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Abstract

Cu-Be alloys are considered high strength alloys when containing 0.2% to 2% of Be
per weight, 0.2% to 2.7% of Co per weight, and up to 2.2% of Ni per weight, since
they can present an elastic limit higher than 1380 MPa after aging (precipitation
hardening), while, without heat treatment, they present an elastic limit between 205
MPa and 690 MPa [1]. Therefore, the complexity of the microstructure is a
determining factor in the mechanical behavior of this type of alloys. In this work we
analyzed the effect of microstructural variations obtained by cooling with water and
with air from three different solubilization temperatures (750 °C, 800 °C and 850 °C)
during 1 h, with and without aging, on the abrasive wear behavior of the Cu-1.9Be-
0.25(Co+Ni) alloy. The chemical and microstructural characterization was performed
by Dispersive Energy X-Ray Fluorescence (EDXRF) and Scanning Electron
Microscopy (SEM-EDS), respectively. Abrasive wear behavior was evaluated under
the guidelines of ASTM G65-16. Procedure E was used in this study, and the applied
parameters were: force against the specimen (130 N), wheel revolutions (1000 rpm),
linear abrasion (718 m) and test time (5 min). All tests were done in duplicate,
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showing a significant improvement in the abrasive wear behavior of the alloy,
compared to the material in supply condition (T6). The lowest wear rates (<0.3 g/min)
and volumetric loss (<200 mm?3) were obtained with the specimens in solubilized
condition with water cooling and without aging. The wear coefficients for the
specimens with the highest resistance to abrasive wear are less than Ks=7x103.

Keywords: abrasive wear; aging; copper-beryllium alloy; T6.

Efecto del ciclo térmico sobre el comportamiento ante el desgaste abrasivo
de la aleacién Cu-1.9Be-0.25(Co+Ni)

Resumen

Las aleaciones Cu-Be son consideradas aleaciones de alta resistencia cuando
contienen entre 0,2% y 2% en peso de Be, de 0,2% a 2,7% en peso de Co y hasta
2,2% en peso de Ni, ya que pueden presentar un limite elastico superior a 1380
MPa después de envejecido (endurecimiento por precipitacién), mientras que, sin
tratamiento térmico, presentan un limite elastico entre 205 MPa y 690 MPa [1]. Por
lo que la complejidad de la microestructura es un factor determinante en el
comportamiento mecanico de este tipo de aleaciones. En este trabajo se analizo el
efecto de las variaciones microestructurales obtenidas por enfriamiento en agua y
al aire desde tres diferentes temperaturas de solubilizacion (750 °C, 800 °C y 850
°C) durante 1 h, con y sin envejecido, sobre el comportamiento ante el desgaste
abrasivo de la aleacion Cu-1.9Be-0.25(Co+Ni). La caracterizacién quimica y
microestructural se realizé mediante Fluorescencia de Rayos X por Energia
Dispersiva (EDXRF) vy Microscopia Electrénica de Barrido (SEM-EDS),
respectivamente. EI comportamiento ante el desgaste abrasivo se evalud bajo los
lineamientos de la norma ASTM G65-16. El procedimiento E fue usado en este
estudio. Todas las pruebas se hicieron por duplicado, mostrando una mejora
significativa en el comportamiento ante el desgaste abrasivo de la aleacion, en
comparacion con el material en condicion de suministro (T6). Las menores
velocidades de desgaste (<0.3 g/min) y pérdida volumétrica (<200 mm?3) se
obtuvieron para las probetas en condicidén solubilizada con enfriamiento en agua y

sin envejecido. Los coeficientes de desgaste para las probetas con la mayor
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resistencia al desgaste abrasivo son inferiores a Ks=7x10-3.

Palabras clave: aleacion cobre-berilio; desgaste abrasivo; envejecido; T6.

