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Mold wear duringthecasting of Ti-6Al-4V in apermanent (steel) mold wasinvestigated using a combination
of macro- and micro-scale obser vations and measurements. For thispurpose, a steel mold with interchange-
ableinserts of three candidate mold steels (H13, P20, and 1040) was used. I nserts were removed at regular
intervals during casting under prototype-production conditions and inspected to assess mold wear. Two
major mold wear types were identified: soldering and “wrinkling.” Soldering was concluded to be a result
of local over-heating of the mold, and wrinkling a result of cyclic stresses caused by a combination of
solid-state phase transformations and large temperature gradients. The 1040 inserts performed the best;
soldering was less severe and wrinkling did not occur. The better performance of the 1040 inserts was
attributed to lower mold temperatures and thermal gradients due to the higher thermal conductivity of

1040 relative to H13 or P20.

Keywords H13 steel, mold wear, P20 steel, permanent mold
casting, Ti-6Al-4V, type 1040 steel

1. Introduction

Permanent-mold casting (PMC) is a well-known casting
technique in which a component is made by pouring liquid
metal into a reusable metal mold. The method is frequently
used for the casting of aluminum alloys. In this case, the molds
aretypically made of steel. Advantages over sand or investment
casting include the elimination of processing steps (because the
mold can be reused) and the refinement of as-cast grain size,
aresult of faster cooling.

Recently, the application of PMC to the casting of titanium
alloys has been investigated.[¥ Titanium PMC providesameans
of producing relatively complex parts with close tolerances
and finer grain sizes. In comparison to investment casting of
titanium, Ti PMC requires fewer processing steps, greatly
reducesthe size of aphacase, and eliminatestherisk of ceramic
inclusions. Therefore, the process is extremely attractive to the
aerospace industry. However, the Ti PMC process has several
key challenges, which are not of concern for conventional PMC.
For instance, to prevent contamination of the molten titanium,
Ti PMC must be performed in an inert atmosphere and special
skull-melting techniques must be employed. Additionaly,
because titanium melts at around 1700 °C and is extremely
reactive, Ti PMC molds see much higher temperatures and a
more extreme environment than conventional PMC molds.

Determination of mold life is particularly critical to the
devel opment and eventual implementation of Ti PM C inasmuch
as mold life has a tremendous impact on cost. Hence, mold
wear is a critical areafor Ti PMC research. While no Ti PMC
research results can be found in the literature, numerous
researchers have investigated die wear during die casting of
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various nontitanium alloys.[>-8 These researchersfound various
wear types, the most common being sol dering, washout/erosion/
abrasion, corrosion, and heat checking. The specific type and
extent of wear were found to depend upon variables such as
casting alloy, mold material, and mold temperature history.
Based on these results and the major differences between Ti
PMC and conventional metal-mold casting, research to deter-
mine the types and extent of wear that occur during Ti PMC
is needed.

The present work was undertaken to determine the wear
characteristics of three candidate mold steels: the hot-work tool
steel H13, which is commonly used for aluminum die-casting
dies and hot forging dies; the mold steel P20, which is com-
monly used for plastic injection-molding molds and zinc die-
casting dies; and the plain-carbon steel 1040, which iscompara-
tively inexpensive and easy to work and machine. The perfor-
mance of the three steels was assessed via a combination of
visual and dimensiona inspection and microstructural charac-
terization. The results were used to determine wear mechanisms
and to guide the selection of future mold materials.

2. Approach

2.1 Materials

The materials used in this investigation consisted of Ti-6Al-
4V melt stock and H13 tool steel, P20 tool steel, and 1040
plain-carbon steel for the mold and six sets of mold inserts.
The Ti-6Al-4V had a composition (in wt.%) of 6.52 aluminum,
4,18 vanadium, 0.2 iron, 0.0298 carbon, 0.221 oxygen, 0.012
nitrogen, 23.5 ppm hydrogen, balance titanium. The H13 tool
steel had a composition of 0.40 carbon, 0.28 manganese, 0.96
silicon, 5.10 chromium, 1.24 molybdenum, 0.81 vanadium, 0.15
nickel, 0.049 copper, 0.004 sulfur, balance iron. The P20 tool
steel had a composition of 0.30 carbon, 0.80 manganese, 0.30
silicon, 1.10 chromium, 0.55 molybdenum, 0.08 vanadium,
0.015 phosphorus, 0.003 sulfur, balance iron. The 1040 plain
carbon steel had acomposition of 0.47 carbon, 0.75 manganese,
0.25 silicon, and balance iron.
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Fig.1 Top views of a mold insert showing the two cross-sections
used for metallography

