in weld-repaired and unrepaired molds
was carried out by tensile and hardness shore tests. The tensile tests, according to the ISO 527-2 standard, were performed
using a 500 N load cell with a 50 mm/min crosshead rate at room temperature, using EMIC DL 3000 equipment. The Shore
D hardness tests were performed on the surface of the injected parts according to the ISO 868 standard, using a 5 kg load
and test time of 15 s.

To evaluate the influence of weld-repaired molds on the surface gloss of injected parts, a gloss measurement was
carried out. The variation of gloss was measured with a Espectro-guide 45/0 spectrophotometer (BYK-GARDNER) using
a CIELab measurement system, under condition illumination/observer CIE D65/10°. Three measurements were performed
in three parts of each weld repair condition. All results are expressed as gloss units, relative to a highly polished surface of
standard black glass with a value near 100.

3. RESULTS AND DISCUSSION

3.1 Microhardness of single-pass welds

Microhardness measurements on transversal cross-sections of the welds are presented in Figure 3, which reveal the diffe-
rent steps corresponding to WM, HAZ and BM, respectively, of the GTAW and Nd-YAG laser single-pass welds.

Microhardness evolution was measured along vertical lines starting from the top surface of the deposit and moving
across the weld metal zone toward the heat-affected zone and the basic metal. The average hardness measured in the WM,
HAZ and BM regions were observed to be different. The large hardness difference between the WM, the HAZ and the
BM was also observed by [17, 19, 20, 21, 22]. That happens because the WM and the HAZ regions result in a martensitic
hard microstructure after welding, differently from the base material, which remains quenched and in tempered condition
(supplied state) with a lower hardness. In Table 2, the filler metal used to weld the P20 steel can be observed to have C and
CEiiw lower than that of the BM. This reduces hardening, like the preheating around the weld, but not enough to reach the
same hardness as the base material [17].
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Figure 3: Distribution of hardness in the cross-section of the a) GTAW and b) Nd-YAG laser welds.

In multi-pass welds, overlapped regions were tempered by repeated welding thermal cycles, lowering values. Ho-
wever, this procedure did not lower the hardness to base metal values [20, 21, 23, 24]. Post-weld heat treatment can also
be used after welding to temper, reducing residual weld stresses and removing hydrogen from the WM and HAZ [15].
However, any welding procedure which does not require post-weld heat treatment has significant cost and time advantages.

3.2 Characterization of injected parts

The crystallinity degree and morphology of the PP injected parts obtained in weld-repaired and unrepaired molds are pre-
sented in Table 4 and Figures 4 and 5, respectively. There was no significant difference in PP crystallinity degree under all
conditions (Table 4). The largest difference was 4.0% for parts injected into the laser-welding-repaired mold. WANDER et
al. [25] consider the difference of 5.17% in the crystallinity degree of molded parts with different cooling systems negligib-
le. Similarly, TREML et al. [26] consider a difference of 7.5% in the crystallinity degree obtained in their study negligible.

The results suggest that both welding processes were well performed since no cracks were observed and the hardness
difference between the weld regions did not result in a relevant variantion in the weld-repaired mold thermal properties.

Table 4: Crystallinity degree of the injected PP parts in the weld-repaired and unrepaired molds.

CRYSTALLINITY DEGREE UNREPAIRED
% 34+£25

LASER WELD
30+£3.0

GTAW WELD
32+£5.0

The microstructural analysis performed by polarized-light microscopy (PLM), shown in Figure 4, aimed at the
qualitative identification of the parts along the structure’s thickness, and Figure 5 presents surface layer thickness. It is
clear that, under the three studied conditions, the typical PP microstructure, composed of two skin layers (non-spherulitic)
and a core (spherulitc), was developed [26, 27]. The spherulite size gradually decreases from the core to the skin layer in
the molded parts. This relates to temperature gradients arising in parts during solidification. According to CERMAK et al.
[26] and MARTINHO et al. [28], such gradients reflect the difference between the melting and the mold temperatures and,
consequently, they are more pronounced at lower mold temperatures. The skin layers correspond to the surfaces in contact
between the injected molten polymer and the mold, which is highly sheared and fast cooled. The skin layer is affected by
the mold temperature, being thinner where the mold temperature is higher. This relates to the partial relaxation of oriented
chains during solidification. Symmetry is also observed between the skin layers for all injected parts, with a refined spheru-
litic structure on the walls and coarser spherulitic structure in the core. In addition to similar morphological characteristics,
Figure 5 shows similar skin thicknesses of PP molded parts under all conditions. Authors TREML [26], MARTINHO et al.
[28] and BARETA et al. [29], who evaluated similar skin layer morphology for PP injected in molds manufactured from
different materials, pointed out that the PP morphology undergoes variations such as thermal diffusivity conditions of the
mold used in the injection process, which suggests the absense of any significant temperature distribution difference in the
mold at the repair region, resulting in a similar heat flow between the molten polymer and the cavity under all conditions.



(cc) JUNKES, R.; HOWARTH, J.L.L.; BECKER, D.; BOND, D. revista Matéria, v.25, n.3, 2020.

Core

Surface in contact with the repair
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Figure 5: Surface layer thickness of injected PP parts into molds: (a) unrepaired, (b) laser weld and (c) GTAW weld.