Efeito do ciclo térmico sobre o comportamento ante o desgaste abrasivo da
liga Cu-1.9Be-0.25(Co+Ni)

Resumo

As ligas Cu-Be sdo consideradas ligas de alta resisténcia quando contém entre
0,2% e 2% em peso de Be, de 0,2% a 2,7% em peso de Co e até 2,2% em peso de
Ni, ja que podem apresentar um limite elastico superior a 1380 MPa depois de
envelhecido (endurecimento por precipitacdo), enquanto que, sem tratamento
térmico, apresentam um limite elastico entre 205 MPa e 690 MPa [1]. Pelo que a
complexidade da microestrutura é um fator determinante no comportamento
mecanico deste tipo de ligas. Neste trabalho analisou-se o efeito das variagdes
microestruturais obtidas por esfriamento com agua e com ar desde trés diferentes
temperaturas de solubilizacédo (750 °C, 800 °C e 850 °C) durante 1 h, com e sem
envelhecido, sobre o comportamento ante o desgaste abrasivo da liga Cu-1.9Be-
0.25(Co+Ni). A caracterizagdo quimica e microestrutural realizou-se mediante
Fluorescéncia de Raios X por Energia Dispersiva (EDXRF) e Microscopia Eletronica
de Varredura (SEM-EDS), respectivamente. O comportamento ante o desgaste
abrasivo avaliou-se sob os lineamentos da norma ASTM G65-16. O procedimento
E foi usado neste estudo. Todas as provas foram realizadas por duplicado,
mostrando uma melhora significativa no comportamento ante o desgaste abrasivo
da liga, em comparacdo com o material em condicdo de subministro (T6). As
menores velocidades de desgaste (<0.3 g/min) e perda volumétrica (<200 mm3)
obtiveram-se para as provetas em condi¢do solubilizada com esfriamento em agua
e sem envelhecido. Os coeficientes de desgaste para as provetas com a maior
resisténcia ao desgaste abrasivo sdo inferiores a Ks=7x10-3.

Palavras chave: liga cobre-berilio; desgaste abrasivo; envelhecido; T6.

Revista Facultad de Ingenieria (Rev. Fac. Ing.) Vol. 29 (54), e11616. 2020. Tunja-Boyac4, Colombia.
L-ISSN: 0121-1129, e-ISSN: 2357-5328, DOI: https://doi.org/10.19053/01211129.v29.n54.2020.11616



https://doi.org/10.19053/01211129.v29.n54.2020.11616

Effect of Thermal Cycling on Abrasive Wear Response of Cu-1.9Be-0.25(Co+Ni) Alloy

|. INTRODUCTION

During industrial application, it is common for materials to be subjected to processes
that involve abrasive wear conditions, which could produce damage to machine
elements that are in service. Depending on their application, materials will present a
greater surface degradation due to constant friction between abrasive particles (high
hardness) and the surface of the base material, producing its removal and causing
a considerable deterioration in useful components over time [2, 3]. Some of the most
commonly used materials for applications involving wear conditions are alloyed iron
castings, D, M or T type tool steels, Hardox steel, ASTM A 128 steels [4], and flame
spray coated metal alloys [5], among others. As for non-ferrous alloys, copper alloys
such as brasses (Cu-Zn), bronze (Cu-Sn), Cu-Cr, Cu-Ag and Cu-Be alloys stand
out. These harden by both solid solution and precipitation mechanisms during the
heat treatment of aging [6]. A group of materials that has gained importance is the
one of copper-beryllium alloys, since they present high mechanical resistance and
high thermal or electrical conductivity according to their chemical composition or the
heat treatment applied. This type of alloys is used in the manufacture of injection
molds, valve guides, rods, springs, diaphragms, injection pistons, anti-spark tools,
spring connectors, shafts, pumps and gears, all components that experience both
abrasive and adhesive wear phenomena in corrosive environments. At present, two
types of alloys have been developed, high strength alloys containing 1.8 to 2%
beryllium, and high conductivity alloys, containing 0.4 to 0.8% Be, as well as the
addition of 1.4 to 2.5% Ni + Co [7, 8]. The aim of this work was to analyze the
abrasive wear behavior of the Cu-1.9Be-0.25(Co+Ni) alloy after being subjected to

different solubilization temperatures and cooling media, and later being aged for 1h.

Il. METHODOLOGY

The material used for this study was a Cu-1.9Be-0.25(Co+Ni) alloy, received in a
heat-treated condition with an initial hardness of 40 HRC. The chemical composition
of the material was obtained with Energy Dispersive X Ray Fluorescence (EDXRF)
using a Thermo SCIENTIFIC Niton Serie XL3t X Ray Fluorescence spectrometer.