A proprietary casting-evaluation mold designed and fabri-
cated by Howmet Corporation (Whitehall, MI) was used for
thisinvestigation. The design included mold insertswhich could
be readily removed between casting trials. Six sets of mold
inserts (consisting of one insert of each material) were fabri-
cated. The corner/edge radii on the inserts in the first four sets
were 3.18 mm, while those in the remaining two sets were 4.76
and 6.35 mm, respectively. Prior to casting, the H13 mold
inserts possessed a fine tempered-martensite microstructure
with ahardness of R: 47 to 51, the P20 inserts a coarser bainitic
structure with a hardness of R 23 to 24, and the 1040 inserts
a hot-rolled ferrite-plus-pearlite structure with a hardness of

Rc 16.

2.2 Casting Trials

Melting and casting trials were conducted to establish the
wear characteristics of thethree steels. All trialswere performed
using the vacuum-arc-melting system located at Howmet's
Operhall Research Center. For the first pour, the first set of
inserts was installed in the mold. After making asingle casting,
these inserts were removed from the mold and replaced with
new ones. In a similar fashion, atotal of 6, 12, 75, 75, and 75
pours were made on sets 2 through 6, respectively. The sets
onto which 75 pours were made were removed incrementally
for non-destructive evaluation after 12 and 37 pours.

2.3 Insert Characterization

Following removal from the mold, the inserts were visually
inspected. Photographs were taken and the mass and bulk hard-
ness of each insert were measured. Additionally, select insert
dimensions were measured using a programmable coordinate-
measurement machine (CMM) after 37 and 75 pours on sets 4
through 6. The composition of the surface of selected inserts
was measured at critical locations using a scanning electron
microscope (SEM) equipped with an electron dispersive spec-
troscopy (EDS) system.

After non-destructive characterization, the inserts were sec-
tioned and prepared for microscopy using conventiona metallo-
graphic techniques. Two cross-sections from each were
prepared: a diagonal cross-section through one corner of the
insert (the “triple corner”) and a perpendicular cross-section
through one side of the insert (the “double corner”) (Fig. 1).
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The microstructures of the cross-sections were examined and
photographed using an optical microscope equipped with a
digital image-capture system. The hardness of critical areas
of selected insert cross-sections was also measured using a
microhardness tester equipped with a precision-controlled
motorized stage. A Vicker's diamond pyramid indenter was
used at 300 g for 5 s, and traverses were performed from the
corners inward at a variable interval dependent on the local
hardness. The composition of selected cross-sections was mea-
sured at critical locations using a SEM equipped with a wave-
length dispersive spectroscopy (WDS) system. Traverses were
performed from the corners inward at a spacing of 5 um.

2.4 Analysis of Mold-Insert Characterization Results

The photographs, micrographs, and EDS results were ana-
lyzed to qualitatively evaluate changes in the appearance,
microstructure, and composition of the inserts, respectively,
while the mass, hardness, CMM, and WDS results were ana-
lyzed to quantitatively evaluate changes. Results were used to
assess mold-material durability and to identify active mold-
wear mechanisms.

3. Results and Discussion

The principal results of this investigation comprised the
qualitative assessment of macroscopic mold-wear characteris-
tics and surface composition; the quantitative assessment of
macroscopic changes in mass, hardness, and dimensions; the
qualitative assessment of microstructural changes; and the quan-
titative assessment of microscopic changes in hardness and
chemical composition. These results were used to draw conclu-
sions about potential wear types and the underlying mecha-
nisms.