The data in Table 5 show the mechanical properties of injected PP, ABS and PC parts in weld-repaired and unrepaired
molds. As expected, the injected PP’s mechanical properties under all conditions did not show any significant difference.
Mechanical properties for semi-crystalline polymers are known to depend on their crystallinity characteristics, such as
crystallinity degree and morphological structure. Properties such as impact and tensile strength, thermal stability and opti-
cal characteristics are influenced by the crystallinity degree, the crystallite structure distribution and the crystal structure,
however all those properties strongly depend on crystallization kinetics. According to references from RIZVI et al. [30]
and JIANG et al. [31], the temperature gradient between the melt and the mold (high conductivity) highly influences the
cooling rate, which is the factor primarily governing the crystallization and, hence, the mechanical strength. The thermal
conductivity controls the rate of heat transfer within the polymer, and the heat transfer coefficient controls the heat transfer
at the interface between the polymer and the mold wall [32]. A higher mold temperature, normally above Tg for semi-crys-
talline polymers, tends to reduce the thickness of the skin layer and increase the relative crystallinity. In this work, the PP
injected parts’ crystallinity degree and morphology results were not influenced by the weld-repaired and unrepaired molds,
suggesting that the weld-repaired molds did not significantly change the thermal conductivity, which would, consequently,
have affected the injected parts’ cooling rate and their morphological structure. This also corroborates the mechanical pro-
perties results, because the mechanical properties depend on the polymer’s crystalline structure, which, in turn, is greatly
influenced by the melt cooling rate inside the mold.

For amorphous polymers, a rapid and inhomogeneous cooling causes thermal stresses, which are responsible for
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permanent molecular orientation and can compromise the polymers’ mechanical properties performance [33]. ABS and PC
mechanical properties do not show any significant difference between the results for weld-repaired and unrepaired molds
injected parts either. Such behavior indicates the absence of any temperature distribution changes inside molds repaired
under different conditions strong enough to alter the mechanical properties for semi-crystalline or amorphous polymers.

Table 5: Mechanical properties of injected parts into weld-repaired and unrepaired molds.

PROPERTY POLYMER LASER WELD GTAW WELD NO WELD
, . PP 32011 320+ 1.0 317+12
Eﬁ;‘:)ate Tensile Strenght ABS 41.0£1.0 41.0£06 405+12
PC 604 =08 604+08 60.0+0.8
PP 837.6 + 154 7902 + 155 795.0 £71.0
Elastic Modulus (MPa) ABS 1284 £218 1,261 £ 202 1.190 = 107
PC 1,318+ 153 1,331+ 156 1379 + 183
PP 65.6+08 653+ 1.0 644+0.5
Shore D Hardness ABS 71.3+£0.7 71.2+£0.5 70.1+£2.3
PC 78.7+3.0 79.0 £ 0.6 762+ 14

The ABS and PC gloss is due to the cavity’s surface finish and the even distribution of mold temperature [30]. There
are three common finishing processes: polishing, mirroring and texturing. PRECIADO and BOHORQUEZ [17] pointed
out that the large hardness difference between the WM, the HAZ and the BM makes polishing and mirroring difficult. The
large hardness difference makes the use of more rigid polishing cloths necessary, in order to maintain their form and allow
a uniform removal in the weld and BM regions. On the other hand, according to the authors, the hardness difference did not
affect the Rz roughness of the texturized surfaces. The textured surfaces were not uniform, with a deeper chemical attack
in the BM, because it is under the quenched and tempered condition. They suggest that the answer to the chemical attack
depends on the form in which the alloy elements are presented (in solid solution or as part of precipitates).

Analyzing the gloss results (Table 6), it is apparent that small deviations from the average are not statistically signi-
ficant, which suggests that the repair region, despite the difference in hardness observed in Figure 3, does not significantly
affect the surface finish or the mold temperature distribution. According to POSTCH and MICHAELI [1], crystallinity
influences optical properties of PP (semi-crystalline polymer) such as gloss and opacity. Therefore, such low injected part
gloss variation corroborates the degree of crystallinity result, which did not show any significant changes.

Table 6: Average gloss values and standard deviation of injected PP, ABS and PC parts into molds: (a) unrepaired, (b)
Nd-YAG laser weld and (c) GTAW weld.

LASER WELD GTAW WELD NO WELD
PP 43.1+4.6 43.0+6.0 425+12
Gloss (%) ABS 51.1+28 498 +3.2 492 +45
PC 84.0+2.3 87.0+4.8 86.6 = 4.0

4. CONCLUSIONS

The average hardness values measured in the WM, HAZ and MB regions in AISI P20 were different between GTAW and
Nd-YAG laser single-pass welds. The same behavior was expected for multi-pass welds as used in the molds.

Under all three studied conditions (unrepaired, GTAW and Nd-YAG laser-repaired molds), the semi-crystalline poly-
mer (PP) presented a typical microstructure composed of two skin layers (non-spherulitic) with a core (spherulitc), with
the same thickness and crystallinity degree. Therefore, the injected PP showed no significant difference in mechanical
properties and gloss, as well as the amorphous polymers (ABS and PC).

Thus, the repair region for both studied welding processes, despite the difference in hardness, does not significantly
affect the properties of injected semi-crystalline or amorphous polymers.
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