The microstructure and wear trace analysis in the specimens was performed using
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Scanning Electron Microscopy (SEM) and Energy Dispersive X Ray Spectroscopy,
utilizing a HITACHI SUM3500 scanning electron microscope at 20 kV accelerate
voltage. The microhardness tests were performed using a STRUERS DURASCAN
G5 micro-Vickers hardness tester under an indentation load of 500 g for 15s,
according to the ASTM E384 Standard [9]. The heat treatments were carried out in
a Model D8 TERRIGENO Furnace. Table 1 summarizes the heat cycles applied in

this study.
Tablel. Thermal cycles used in the study.
Code Solubilization | Solubilization | Cooling Aging Aging | Cooling
temperature time (h) medium temperature time medium
cC) cC) (h)
T750 1 Water | = - | e | meeee-
N750 1 N e e
T750E1H 750 1 Water 300 1 Air
N750E1H 1 Air 300 1 Air
T800 1 Water | - | emeee | e
N800 1 N e e
T800E1H 800 1 Water 300 1 Air
N8OOE1H 1 Air 300 1 Air
T850 1 Water | - | emeee | e
N850 1 N e e
T850E1H 850 1 Water 300 1 Air
N850E1H 1 Air 300 1 Air

Abrasive wear tests were performed using dry sand/rubber wheel equipment on
rectangular specimens, which were machined with dimensions of 25 mm wide, 5 mm
thick and 76 mm long according to ASTM G65-16 [10]. Procedure E was used in
this study, the parameters applied were: force against specimen (130 N), wheel
revolutions (1000 rpm), lineal abrasion (718 m) and testing time (5 min). The mass
loss of the samples was measured on a Mettler Toledo ME204T analytical balance
with a sensitivity of 0.0001 g. The values of volume loss were calculated according

to equation (1) with the density of the material as a given value (8,350 g/cm?3).

] Lost mass (gr)
Volume of Material loss = ——————* 1000 )

Density (%)
The wear rate of the material was calculated according to equation (2):

Lost mass [gr]
Wear rate = ————— (2)
Time [min]
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While the wear coefficient was determined according to equation (3):

3HV
s =L 3)

Where: V: volume of material lost [nm3]; H: hardness of material [Brinell]; P: load
[kg]; L: sliding distance [mm].

Because equation (3) requires Brinell hardness, the hardness values in Figure 2c
were obtained by converting the values of the Vickers scale to the Brinell scale
following the guidelines of ASTM E140-07 [11].

[Il. RESULTS AND DISCUSSION
The most relevant results obtained in the different stages of this research are

presented below.

A. Chemical and Microestructural Characterization of the as-Supply Material
To corroborate the chemical composition of the material, the Energy Dispersive X

Ray Fluorescence technigue was applied. Table 2 summarizes the results obtained.

Table 2. Chemical composition of the Cu-1.9Be-0.25(Co+Ni) (wt.%).

Element % Weight
Beryllium 1.9+0.01
Cobalt 0.204+0.006
Silicon 0.118+0.05
Vanadium | 0.019+0.004
Titanium | 0.005+0.003
Iron 0.059+0.005
Copper Balance

The presence of elements such as cobalt, iron, vanadium, silicon and titanium alter
the thermodynamics of the Cu-Be system (Figure 1a), modifying the stability zones
of the phases and the temperatures of the invariant reactions. In this investigation,
the selection of the temperature range was made by analyzing the binary system
only. For an alloy with Cu-1.9%Be the working range used during the solubilization
process was between 650-900°C. In the Cu-Be Binary system there are 6 invariant
reactions: 3 peritectics, 1 eutectic and 2 eutectoids. Of which, and due to the

percentage of beryllium in the alloy, only 2 reactions would be directly considered:
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peritectic reaction at 858 °C: 02,2wBe+L4,4%8e <> B4,3%Be, and eutectoid reaction at 618

°C :B6,09%Be <> O1,8%Be * Y10,5%Be [12].

feomic percent 3erylium
' T

13004 (Bow)
2 )

-127%¢

» b n L) E) [3) » ] P [T

&

Cu Weight percent Berylium ~
(a)
B Bement Wt%h oo ] Element W% - Element Wit
2 oy 0.1 : 0= Cu 763
U Be 95 - Be 228
- Fe 01 Fe 0.1
Em_ Co 04 0 07
: Cuu, eryllides|
o-;..........:..r.‘l.“.’-.;-...,..h.v. ! v X e 0-;.........;......;*f.-‘;‘.'..’..‘d.v.