3.1 Macroscopic Inspection Results

Visual Inspection Results. The main observations regard-
ing mold wear of steel inserts during PMC of Ti-6Al-4V are
illustrated in Fig. 2 and may be summarized as follows.

* A shiny “solder” appeared on the insert triple corners even
after one pour.

e Theremaining surface area appeared duller and somewhat
rougher than the precasting surface.

e The shiny solder area grew as more pours were made.

*  Thesolder areawas largest on the H13 inserts and smallest
on the 1040 inserts.

e The triple corners rounded off and wore away as more
pours were made.

e The double corners of the H13 and P20 inserts started to
“wrinkle” as more pours were made.

e The double corners rounded off slightly as more pours
were made.

*  Thetriple corners rounded off much more quickly than the
double corners.

e The flat faces did not appear to wear at all.
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Fig. 2 Photographs of corner regions of (a) to (c) H13, (d) to (f) P20, and (g) to (i) 1040 mold inserts after (a), (d), and (g) 1 pour, (b), (e), (h)

12 pours, and (c), (f), (i) 75 pours

Based on these observations, two important wear typeswere
identified: soldering and wrinkling (Fig. 3). The observed shini-
ness of the surface of the solder layer indicated that the solder
was in the liquid phase at the time of mold-insert retraction,
and, hence, was a solidification product. The appearance of the
surface of the wrinkled regions was similar to that of the rest
of the insert, indicating that the wrinkles were formed in the
solid state. Both soldering and wrinkling were investigated in
detail via microscopic inspection to determine the underlying
mechanisms (Sections 3.3 and 3.4).

Mass M easurement Results. The mass of al of the mold
inserts decreased as more pours were made on them. While the
1040 and P20 inserts lost between 0.1 and 0.2 g over 75 pours,
the H13 blocks lost between 0.2 and 0.6 g. These results are
summarized in Fig. 4(a), in which the changein massis plotted
for each insert. Error bars, indicating the limits of a pooled t-
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test 5% confidence interval, were so close together that they
fell within the symbols. Because the initial mass of each of the
insertswas nearly identical, these resultsindicate that H13 wore
more rapidly than the other two materials.

Hardness M easurement Results. The bulk hardnesses of
al of the inserts decreased by approximately 3 points on the
Rc scale over the course of 75 pours. These results are summa-
rized in Fig. 4(b), in which the change in hardness is plotted
for each insert and the error bars indicate the limits of a pooled
t-test 5% confidence interval. These results indicate that all of
the materials softened slightly as more pours were made.

CMM Measurement Results. The CMM resultswere ana-
lyzed to determine the average thickness of materia lost in
each of threelocations on themold inserts: thetriple corners, the
doublecorners, and theflat faces(Table 1). These measurements
indicated that the triple corners wore significantly more than
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Fig. 3 Photograph of a P20 mold insert after 37 pours of Ti-6Al-4V,
illustrating the soldering and wrinkling wear types

either the double corners or the flat faces, as expected. The
H13 triple cornerswore morerapidly than the P20 triple corners,
which wore more rapidly than the 1040 triple corners. The
results also indicated that the double corners of the 1040 and
P20 insertswore the same amount, whilethe H13 double corners
did not wear as much. However, due to the wrinkling on the
P20 and H13 double corners, these results are not necessarily
an accurate measure of material loss. The results from the flat
faces were similar for al three materias, as the average mea-
sured losses for each were within less than 1.5 standard devia-
tions of one another. The effect of varying the corner/edge
radiuswas not clear dueto scatter in the data. However, because
all threeradii resulted in appreciable wear, the threshold radius
must be larger than the largest radius tested.

EDS Measurement Results. EDS was performed on the
surface of selected insertsimmediately after they were removed
from the mold. Data were collected from the flat faces, double
corners, and triple corners. The results from the flat faces and
the double corners were very similar (Fig. 53). In both cases,
the spectra had very large aluminum peaks with smaller but
significant titanium peaks and very small peaks from the ele-
ments present in the base steel. For the triple corners, the
titanium peaks were the largest, followed by theiron and alumi-
num peaks (Fig. 5b). In al cases, the composition did not
appreciably vary locally. Based on these results and the visual
inspection results, it is likely that the apparently Al-rich layer
found on the mgjority of the insert surface was deposited from
the Al-rich vapor that formsduring the vacuum-melting process,
while the apparently Ti-rich layer on the triple corners was
formed from the liquid state during casting.