(c)

Fig. 1. (a) Phase diagram of Cu-Be system [13] and (b) Microstructural behavior of the Cu-1.9Be-

0.25(Co+Ni) alloy in as-received condition.

Figure 1b shows the microstructural behavior of the Cu-1.9Be-0.25(Co+Ni) alloy in
as-supply condition. In the initial microstructure, the presence of Cu-a grains was
observed, supersaturated with 9.6% beryllium and Cu-Co-Be-Ni precipitates, known
as beryllides, with copper (76.3%) and beryllium (22.8%). In addition, the presence
of the precipitated y phase (yp) was observed at the grain boundaries of the a phase
with copper (86.3%), beryllium (11.8%), iron (0.3%) and cobalt (0.2%) (Figure 1c).

B. Wear Resistance Analysis

The results presented in Figure 2 show that all the thermal cycles applied in this
research improved the wear resistance of the material in the as-supply state. It was
also observed that a high hardness is not a parameter that allows to anticipate a
good behavior in the abrasive wear of the Cu-1.9Be-0.25(Co+Ni) alloy.
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Fig. 2. (a) Volumetric loss, (b) wear rate, (c) Hardness and (d) wear coefficient of the Cu-1.9Be-
0.25(Co+Ni) alloy.

The results of the volumetric loss for the heat treatments carried out showed that the
softer specimens presented the best results to wear. The increase of the wear rate
as a function of the complexity of the microstructure was observed. The presence of
the precipitated gamma phase on a supersaturated alpha copper matrix increased
the rate of wear, because during the wear process, the removal of the precipitated
material occurred, which produced an increase in the volumetric loss and, therefore,
in the rate of wear compared to samples that presented only a single-phase
supersaturated copper structure. Figure 3 shows the behavior of the worn surfaces
for the different thermal cycles under study. The presence of micro-plowing as the
predominant wear micro-mechanism accompanied by the formation of superficial
grooves, fracture ridges and micro-cracking was observed. The lowest wear rates
were obtained in the specimens that showed mainly an oversaturated single-phase
behavior (Cu-a). A microstructural analysis of the material under study will then be

carried out.

Revista Facultad de Ingenieria (Rev. Fac. Ing.) Vol. 29 (54), e11616. 2020. Tunja-Boyac4, Colombia.
L-ISSN: 0121-1129, e-ISSN: 2357-5328, DOI: https://doi.org/10.19053/01211129.v29.n54.2020.11616



https://doi.org/10.19053/01211129.v29.n54.2020.11616

Oscar-Fabian Higuera-Cobos; Carlos-Mauricio Moreno-Téllez; Cristian-Antonio Pedraza-Yepes

Higher
Wear rate <0,3 g/min
Loss of volumen <200 mm?®

Middle
|
Wear rate <0,41 g/min
Loss of volumen <250 mm?3

Lower
|
Wear rate >0,5 g/min
Loss of volumen >300 mm?

Fig. 3. Micrograph of worn sample surfaces generated under operation wear test parameters. a)
T850, (b) T800, c) T750, d) N750, e) N800, f) N850 g) TBOOE1H, h) T850E1H, i) N750E1H j)
T750E1H), k) N850E1H, ) NB8OOE1H, m) as-supply state.

C. Microestructural Characterization of Heat-Treated Material
Figure 4 shows the microstructural behavior of the material subjected to the different
thermal cycles evaluated. The microstructure of the material solubilized at 750°C

and (T750) cooled in water, shows an atypical behavior (see Figure 4a), since at this
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temperature, the material should present twinning grains of copper alpha phase
according to the phase diagram of Figure 1a. The phase Cu-a presents a crystalline
structure FCC: Fm3 m (CF4), the phase B presents a crystalline structure BCC:
Im3 m (CI2) and the phase y presents a crystalline structure cubic type CsCl: Pm3'm
(CP2) [13]. However, this material was cooled in water, which would allow the
presence of an alternate laminar structure of supersaturated Cu-as and y. In addition,
the presence of twinning grains of Cu-as in proeutectoid phase is observed, with
precipitates (beryllides) rich in beryllium (93.2%), copper (5.8%) and cobalt (1%). A
similar behavior was reported by Donthula et al. [14] when analyzing the
morphological evolution of the eutectoid transformation products in a Cu-12%Ti
alloy.