3.2 Microscopic Inspection Results: General Insert
Microstructure

Visual Inspection Results. The postcasting mold-insert
microstructures near the double and triple corners were signifi-
cantly different from the initial microstructures (Fig. 6). In all
three materials, the microstructures at and just below the surface
of the cornerswere much finer than the original microstructures,
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Fig. 4 Plots of changesin (a) mass and (b) hardness of H13, P20,
and 1040 mold inserts from 12 to 75 pours of Ti-6Al-4V

Tablel Mold insert dimensional losses from 37 to 75

pours
Triple Double

Material Insert set corners corners Flat faces
1040 4 0.074 mm 0.048 mm 0.056 mm
1040 5 0.064 mm 0.041 mm 0.051 mm
1040 6 0.099 mm 0.056 mm 0.038 mm

1040 average: 0.079 mm 0.048 mm 0.048 mm
P20 4 0.135 mm 0.079 mm 0.053 mm
P20 5 0.180 mm 0.043 mm 0.038 mm
P20 6 0.155 mm 0.020 mm 0.033 mm

P20 average: 0.157 mm 0.048 mm 0.041 mm
H13 4 0.239 mm 0.025 mm 0.043 mm
H13 5 0.246 mm 0.013 mm 0.025 mm
H13 6 0.130 mm 0.013 mm 0.028 mm

H13 average: 0.206 mm 0.015 mm 0.033 mm

while the structures further away from the surface appeared to
be overtempered/annealed. Asdescribed in Ref 7, these changes
indicate that the temperature of the inserts in these regions
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Fig. 5 EDS spectra from the surface of an H13 mold insert after 75
pours of Ti-6Al-4V from (a) a double corner and (b) a triple corner

reached val ues high enough to cause complete or partial austeni-
tization near the surface and significant overtempering/anneal -
ing further away from the surface.

Microhardness Measurement Results. The results of
microhardness traverses from the triple and double corners
inward confirmed the visua interpretation of the microstruc-
tures. Just beneath the corner surfaces, the hardnesses were
higher than the pre-casting hardnesses, while further away from
the corner surfaces, the hardnesses were lower than the precast-
ing hardnesses (Fig. 7). This result indicated that the material
closest to the surface reached the lower critical temperature (at
aminimum) and formed a harder structure upon cooling, while
the material further away reached a peak temperature below
the lower critical temperature and was overtempered/anneal ed.

The microstructure and microhardness results were com-
bined to determine the depth of the overtempered/annealed and/
or austenitized regions in the double and triple corners. Using
these depths and the corresponding transformation temperatures
(as calculated from the compositions using the equations in
Ref 8), the minimum peak temperatures and thermal gradients
devel oped within the triple-corner transformation zones during
casting were calculated (Table 2). These results showed that
the peak temperatures in the 1040 triple corners were up to
165 °C lower than those in the H13 and up to 55 °C lower than
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those in the P20 triple corners. The results also showed that
the thermal gradients in the 1040 triple corners were likely
significantly lower than those in either the H13 or P20 triple
corners. Theseresults are as expected, asthe thermal conductiv-
ity of the 1040 inserts is, in general, significantly higher than
that of the H13 or P20 inserts.!®! Hence, 1040 would be expected
to be more resistant than P20 or H13 to any type of wear
directly related to peak temperature and/or thermal gradient.

3.3 Microscopic Inspection Results: Soldering

Visual Inspection Results. In addition to the aforemen-
tioned transformation zones, the triple-corner solder layer was
aso easily identified under the microscope. Upon etching with
Nital, aclearly visible layer of ferrite (the lightly colored phase
in the micrograph) was found at the interface between the solder
layer and the base steel (Fig. 8), indicating that carbon had
diffused from the insert into the solder layer. However, no
structure was visible in the solder layer itself, indicating that
it consisted of a phase (or multiple phases) for which Nital was
not a viable etchant. Upon etching with Vilella's reagent, a
typical etchant for martensitic steel, virtually no structure was
evident in the solder layer as well (Fig. 9a), indicating that the
solder did not consist of martensite. However, upon re-etching
with Kroll’s reagent, a typical titanium etchant, the structure
of the solder layer became clearly visible (Fig. 9b), indicating
that the solder layer likely consisted primarily of titanium. This
result is consistent with the macroscopic results reported in
Section 3.1.

WDS Measurement Results. WDS results revealed that
the composition of the solder near the surface of the triple
corners was approximately 60% titanium, 30% iron, and 10%
other elements by weight (Fig. 10a). Moving toward the center
of the insert, there was an abrupt change in composition
resulting in a composition of approximately 1.5% titanium,
88.5% iron, and 10% other elements by weight, after which
the titanium composition decreased smoothly to approximately
zero (Fig. 10b).

Based on these results, the solder was concluded to consist
of a titanium-rich layer separated from the base steel by a
diffusion layer dightly enriched with titanium. As reported
previously,[” conclusions regarding the probable solder phases
and their formation temperatures were drawn from the Ti-Fe
phase diagram.[*® The relative amounts of titanium and iron
in the solder layer indicated that the composition was near that
of the Ti-TiFe eutectic, which has a melting temperature of
1085 °C. Because of the abrupt change in composition between
the solder layer and the underlying diffusion layer, it is likely
that the surface of the mold-insert triple corner melted during
casting, alowing the liquid steel to mix locally with the liquid
titanium. Dueto itslow melting temperature, the solder adhered
to the surface of the mold insert because it was still in the
liquid state at the time the insert was retracted. Hence, solder
formation was likely driven by the peak temperature of the
mold surface. This hypothesis is supported by the comparative
severity of soldering on the three materials, with the relatively
hot H13 inserts being more severely soldered than therelatively
cool 1040 inserts.
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Fig. 6 Micrographs of (a) to (c) H13, (d) to (f) P20, and (g) to (i) 1040 mold inserts showing (a), (d), (g) the triple-corner microstructure before
casting and after 75 pours at locations (b), (€), (h) several microns below the surface, and (c), (f), (i) several millimeters below the surface (Nital
etch; note: (b) appears blank because Nital does not etch 100% untempered martensite)

3.4 Microscopic Inspection Results: Wrinkling

Visual Inspection Results. The double-corner wrinkling
could not be observed using the original two sections of the
mold inserts, so a new section was cut perpendicular to the
wrinkles. In this specimen, the wrinkles appeared as smooth
undulations in the surface of the insert (Fig. 11). In addition
to the smooth undulations in the surface, a discrete, uniform
layer of an unknown material was visible at the surface of this
double corner. The layer was approximately 8 wm in thickness
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and was continuous over the surface of the specimen. The shape
and periodicity of the undulations did not appear to scale with
any features of the surface layer or any microstructural features
of the stedl, indicating that the wrinkling likely was not caused
by amicrostructure- or composition-related phenomenon (such
as selective melting, diffusion, or erosion).

Based on these results, the wrinkle-formation mechanism
was concluded to be a type of thermal fatigue resulting from
the stresses induced during repeated heating and cooling of the
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Fig. 7 Microhardness measurementsfrom sectionsthrough H13, P20,
and 1040 mold inserts following 75 Ti-6Al-4V pours: (a) triple corners
and (b) double corners