It is worth noting that the absence of a homogeneous alpha phase may be due to
the lack of dissolution of the B phase, since it would indicate that the solvent line of
the Cu-Be system was not exceeded during heating, which would be transformed
into Cu-a+y phase by eutectoid reaction (s 09%Be«<>01,8%BetY105%8Be), under stable
cooling conditions (N750), as shown in Figure 4d. When the temperature increases
to 800°C and 850 °C, a supersaturated single-phase Cu-a phase behavior is
observed, with a large presence of coherent and incoherent twinning typical of a
recrystallization process (see Figures 4b, 4c, 5e and 4f), which is consistent with the
Cu- Be system. However, at 800°C, the presence of some precipitated beryllides
rich in Cu (82%), Be (17.5%) and Co is still detected. As for the solubilized samples
at 850°C, they show a larger grain size compared to what was observed in the
samples at 800°C. Besides, the presence of porosities is observed at the grain
boundaries, which could indicate that the temperature used in the solubilization
treatment was extreme and close to the solidus temperature of the material,
indicating the beginning of melting. The presence of some precipitates rich in copper
(87.2%), cobalt (7%) and beryllium (4.7%) is also noted.
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Air cooled and aged ( modifiedT6)

Fig. 4. Microstructural behavior of Cu-1.9Be-0.25(Co+Ni) alloy solubilized at (a, d, g, j) 750 °C, (b,e,
h, k) 800 °C and (c,f, I, ) 850 °C.

As for the samples cooled in water from the different temperatures of solubilization
(750°C, 800°C and 850°C) and aged at 300°C for 1h, Figure 4g (T750E1H) shows
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the presence of the Cu-a+y phase, spherical beryllides uniformly distributed
(secondary) and, in the grain boundaries of the Cu-as phase, the precipitated gamma
phase (yp). When increasing the temperature of the solubilized to 800 °C (Figure 4h)
and 850 °C (Figure 4i), the specimens show the presence of supersaturated alpha
copper and precipitates yp at the grain boundaries with high beryllium content. Also,
the presence of primary and secondary beryllides is observed at the grain
boundaries. The results are consistent with those made by Guoliang [8] and Tang
[15] who, with solubilization treatments at temperatures of approximately 800°C and
with aging times of about 4 hours, found transition precipitates y in equilibrium.
These were found in the form of thin strips, distributed in a state of equilibrium within
the copper matrix a.

As for the samples cooled with air from the different temperatures of solubilization
(750°C, 800°C and 850°C) and aged at 300°C for 1h, there is a similarity between
the samples heated to 750°C and the ones heated to 800°C, since they present
twinning supersaturated Cu-a phase grains of different sizes and with the presence
of yp phase in the grain boundaries. When performing a general mapping to the
specimen by means of the energy dispersive spectrometry (EDS) technique, values
in the order of 12.4 - 47.3 %Be were detected, confirming the presence of yp and
supersaturated Cu-a phase (as), according to the Cu-Be system (Figure 1a). The
presence of cobalt and nickel beryllides was also noted. The solubilized test
specimen at 850°C (Figure 4l) shows a behavior very similar to that of the supply
material (Figure 1b) with the presence of twinning Cu-a grains and precipitates yp at
the grain boundaries that started to form. Within the grains, the presence of

beryllides (white spots) distributed over the entire surface is observed.

IV. CONCLUSIONS

The results showed that all heat treatments applied to Cu-1.9Be-0.25(Co+Ni) alloy
specimens improve the response to abrasive wear of the alloy in the as-supply state.
In addition, it was found that high hardness is not a parameter that allows predicting
the wear behavior of this alloy. The results showed that the lower wear rates were

presented by the softer specimens.
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The specimens that reported the best behavior to abrasive wear and, therefore, the
lowest volumetric losses, were those that were only subjected to the solubilizing heat
treatment and were cooled both in water and air. In these test pieces, only solid
solution hardening and plastic deformation mechanisms were present, in
comparison with the test pieces submitted to the aging treatment, where the
precipitation hardening mechanism was activated. This essentially allows the
detachment of the precipitates that did not manage to remain adhered to the copper

matrix when in contact with the dry sand, producing the greatest volumetric losses.
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