Table2 Transformation-zone properties of mold-insert
triple corners

Minimum Full
Ac, hardness Acs hardness Minimum
temperature depth  temperature depth dT/dx
Material (°C) (mm) (°C) (mm)  (°C/mm)
H13 834 2.6 947 19 161
P20 741 2.3 838 18 194
1040 722 2.8 782 0.0 21

mold inserts. In conventional thermal fatigue of die-casting or
forging dies, an array of orthogonal cracks called “heat checks”
forms due to repeated non-uniform thermal expansion and con-
traction.! The severity of heat checking increaseswith increas-
ing thermal stresses, which, in turn, increase with increasing
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Fig. 8 Micrograph of the surface of atriple corner from a 1040 mold
insert showing the solder layer and the carbon-depleted region in the
steel (Nital etch)

thermal gradients. In the case of Ti PMC, a similar but more
extreme thermal expansion/contraction cycle would result
because of the volume change due to phase transformations.
However, because of the high temperaturesinvolved, it is possi-
ble that the induced thermal stresses are relieved by plastic
deformation, resulting in wrinkle formation instead of cracking.
Hence, wrinkle formation was likely driven by both the peak
temperatures and the thermal gradients near the double-corner
surfaces, with the peak temperatures controlling the volume of
material which transformed and the thermal gradients determin-
ing the magnitudes of the thermal stresses. This hypothesis is
supported by the comparative severity of wrinkling on thethree
materials, with the relatively hot, high-gradient H13 and P20
inserts wrinkling severely and the relatively cool, low-gradient
1040 inserts showing no wrinkling at all.

WDS Measurement Results. WDS results reveaed that
the composition approximately 10 wm below the surface of the
double corners was ~3% aluminum, 0.5% titanium, 88% iron,
and 8.5% other elements (Fig. 12). (Unfortunately, accurate
WDS data could not be obtained closer to the surface.) Within
15 um of the surface, there was an abrupt change in @ uminum
composition, after which the percentage of aluminum decreased
to approximately zero in the bulk of the insert. The percentage
of titanium dropped off more smoothly, reaching zero by
approximately 25 um. As the percentage of aluminum and
titanium decreased, the percentage of iron and chromium
increased, as expected.

These results, when combined with the macroscopic inspec-
tion results, give credence to the hypothesis that an Al-rich
layer was deposited on the surface of the mold from the vapor
phase during melting. Because there was a significant amount
of titanium in the Al-rich layer, it would have been possible
for the layer to survive during casting (inasmuch as the melting
point of abinary Al-Ti aloy containing as little as 10 wt.% Ti
is 1200 °C,[*1 which, in turn, is much higher than the expected
peak surface temperature of the double cornerd™). Based on
these results, compositional variations do not appear to play a
role in wrinkling.
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Fig. 9 Micrograph of the surface of atriple corner from an H13 mold
insert showing the solder layer and the carbon-depleted region in the
steel after etching with either (a) Vilella's reagent or (b) Vilela's
reagent followed by Kroll's reagent

4. Summary and Conclusions

A thorough investigation of mold wear during PMC of tita-
nium was conducted to evaluate the relative wear resistance of
three candidate mold steels and to justify this evaluation based
on the observed wear types and their underlying mechanisms.
The mold-material comparisons and wear-mechanism determi-
nations were made using qualitative and quantitative results
from macro- and micro-scale observations and measurements.
From this work, the following conclusions were drawn.
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Fig. 10 WDS measurements through the solder layer developed at a
triple corner of an H13 tool-steel mold insert during PMC of Ti-6Al-4V

» Soldering and “wrinkling” were the two main types of
mold wear observed.

»  Soldering occurred on al mold triple corners, while wrin-
kling occurred on select mold double corners.

*  The 1040 inserts performed better than P20 or H13 inserts
inasmuch as the soldered areas were smaller and wrinkling
did not occur.

* Soldering is caused by the local melting of the surface of
the mold due to extreme over-heating. Melted steel mixes
with the liquid titanium, thereby forming a low-melting
eutectic.

*  Wrinklingisaresult of thermal fatigue in which the thermal
stressesinduced during repetitive heating and cooling cause
local deformation instead of cracking.

»  Both soldering and wrinkling can be avoided by reducing
the peak temperatures and/or the thermal gradients in the
mold.
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Wrinkled Surface

Fig. 11 Micrograph of the surface of a double corner from a P20
mold insert showing the lack of relationship between the wrinkles and
the microstructure (Vilella's reagent)
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Fig. 12 WDS measurements across a double corner of an H13 tool-
steel mold insert after 75 pours of Ti-6Al-4V
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